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Abstract: Old-growth forests are rare in Europe, yet they play a critical role in biodiver-
sity and carbon storage. This study examines the structural dynamics of the Janj old-
growth forest in the Dinaric Alps using repeated field measurements from 2011 and 2021 at
39 systematically arranged 12 m radius plots. All trees (DBH > 7.5 cm), regeneration
(10 cm height to 7.5 cm DBH), and coarse woody debris (CWD) were assessed. Results
revealed that total basal area declined by 3.5 m? ha~! over the decade, primarily driven
by significant reductions in stem density for silver fir (p = 0.001) and Norway spruce
(p = 0.001). In contrast, European beech maintained a stable basal area throughout the
study period. Moreover, silver fir exhibited a significant increase in mean diameter
(p = 0.032) and a pronounced rise in regeneration individuals (t = 3.257, p = 0.002). These
findings underscore a gradual compositional shift towards European beech dominance,
with conifers facing higher mortality in larger diameter classes. The substantial volume of
CWD (463 m? ha~!) highlights advanced decay dynamics consistent with mature forest
conditions. This study emphasizes the value of repeated measurements to capture subtle
yet important successional changes in primeval forests, which is essential for conservation
planning and sustainable forest management.

Keywords: old-growth forest; structural dynamics; conifers decline; coarse woody debris;
regeneration; monitoring of forest structure; beech; fir; spruce

1. Introduction

Old-growth forests are exceedingly rare in Europe with less than 3%, likely only
0.9% [1,2], of Europe’s total forested area, with only 46% currently under legal protection [3].
The lack of reference conditions for studying old-growth patterns and processes [4], com-
bined with inconsistent inventory data assessment tools in Bosnia and Herzegovina [5,6]
makes it difficult to ensure sustainability [7,8]. Numerous forests within the Southeastern
Alps and Dinaric Mountains have reached an old-growth stage, yet a significant portion of
these areas lacks a formal protection within forest reserves [9]. The Dinaric Mountains are
recognized as a hotspot for the existence of late-successional mountain mixed old-growth
forests. They are primarily composed of European beech (Fagus sylvatica L.), silver fir (Abies
alba Mill.) and/or Norway spruce (Picea abies (L.) Karst). [1,10], with an unusually high
amount of standing dead trees, without intensive anthropogenic disturbance over past
millennia [11]. In contrast to the Western Carpathians, the Dinaric forests exhibit a notably
higher proportion of conifers and the highest stand volumes [12].
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Old-growth forests are critical reservoirs of biodiversity, carbon storage, and ecological
processes essential for forest dynamics and resilience [13]. Studying and monitoring old-
growth forests as a “school of nature” is essential for implementing a close-to-nature
approach [14,15] and is crucial for understanding their dynamics in relation to ongoing
environmental change disturbances [16-18]. Increased knowledge of forest disturbances
also contributes to the development of close-to-nature forest management approaches for
surrounding or similar forests [17-19]. In old-growth forests, natural processes have been
the primary force driving forest dynamics for centuries [20], making it essential to mimic
observed natural disturbance patterns in a given area through management practices [21],
along with retaining sufficient deadwood and other structural elements, to maintain forest
integrity and prevent significant biodiversity loss [22]. Monitoring and comprehending
shifts in tree mortality across various scales is crucial [23], as increased tree mortality may
alter forest population structures towards younger trees [24] subsequently diminishing the
carbon-storage potential of old-growth forests [25,26]. Certainly, in the absence of datasets
over a century or more, the integrative approach to consolidating multiple, smaller-scale,
multidecade studies becomes an essential component of our science [27].

The current trends in mixed old-growth mountain forests of the Slovenian Alps [28,29]
Carpathians [30-33] and Bosnian Dinarides [34-36] demonstrate a parallel decline of
conifers alongside the progression of European beech, suggesting that the regeneration
and future of fir as a species may be uncertain, particularly in light of large-scale distur-
bances [37]. In Bosnia and Herzegovina, game density does not limit the recruitment of
fir [38], unlike in other European managed and unmanaged forests where such limitations
have been observed [39-45]. In the absence of frequent gap-creating disturbances in old-
growth forests, beech trees demonstrate significant dominance within their habitats [46,47]
effectively inhibiting the growth of other broadleaved tree species and thereby maintaining
their own composition [48].

