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Abstract: The interest to assess the relationship between forest gap characteristics and topography
features has been growing in the last decades. However, such an approach has not been studied
in undisturbed mixed sessile oak–beech old-growth forests. Therefore, the present study carried
out in one of the best-preserved sessile oak–beech old-growth forests in Europe, aims to assess the
influence of topographic features (slope, altitude and aspect) on (i) some characteristics of canopies
and expanded gaps (surface, diameter and perimeter) and (ii) the proportion of beech and sessile oak as
bordering trees, gap fillers and gap makers. Through a complete gap survey on an area of 32 ha, 321 gaps
were identified and mapped. The largest gaps and also the highest gap frequency (140) was found
in the slope class (15.1–20◦), while the gap frequency increased with altitude, with 99 gaps being
recorded at 601–650 m a.s.l. The size and perimeter of the canopy and expanded gaps, as well as
the number of gap makers, were negatively related to the slope and altitude. The expanded gap to
canopy gap size ratio decreased with the slope and was positively related to the altitude, while a
significant negative decrease in gap filler density with altitude was encountered. The sessile oak
participation ratio as bordering trees forming the gap increased not only with the altitude but also
with the slope. The topography plays an important role in the formation of gaps as well as in the
characteristics of the future stand. This study provides valuable insights into the relationship between
canopy gap characteristics and topography, which is useful information for forest owners that pursue
the design of forest management toward nature-based solutions.

Keywords: natural reserve; mixed sessile oak–beech forest; old-growth forest; topography features;
gap characteristics

1. Introduction

Old-growth forests represent ecosystems where human interventions are missing
or slight [1]. Even if old-growth forests cover only 3% of total European forests, these
are rich in biodiversity, thereby contributing to climate change mitigation and delivering
fundamental ecosystem services [1]. However, forest characteristics change over time, and
these changes are foreseeable only a few years after they occur or when old-growth forests
are replaced by secondary forests [2,3].

Scarce old-growth forests composed of mixed beech (Fagus sylvatica L.) and sessile oak
(Quercus petraea (MATT.) Liebl.)—two very important European species from an ecological
and economic point of view—are of special interest to explore the main processes occurring
naturally in such forest ecosystems. Investigating the changes in forest characteristics
provides valuable information on forest behavior under different stress factors [4–6]. To-
pographic elements such as altitude, aspect and slope influence the availability of soil
moisture, nutrients and daily insolation, which are determining factors for species suit-
ability and composition [7]. Moreover, under a changing climate, those effects can be
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magnified [8,9] and can trigger modifications in the forest structure [10,11]. The topo-
graphic features that represent key drivers in defining forest structure and regeneration are
still poorly understood [4,10,12]. Knowing the manner in which topography influences for-
est structure, composition and regeneration is essential to design sustainable management
strategies focused on maximizing forest resilience [9].

These patterns can be identified within the development stages of old-growth forests
characterized by a natural dynamic [13,14]. A key role in enhancing forest sustainability
is played by silvicultural treatments [15], particularly those that imply the creation of
canopy gaps [16–18]. With a major objective concerning preserving the naturalness in
uneven-aged structures, the “close-to-nature” silvicultural practice represents a widely
used approach that has lately gained increased interest due to its strong nature conservation
concept [17,19–22]. The management of forests in a natural way underpins an improved
understanding beyond other factors, patterns and processes, which happen naturally in
forests [23], such as the effect of topography on gap characteristics. Investigating this aspect
is important for a better understanding of the gap dynamics [24].

Some topographic features, such as altitude, wind exposure, slope, aspect and soil
conditions, characterize the site of the gap [25,26]. Numerous soil properties (e.g., moisture
conditions, nutrient amounts, soil temperature, etc.) are controlled by topographic features
such as slope, aspect and altitude [27–30] and influence not only stand richness and diversity
but also the gap characteristics [28,30]. In areas with steep slopes, the long axes of gaps are
mostly oriented downslope, thus, influencing the size of the gaps [25,31]. Additionally, gap
densities are related to slope and altitude, being more numerous at high altitudes and on
steep slopes [32].

Tree species composition and productivity are controlled by the spatial and temporal
distribution of climatic factors such as radiation, precipitation and temperature [26,33–35].
One of the major factors influencing species composition is light, with different regimes in
accordance with gap size, canopy height and aspect [36–38]. Topographic factors exhibit a
straightforward influence on forest dynamics, particularly in mountainous regions [39–41].