Conversely, in many European old-growth forests, the proportion of fir trees is likely
to decrease substantially or even disappear entirely in the near future [49]. The Janj old-
growth forest (OGF) in Bosnia and Herzegovina, although less studied than Perucica and
Lom, offers valuable insights into these dynamics. Previous research on Janj has primarily
focused on the current structural composition [12,50-52] with less emphasis on temporal
and spatial stand dynamics. However, comparative analyses of different studies suggest a
consistent decline in coniferous trees, as also noted by Keren [35], between 1965 and 2011.

This research represents the first decadal-scale reassessment of the Janj old-growth
forest in Bosnia and Herzegovina, providing an unprecedented temporal comparison of
forest structural dynamics, regeneration, and mortality trends in this Dinaric primeval forest
type. By integrating comprehensive field measurements with spatially explicit assessments
of coarse woody debris (CWD), the study not only extends the limited knowledge base
established by earlier studies but also establishes a critical reference for future monitoring
efforts under changing environmental conditions. Moreover, this work applies a rigorous
statistical framework to identify species- and diameter class-specific trends, thereby offering
novel insights into the successional processes shaping the current and future composition
of these unique forest ecosystems.

Therefore, the objectives of the research were (i) to investigate the structural changes,
developmental dynamics, and mortality trends within the core area of Piceo-Abieti-Fagetum
OGEF in the Bosnian Dinaric Mountains, (ii) to assess the interrelationships between tree
species composition, diameter size distribution and regeneration dynamics over a decade-
long period, and (iii) to quantify CWD by categories and establish the ratio between total
volume of CWD and living trees.
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2. Materials and Methods
2.1. Study Site

The research was conducted in the core area of the Strict Nature Reserve (SNR)
Prasuma Janj (IUCN category la). This reserve achieved a significant milestone in 2021
by being inscribed on the UNESCO list of Ancient and Primeval Beech Forests of the
Carpathians and Other Regions of Europe. This recognition is particularly noteworthy;,
as the sole representative of its kind in Bosnia and Herzegovina [53]. The reserve covers
295 hectares and is located on the western slopes of Stolovas (44°08' N, 17°17' E), a mountain
in north-western Bosnia and Herzegovina (B&H) within the Dinaric massif (Figure 1). The
core area of the reserve spans 57.2 hectares, with elevations ranging from 1260 to 1400 m
above sea level, characterized by homogeneous stand conditions. The terrain has a gentle
slope of three to four degrees, facing north-northwest. The parent rock consists of dolomite
bedrock, resulting in rendzina and brown soils of varying depths. The vegetation cover
contributes to the development of mesophilic conditions and the formation of raw humus,
supporting diverse ground vegetation. This has further facilitated the formation of deeper
soils, particularly on gentle slopes and flat areas. In addition to rendzina, brown rendzina
and brown soils occur in a complex mosaic, while small units of illimerized soils are also
present, reflecting the interplay of abiotic and biotic factors that enhance the site’s overall
productivity [54,55]. The mean annual rainfall is 1200 mm, with a mean annual temperature
of approximately 5 °C.
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Figure 1. Location of the Janj Strict Nature Reserve in Bosnia and Herzegovina, showing the study
area location (red dot), the core area boundary (green line), the strict nature reserve boundary
(red line) and the distribution of circular sample plots (green circles).

The research focuses on an old-growth forest (OGF) stand that is untouched by anthro-
pogenic influence and develops exclusively under natural ecological conditions. The core
area of the old-growth forest Janj has been classified as the plant association Piceo-Abieti-
Fagetum [35,56,57]. Originally designated, the reserve’s primary purpose was to serve as a
focal point for scientific research. Data on the protection of this reserve traces back to the
Austro-Hungarian era, but the first official protection began in 1954 when the State Institute
for Protection of Cultural Monuments and Natural Rarities in Bosnia and Herzegovina
made a conservation decision [12,57].
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2.2. Field Measurements

Fieldwork and measurements in OGF Janj were conducted during the summer of both
2011 and 2021, encompassing comprehensive assessments of the study area at two distinct
time points. A regular 100-m grid with 39 systematic sampling points in the core area was
overlaid. Each grid intersection served as the center of a sampling plot, where inventories
included recording species and diameter at breast height (DBH) to the nearest 0.01 m for all
living trees above 7.5 cm within a 452 m? circular plot (radius = 12 m). Heights of living trees
were measured (to the nearest 0.5 m) for a subset of 100 trees, including European beech,
silver fir and Norway spruce with additional Sycamore maple in regeneration. Additionally,
within a 78.5 m? circular plot (radius = 5 m), species of regeneration individuals ranging
from 10 cm in height to 7.5 cm DBH were recorded [35,38,58]. Furthermore, measurements
of coarse woody debris (CWD) were conducted on the same 39 permanent plots used
for living tree measurements, ensuring identical sampling locations and thus enabling
reliable temporal comparisons. CWD was classified into three groups: snags (standing
dead trees with a DBH of >7.5 cm and a height of >1.3 m), logs (fallen stems or branches
with a diameter of >7.5 cm measured at their midpoint and a length > 1 m), and stumps
(short, vertical remnants from cutting or windthrow, with a top diameter > 7.5 cm and a
height < 1.30 m). The differentiation between snags and logs was determined based on a
45° leaning angle [35,59]. For each element of CWD, the decay class was determined (class
1—fresh, class 5—very old) [60,61].