Forest canopy gaps are known as small openings created by natural and artificial
disturbances, which damage tree species, thereby causing their death or injury [42,43].
Nevertheless, tree death does not always lead to gap formation, with their occurrence
also being controlled by the sub-canopy structure [24]. However, canopy gaps are ex-
tremely important for the regeneration and growth process, especially for shade-intolerant
species [12,19,21,37,44]. Canopy gaps also control light conditions, nutrient availability, soil
moisture and biological properties, thus, influencing forest ecology, diversity and dynamics
by creating suitable conditions for tree species development [30,37,45,46]. Tree species com-
position is influenced by the environment inside the gap and by the gap size [47,48]. While
large gaps favor the installation of shade-intolerant or intermediate species, small gaps are
more favorable for the establishment of shade-tolerant species [48]. Gap size distribution
should be considered, particularly in natural regeneration or in mixed-species forests where
stands dominated by a single tree species over large areas may hamper biodiversity [47].
Gap dynamics are controlled especially by small gaps, which close faster than large ones,
and this contributes to forest management development when the stand canopy turnover
rates are evaluated [49,50]. In this sense, forest managers should pay attention to species
associations when designing a silvicultural system that emulates natural patterns [48].

For this reason, lately, interest in canopy gaps has increased in sustainable forest
management practices [51]. Hence, it is important to have a better understanding of natural
disturbance regimes and gap dynamics [16,37,48]. There is a wide range of causes that
create gaps, such as wind damage, snow break, trees snapped by wind, tree mortality due
to old age, large branches breaking, wildfires, landslides, tree fall and uprooting. Among
these, the most common are uprooting, standing dead and snapping [19,32,45,52].

Europe’s forests were substantially exploited in the past, and only a few old-growth
forests still exist [53]. Most of these forests (90%) are located in countries from Northern
to South-eastern Europe [1,54,55]. These ecosystems are dominated by European beech
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trees (Fagus sylvatica L.) and a mixture of other tree species, such as Abies alba Miller and
Picea abies (L.) Karst [45]. Unfortunately, in broadleaved forests, particularly in the central
part of Europe, the European beech and the sessile oak prevail (Quercus petraea (Matt.)
Liebl.) [56] but were very exploited in the past [57]. Many studies carried out in Europe
have focused on the structural characteristics of the stands, such as the size of the canopy
gap distribution [48,58–63], and only a few have focused on the relationship between gap
characteristics and topography [9,26,64]. However, numerous studies regarding canopy
gaps have focused on gaps formed near ground-level [25,26,44,60,65,66]. These kinds of
gaps are important for forest regeneration and the sapling growth of light-demanding
species [44,49]. It is difficult to measure the gaps formed higher up in the canopy, but these
gaps are important for the higher growth of larger trees [26,44,67].

Romania is the country with the largest extent of primary and virgin forests in the
European Union [54,55,68]. These ecosystems have minimal human influence and provide
favorable circumstances to explore natural disturbance regimes [19]. Having the highest
naturalness levels is important to understand the influence of topographic features on
stand development, composition, growth rates, age structure and regeneration within these
types of ecosystems. Therefore, in this study, we pursue the investigation of the influence of
topographic features on gap characteristics in one of the best-preserved old-growth mixed
beech–sessile oak forests of Europe. Our assessment focuses on testing the influence of
topographic features (slope, altitude and aspect) on (i) some characteristics of the canopy
and expanded gaps (e.g., surface, diameter and perimeter) and (ii) on the proportion of
beech and sessile oak as bordering trees, gap fillers and gap makers.

2. Materials and Methods
2.1. Study Site

The study site was located in Arad County, the western part of Romania. The Runcu-
Grosi Natural Reserve situated in the Zarand Mountains is framed by 46◦11′ northern
latitude and 22◦07′ eastern longitude [19]. The total area of the reserve is 262.6 ha. The
altitude of the study site ranges between 334 and 686 m above sea level, while the slopes
vary from 1 to 34 degrees (Figure 1).

The climate is temperate continental with a slight Mediterranean influence. Mean
annual temperature varies between 7.6 ◦C and 9.4 ◦C. Mean annual precipitation is esti-
mated at 750 and 925 mm/year, 60% of which falls during the growing season according
to records from the Monorostia hydrometric station (150 m above sea level), which is the
nearest to the study site location.