2.3. Data Analysis

Data analysis was conducted using the software package Microsoft Excel Version 2019
and SPSS Statistics Version 26.0. Descriptive statistical analysis was utilized to compare
the fundamental structural parameters and regeneration characteristics of the core area
of OGF Janj at two time points (2011 and 2021). All mapping and spatial data analysis
were conducted using QGIS 3.28.2., employing the Inverse Distance Weighting (IDW)
interpolation method [62,63]). To assess site quality based on tree species, we compared
height curves derived from this study with standardized site quality curves for European
beech, silver fir and Norway spruce applicable in Bosnia and Herzegovina. The average
height of the upper stand story was determined using the heights of the 20 largest diameter
trees for each species. The volume of living trees and snags, comprising the whole stem
with branches and twigs, was calculated following local volume tables [64]. To estimate the
volume of logs, stumps, and broken snags, the method described by Motta was applied [60].
Basal area (m? ha~!) was calculated as the sum of the cross sectional areas of all trees at
breast height (1.3 m), using the Formula (1) for each individual tree:

. 2
g4 7DBH

410,000 @

where, DBH is the diameter at breast height in centimeters [65].

Classical forest structure attributes for living trees (stem density, mean diameter, basal
area and growing stock) and regeneration (density of understory trees from 10 cm in
height to 7.5 cm DBH, divided by species) were utilized to assess difference between the
measurements conducted in 2011 and 2021, as well as the structure dynamics between
these two time points. Therefore, the following attributes were compared: stem density,
distribution shapes of DBH, tree species composition, mean diameter, basal area (BA)
and growing stock (GS). Analyzing the basic elements of the structure was conducted
based on diameter classes with a width of 5 cm. A paired t-test for dependent samples
was conducted at a significance level of 0.05 to compare the measurements taken in 2011
and 2021. This statistical method was chosen to evaluate whether there were statistically
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significant differences within the structural attributes of OGF Janj over the course of
one decade.

3. Results
3.1. Forest Structure Changes and Regeneration

Over the decade-long period from 2011 to 2021, the total estimated stem density, basal
area (BA) and growing stock (GS) volume in OGF Janj decreased (Table 1). However, the
decline varied among species within the mixture. The stem density of living trees per
hectare, with DBH greater or equal to 7.5 cm, decreased by 3% per decade, an average of
15 trees ha~!. The stem density of silver fir decreased by 12 trees ha~! and Norway spruce
by 9 trees ha~!. In contrast, European beech density increased by 6 trees ha~!, which is the
opposite of the conifer trend.

Table 1. Structural characteristics of the Janj old-growth forest (core area) in 2011 and 2021.

Species Year Stem Density D?:;aertler Basal Area Growing Stock
P (ha—1 =+ o) (m2 ha—1 + o) (m3 ha—1 + o)
(cm + o)

Silver fi 2011 119 £ 53.6* 60.1 &+ 14.5* 34.6 + 34 623.4 + 389.6
Liver r 2021 107 4 48.5 62.2 +16.0 323 +3.1 579.1 + 346.7
European beech 2011 327 4 163.4 58.6 + 18.7 1214 1.0 1915 + 141.5
P 2021 333 + 157.1 59.9 4 20.1 121+ 1.1 191.1 + 150.1
Norway sbruce 2011 73 +44.3* 22.8 +9.0 211427 353.7 + 282.9
ysp 2021 65 + 38.4 222 +87 19.9 4+ 2.9 331.2 + 296.2

Total 2011 520 + 155.5 410+ 7.1 67.8 27 1168.7 + 303.1

ota 2021 504 + 147.0 416 +69 64.3 +2.7 1101.4 + 286.4

*—significant difference between 2011 and 2021 (p < 0.05); c—standard deviation.

The analysis of stem density change by DBH class reveals distinct trends among the
dominant tree species (Figure 2). Conifers, particularly silver fir, exhibited notable reduc-
tions in the 50-85 cm DBH range, suggesting elevated mortality and limited recruitment
in these size classes. Norway spruce showed a widespread decline across most classes,
aligning with its known sensitivity to drought and biotic stress. In contrast, European
beech displayed a consistent increase in stem density in smaller DBH classes (<30 cm), in-
dicating successful regeneration and potential structural expansion. These patterns further
support the hypothesis of a compositional shift favoring shade-tolerant broadleaves under
conditions of prolonged canopy openings and reduced conifer competitiveness.

6
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Stem Density Changes (N ha'!)
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Silver fir -1(-1|2(-1|-2|2|-1|-1]0|2|-2]1|-3|-3|1|-2|-1|0jO0|1|-1]0 0|1 |1 |0
Norwayspruce 1 -2 0 -1 -2 1 -3 1 1 -2 -1 -1 -1 -3 2 0 -3 0 2 1 0 1 0 0 0 O

Figure 2. Change in stem density by DBH class (cm) between 2011 and 2021. Values represent changes
in the number of trees per hectare within each DBH class. Positive values indicate an increase in stem
count, while negative values indicate a decrease.
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Statistical differences were assessed using a t-test (p < 0.05). The t-test results indicated
significant changes in the stem density between 2011 and 2021 for silver fir (t = —3.747,
df = 38, p = 0.001) and Norway spruce (t = —3.794, df = 38, p = 0.001), suggesting a notable
decline. However, the change for European beech was not significant (t = 0.666, df = 38,
p = 0.509). The total number of trees also did not exhibit a significant change (t = —1.592,

df = 38, p = 0.12), suggesting overall stability in tree counts over the specified period
(Figure 3a).
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Figure 3. Boxplot comparison of structural attributes of the Janj old-growth forest between 2011 and
2021: (a) Stem density (ha~1); (b) Mean diameter (cm); (c) Basal area (m? ha—1); (d) Regeneration
individuals (ha~!); An asterisk (*) indicates a statistically significant difference between 2011 and
2021 (p < 0.05).

Over the observed decade-long period, the mean diameter of silver fir and Norway
spruce has increased (2.04 and 1.25 cm, respectively), while the mean diameter of European
beech has decreased (0.66 cm). Overall, the total mean diameter of trees did not exhibit a
significant change (t = 0.923, p = 0.362), indicating relative stability in tree diameters over
the specified period (Figure 3b).

The total basal area (BA) decreased from 67.8 in 2011 to 64.3 m? ha~! in 2021, with an
average of 5% (Figure 3c). BA of silver fir decreased by 2.3 m? ha~! and Norway spruce
by 1.3 m? ha~!, whereas European beech showed no change. The t-test results indicate a
significant increase in the mean diameter of silver fir (t = 2.223, p = 0.032). However, for
European beech and Norway spruce, the changes in mean diameter were not significant
(t=—-1.015,df =38, p = 0.316 and t = 0.652, p = 0.519, respectively).

Most of the core area showed minor changes (—10 to +10 m?/ha), while significant
reductions (up to —20 m?2/ ha) were concentrated in plots 11, 15, and 28, indicating mortality
in dominant trees. Positive dynamics (>10 m?/ha) were recorded in peripheral plots,
particularly in plot 32, suggesting vigorous growth or ingrowth (Figure 4a).
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Figure 4. Changes in forest structural attributes in the core area of the Janj old-growth forest over a
ten-year period (2011-2021): (a) Changes in basal area (m2 ha=1) by species; (b) Changes in growing
stock volume (m3 ha~1) by species; (c) Changes in regeneration density (individuals ha~1).

The total growing stock (GS) volume decreased by 68 m3 ha~!, from 1169 to 1101 m3
ha~! per decade. Conifers had the most impact on the decline in total GS volume. Notably,
there was a continuous decline of 7% for silver fir and 6% for Norway spruce, whereas
European beech showed no change.

The paired samples t-test results for both GS and BA, as well as overall and for all
tree species, indicated no statistically significant differences at the 95% confidence interval.
However, within the diameter class of 52.5 to 82.5 cm, both GS and BA exhibited statistically
significant differences for silver fir (t = —2.077, p = 0.045 for BA; t = —2.078, p = 0.044 for
GS) and overall (t = —2.545, p = 0.015 for BA; t = —2.552, p = 0.015 for GS). However, no
significant differences were observed for European beech and Norway spruce.

There is a clear decline in the northern and central parts of the core area (e.g., plots
11, 15, 28, and 40), with losses exceeding 200 m3/ha, while strong positive dynamics
(>100 m3/ha) occurred in southeastern plots (e.g., 32, 35), implying localized structural
buildup, possibly due to lower disturbance (Figure 4b).

The estimated total number of regeneration individuals (understory), from 10 cm
height to 7.5 cm DBH, increased from 4733 to 5828 individuals ha~! during the period
2011-2021, representing a 23% increase. All species in the mixture contributed to the
increase in the number of regeneration individuals, except for Norway spruce with a
decrease of 14%. Silver fir increased the number of regeneration individuals by 84%,
sycamore maple by 53% and European beech by 8.4% (Figure 3d).

The t-test results suggest a significant increase in the regeneration individuals for
silver fir (t = 3.257, p = 0.002). However, for European beech, Norway spruce and sycamore
maple, the changes were not statistically significant (t = 0.467, p = 0.643; t = —0.731,
p = 0.469; t = 2.008, p = 0.052, respectively). Overall, the total change in regeneration
individuals did not show statistical significance (t = 1.693, p = 0.099).

Regeneration increased significantly in the southern part of the core (plots 31-36),
where gains exceeded 2000 individuals/ha, whereas severe declines were observed in
central plots like 15, 18, and 23. This uneven pattern suggests a strong spatial differentiation
in microsite conditions, where factors such as light availability and species composition
interact to create varying competitive environments. In particular, competitive release may
have favored regeneration in certain areas where canopy gaps or local mortality events
reduced overstory competition, allowing greater light penetration and resource availability
to understory seedlings (Figure 4c).
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3.2. Recruitment, Transition and Mortality

In the core area, for the period 2011-2021, the average number of recruits was 31 ha~!
and the average mortality was 46 trees ha~!. The mortality rate over a period of 10 years
was 8%. The highest mortality is found among silver fir trees, with 20 trees ha~!, followed
by Norway spruce with 17 trees ha~! and European beech with 9 trees ha~!.

In contrast, European beech exhibited the highest tree recruitment with 15 trees per
hectare, while both silver fir and Norway spruce showed an identical recruitment of 8 trees
per hectare. The highest mortality rates are observed among European beech trees in thin
DBH classes, while coniferous species experience the highest mortality in thick classes
exceeding 80 cm.

Unlike stem density, conifers have a basal area mortality of 17%, while European beech
has only 8%. Similarly, regarding ingrowth intensity, Norway spruce exhibits the highest
rate at 28%, followed by silver fir at 25%, whereas European beech shows the lowest at 15%.
Moreover, in recruitment to the next diameter class, Norway spruce also demonstrates
the most intense recruitment at 16%, followed by silver fir at 14%, while European beech
exhibits the lowest at 7% (Table 2).

Table 2. Basal area dynamics by species: mortality, recruitment and transition (2011-2021).

. BA 2011  Mortality o . o . o BA 2021  Difference
Species @m2ha-1) (m2ha-1) %o Recruitment %o Transition Yo m2ha-1) (m2ha-1)
Silver fir 34.6 ~5.9 169 85 24.5 4.9 141 32.3 23

European 12.1 ~09 7.7 15 14.9 ~0.8 —6.9 12.1 0.0
beech

Norway 21.1 ~38 1758 5.9 28.1 —34 162 19.9 ~13
spruce
Total 67.8 ~10.6 ~15.6 13.7 20.1 —6.6 —9.7 64.3 -35

The dynamics of basal area (m? ha—1) across diameter classes revealed pronounced
structural changes in the forest stand (Figure 5). The most substantial declines in basal
area were observed within the 70 cm, 75 cm, and 90 cm diameter classes, where losses
exceeded 1.2 m? ha~!. These declines likely reflect mortality processes affecting mature
trees, including natural senescence or disturbance-induced events that predominantly
impact larger diameter classes. Conversely, increases in basal area were detected in the
largest diameter classes (125 cm and 130 cm), suggesting the transition of dominant trees
into these upper diameter categories. Such transitions often occur through individual
tree growth and competitive release, contributing to the maintenance of large structural
elements within the stand. Smaller diameter classes (20-60 cm) exhibited moderate but
consistent gains in basal area, indicating continuous recruitment and ingrowth processes
that sustain the stand’s basal area dynamics. Interestingly, the diameter classes between
85 cm and 100 cm displayed relatively stable basal area levels, suggesting a demographic
balance between recruitment and mortality processes in these classes.

The mortality of basal area varied across DBH classes and tree species, highlighting
distinct patterns in stand dynamics (Figure 6). Silver fir exhibited the highest contribu-
tion to mortality, accounting for a cumulative 5.85 m?/ha. Its mortality was particularly
pronounced in the largest diameter classes (70-100 cm), indicating that dominant trees
in these cohorts are increasingly vulnerable, possibly due to competition-induced stress
or senescence. European beech contributed moderately to overall mortality (cumulative
0.87 m2/ ha), with scattered occurrences in mid-diameter classes (10-65 cm), reflecting
occasional mortality of mid-sized individuals but generally stable survival in larger classes.
Norway spruce had a cumulative mortality of approximately 3.53 m?/ha, with consistent
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values across both small and medium diameter classes and a notable presence in larger
classes (75-95 cm). Overall, the data emphasize the structural complexity and the ongoing
turnover in the stand, driven largely by silver fir mortality, which may be a sign of succes-
sional processes or ongoing disturbances. The relatively low mortality of European beech
suggests resilience and an increasing ecological role of this species in the stand composition.

—e— Net change I Mortality Transition I Recruitment

Basal area (m? ha™1)

VOPPRIDRPRPRENDCRE PP DLDL DD
DBH class (cm)

Figure 5. Comparative dynamics of total basal area (m? ha~!) by DBH class for 2011 and 2021,
including net change over the decade.

Silver fir I European beech [ Norway spruce

0~00ﬁT. = g = W .—l
—0.25 I I
a2 —0.50
=
=075
g
§ -1.00
[~
8 -1.25
<
@
—1.50
-1.75

NOPRDPADRL LD RENDLD PP PP
DBH class (cm)

Figure 6. Species-specific basal area mortality (m? ha~!) by DBH class for silver fir, European beech,
and Norway spruce.

3.3. Coarse Woody Debris

The presence of coarse woody debris (CWD) was observed across various forms and
decay classes. The estimated total volume of CWD amounts to 463 m?® ha=! (Table 3). The
highest proportion consists of fallen logs at 64%, followed by standing dead trees (snags)
at 33%, while stumps represent the smallest percentage at 2%. The ratio of CWD in the
total GS volume amounted to p = 0.42. Out of the total volume of CWD, the largest portion

belongs to the fifth decay class at 26% and the second decay class at 25%, while the smallest
portion is attributed to the first decay class at 7%.
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Table 3. Volume (m? ha™!) of coarse woody debris (CWD) by type and decay class.
Decay Class Y% Snags Logs Stumps Total CWD
1 7.9 29.2 7.4 0.0 36.7
2 25.1 71.4 44.2 0.2 115.9
3 17.9 36.4 45.5 1.0 82.8
4 22.7 17.3 82.7 5.1 105.1
5 26.4 15 117.4 3.3 1222
Total 100.00 155.8 297.2 9.6 462.7

Snags accounted for a total volume of 155.8 m> ha~! across all decay classes, with
the highest volume observed in decay class 2 (71.4 m>® ha~!). The density of snags was
93 individuals per hectare, with the majority represented in the first DBH class and in trees
larger than 52.5 cm in diameter, collectively comprising 60% of the total snag population.
The ratio of the number of snags to living trees was p = 0.17. Logs were present in all
decay classes, with the highest proportion found in the fifth decay class. Most snags were
in the second decay class with 71.4 m® ha~!. Stumps were not present in the first decay
class, with the highest representation occurring in the fourth decay class with 5.1 m3 ha=!.
The spatial analysis of the CWD to GS ratio reveals pronounced heterogeneity within
the core zone of the Janj old-growth forest. The ratio ranges from below 0.2 to above 0.8,
indicating varying degrees of natural disturbance and structural development across the
plots (Figure 7). The lowest ratios (<0.2) are found along the outer edges of the core area,
where stand structure remains relatively stable with minimal deadwood accumulation.
In contrast, plots with ratios exceeding 0.8 (dark green) reflect areas with substantial
deadwood presence, suggesting intense mortality processes—likely of conifer species—or
an advanced successional phase with reduced canopy turnover. These findings underscore
the potential of the CWD/GS ratio as a reliable indicator of stand development stage and
vitality, particularly in unmanaged old-growth conditions where endogenous mortality
and disturbance govern structural dynamics. High CWD/GS values also highlight the
ecological importance of deadwood as a critical component of forest biodiversity, nutrient
cycling, and microhabitat provision.

CWD to GS ratio (m* ha™)

m <(.2
0.2-04
0.4-0.6 0 100 200m
0.6-0.8 ——

m > (.8

o Circular Sample plots
O Core Area Boundary
Figure 7. Spatial distribution of the ratio between coarse woody debris (CWD) volume and living
tree volume (growing stock, GS) across circular sample plots within the core area of the Janj Strict

Nature Reserve.
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4. Discussion
4.1. Structural Changes

The present study offers valuable insight into the structural dynamics of the Janj
old-growth forest over a ten-year period (2011-2021), complementing and extending earlier
findings by Keren et al. [35]. While the previous work documented a long-term decline of
conifers and a rise of beech dominance over a six-decade trajectory, our decadal reassess-
ment confirms that this trend has not only continued but intensified moderately. Between
2011 and 2021, the total basal area decreased by 3.5 m? ha~!, primarily due to losses in
silver fir (2.3 m? ha~!) and Norway spruce (-1.3 m? ha~!). Interestingly, while earlier
findings by Keren et al. [35] noted an increase in fir basal area from 1952 to 2011, our results
now suggest a turning point, with fir entering a phase of structural regression.

4.2. Developmental Dynamics

Our structural transition analysis reveals a noteworthy degree of ingrowth and recruit-
ment in silver fir and Norway spruce, yet not at levels sufficient to offset their elevated
mortality. This aligns with findings from similar forest systems, where conifers regenera-
tion beneath dense beech layers fails to develop competitive potential, reinforcing a slow
but persistent shift in species dominance. The volume of coarse woody debris (CWD),
measured at 463 m3 ha™!, exceeds the European average for beech-dominated old-growth
stands [66]. The high presence of logs in advanced decay classes suggests limited recent
disturbance and a stable decay dynamic—consistent with earlier observations for Janj and
other forests in the region (Figure 8). Although changes in overall structural parameters
(stem density, basal area, growing stock) were not statistically significant at the stand level,
species- and diameter class-specific differences were pronounced.

Figure 8. Natural canopy gap and deadwood accumulation in the core area of the Janj old-growth forest.

4.3. Mortality Patterns

Mortality trends reinforce this interpretation: over the ten-year period, silver fir ex-
hibited the highest mortality rate (20 trees ha~1), followed by spruce (17 trees ha~!), while
beech mortality was lowest (9 trees ha™!). These declines align with broader regional
trends, particularly in the case of spruce, whose vulnerability to drought stress and bark
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beetle outbreaks has been widely documented [35,67-69]. Numerous previous studies on
old-growth forests have demonstrated that an increasing dominance of European beech
often coincides with a reduction in overall stand productivity [56,70-73]. Similar structural
trends—characterized by a decline of silver fir and an expansion of European beech—have
also been reported in the old-growth forests of the Slovenian Alps [29] and the Western
Carpathians [32] where disturbances such as windthrow and air pollution were identi-
fied as primary drivers of fir regression in favor of beech. Over the past decades, such
disturbances—particularly wind-related canopy openings—have become increasingly fre-
quent across Europe [74] further destabilizing the balance between species. Norway spruce,
in particular, exhibits the highest mortality and ingrowth intensity, whereas European
beech shows low mortality and a more stable ingrowth pattern. This indicates a growing
long-term competitive advantage of beech under unmanaged forest conditions. Although
no known fire disturbances have been recorded in the Janj old-growth forest over the past
few decades, it is important to acknowledge that fire events can represent a significant
threat to the stability and composition of similar old-growth forest ecosystems [75].

4.4. Tree Species Composition and Diameter Distribution

Perhaps the most striking observation is the structural resilience and regenerative suc-
cess of European beech. Its basal area remained stable over the decade, while regeneration
increased by 8.4%, underscoring its continued recruitment advantage in the understory.
Paired sample t-tests revealed significant declines in stem density for silver fir and Norway
spruce (p = 0.001), and a marked increase in silver fir regeneration (p = 0.002). Additionally,
statistically significant reductions in basal area and growing stock for silver fir were ob-
served in the 52.5-82.5 cm diameter class (p < 0.05), suggesting that structural changes are
most acute in these larger cohorts.

4.5. Implications for Regeneration Dynamics

These observations underscore the complexity of interpreting forest dynamics based
solely on stand-level averages. Even in the absence of widespread statistical significance,
the consistent decline in conifers and expansion of beech—supported by both empirical
data and ecological reasoning—signal a clear successional trajectory. The patterns ob-
served in Janj mirror those in other primeval forests across the Dinaric and Carpathian
ranges [29,32,34], strengthening the hypothesis that conifer decline and beech ascendancy
reflect broader long-term ecological processes.

4.6. Broader Ecological and Management Implications

The persistence of large-diameter silver fir and European beech in the Janj old-growth
forest demonstrates that natural forest dynamics in mountain ecosystems can significantly
contribute to carbon storage, supporting the importance of maintaining diverse species
composition and protecting these forests from anthropogenic disturbance to enhance carbon
accumulation and ecosystem resilience [76]. This supports the long-standing hypothesis
of beech expansion in mixed Dinaric old-growth stands—particularly under conditions
of prolonged canopy openness and diminishing conifer competition. These findings are
consistent with the idea that beech trees benefit from warming climates and internal
disturbance cycles, whereas conifers—particularly at their lower elevation limits—are
disproportionately affected by climatic stressors. From a conservation standpoint, these
results highlight the importance of continued long-term monitoring, especially in the
context of climate change, which is likely to amplify existing successional patterns. The
ongoing shift from conifer-dominated to beech-dominated forest structures may have
far-reaching implications for biodiversity, carbon dynamics, and ecosystem resilience. In
sum, Janj remains a structurally rich and ecologically valuable primeval forest, yet is
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clearly entering a phase of compositional transition. If current trends persist, the long-term
character of this unique forest may be redefined through subtle, persistent processes that
reflect both natural succession and climate-driven pressures.

4.7. Study Limitations

Despite the valuable insights provided, this study is not without limitations. First,
the temporal scope of a single decade (2011-2021) might not fully capture the long-term
successional dynamics typical of old-growth forests, where processes often unfold over
centuries. Consequently, caution is warranted when extrapolating short-term trends to
predict long-term trajectories. Additionally, while the study employed 39 permanent plots,
some diameter classes, especially those at the higher end (e.g., >105 cm), had low sam-
ple sizes, potentially affecting the precision of mortality and recruitment estimates for
these classes. Another limitation arises from the lack of direct monitoring of disturbance
events—such as windthrow or pest outbreaks—which, although documented regionally,
were not always individually verified at each plot during the study period. Finally, while
changes in overall stand-level metrics were analyzed, interactions between species, competi-
tion dynamics, and micro-environmental factors could not be fully disentangled, potentially
influencing observed mortality and recruitment patterns. Future studies could address
these limitations by integrating longer-term datasets, including more frequent and spatially
detailed monitoring of disturbance events, and applying models that explicitly account for
interspecies competition and climate influences.

5. Conclusions

This study provided valuable insights into the dynamics of the Janj old-growth forest
over a ten-year period, offering a deeper understanding of structural changes, develop-
mental processes, and mortality patterns. The findings revealed a subtle yet consistent
compositional shift, with conifers—especially silver fir and Norway spruce—experiencing
some declines in basal area, while European beech maintained its structural stability and
demonstrated remarkable regenerative success.

Statistically significant differences were observed for silver fir regarding the reduction
in stem density (p = 0.001), the increase in mean diameter (p = 0.002), and the increase in
regeneration (p = 0.002). The paired samples t-test results for both growing stock (GS) and
basal area (BA), considered overall and by tree species, showed no statistically significant
differences at the 95% confidence interval.

Although overall stand-level metrics such as total basal area and growing stock did not
show statistically significant changes, species-specific analyses highlighted clear patterns
of compositional adjustment that are consistent with broader regional trends. However,
within the diameter class of 52.5 to 82.5 cm, both GS and BA exhibited statistically significant
differences for silver fir and overall. No significant differences were found for European
beech and Norway spruce. Mortality was most pronounced in silver fir, followed by
Norway spruce, with European beech exhibiting the lowest mortality rate. These patterns
align with known species-specific vulnerabilities, where conifers are more susceptible to
climate stress and biotic disturbances, while beech appears more resilient under current
conditions. The recruitment and ingrowth of silver fir and Norway spruce, although present,
were insufficient to fully compensate for their elevated mortality, indicating a gradual shift
towards beech dominance—a pattern commonly reported in other primeval forests across
the Dinaric and Carpathian ranges. The high volume of coarse woody debris and the
dominance of advanced decay classes reflect a relatively stable decomposition process,
suggesting a mature forest with limited recent disturbance. Overall, the findings emphasize
the importance of long-term monitoring and species-specific analysis to fully understand
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forest dynamics, especially in the context of climate change and shifting disturbance
regimes. Conservation strategies should prioritize maintaining species diversity and
protecting forest structure to sustain ecosystem resilience and carbon storage potential.
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