Soils are well drained and with good nutrient supply and predominantly belong to
Cambisols and Luvisol. The forest canopy is dominated by Fagus sylvatica and Quercus
petraea, but there are also some other species present, such as Carpinus betulus, Quercus
frainetto, Quercus cerris, Acer pseudoplatanus, Prunus avium, Ulmus glabra, Tillia cordata and
Sorbus torminalis [69].

The Runcu-Grosi Natural Reserve exhibits some important features. First of all, it
represents one of the best-preserved natural beech–sessile oak forests at the European
level [69]. Second, it is a remnant of ancient natural forests on the territory of our coun-
try [70]. Third, it is included entirely in the ROSCI0070 Drocea site and hosts three types of
forest habitats of community interest: Asperulo–Fagetum beech forests, Galio–Carpinetum
oak–hornbeam forests and Dacian oak and hornbeam forests [19,71]. Fourth, it has mean-
ingful practical importance due to having the highest taxonomic and genetic heterogeneity
as a result of its association with plants with bio-historical value [19]. Finally, it represents
a unique old-growth oak mixed forest in Europe that hosts trees of impressive size and
quality [19,69].
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Figure 1. Location of Runcu-Grosi Natural Reserve. (a) Studied area with the canopy gaps mapped
terrestrially. (b) (Sources of left panels: Esri, DigitalGlobe, GeoEye, i-cubed, USDA FSA, USGS, AEX,
Getmapping, Aerogrid, IGN, IGP, swisstopo and the GIS User Community).

2.2. Field Measurements

All canopy and expanded gaps were assessed in the best-preserved part of the Nature
Reserve on 32.3 ha of forest, using the Field Map Data Collector [72]. We considered the
canopy gap an opening in the stand with an area exceeding 10 m2 characterized by the
death of one or a group of trees with remnants of the gap maker still detectable [19]. The
canopy gaps were defined as the area confined by the vertical projection of the crowns
of the bordering trees, and the expanded gaps were defined as the area delimited by the
position of their trunks [25]. The mapping of each gap was measured as the radii from
the approximate gap center to the edge of the tree crowns and to the trunks of the trees
bordering the gap [19], which were identified as species. A total number of 321 gaps were
identified and mapped over the entire studied area of 32.3 ha, and the bordering trees,
which formed the expanded gap and the gap makers, were identified as species. In 70 gaps
(all expanded gaps greater than 800 m2 and a random sample of gaps with an area lower
than this threshold), all the gap fillers (all trees >7 cm diameter at breast height (DBH) and
<20 m height) and gap saplings (taller than 1.3 m and smaller than 7 cm in DBH) were
recorded as species (for more details, see [19]).

Canopy gaps and expanded gaps were collected in Field Map [73] in the vectorial
format and were exported in ArcGIS for further processing using ArcGIS tools. The Digital
Terrain Model with 1 m2 pixel resolution was also integrated into the ArcGIS spatial
database. Querying the database allowed us to determine the canopy gap characteristics
(e.g., surface, diameter and perimeter) and their topographic features (e.g., slope, altitude,
aspect, etc.). The database was explored to also calculate the frequency of the gaps, species
proportion, gap fillers, gap saplings and expanded gaps at different classes of slope and
altitude. The slope classes that we considered through dividing the slope in 5-degree
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steps were 0–5◦, 5.1–10◦, 10.1–15◦, 15.1–20◦ and >21◦. The altitude classes that resulted by
framing the altitude in 50 m steps were 451–500 m, 501–550 m, 551–600 m, 601–650 m and
651–700 m. The aspect categories used in the analysis were N, E, NW, NE, S, SE, SW and W.

2.3. Data Analysis

All analyses were performed using the data obtained from all sampled canopy gaps
(n = 321). The data regarding slope, altitude and aspect were extracted from the DTM based
on the tools provided by ArcGIS. A discriminant analysis (DA) was carried out in PAST 4.11
(Natural History Museum, University of Oslo, Norway) in order to evaluate the grouping
accuracy of the gaps regarding the altitude and slope. The testing of differences among the
aspect categories for gap characteristics was performed by applying Mann–Whitney U-test
(assumptions of ANOVA were not validated). To test the relation between topographic
features (slope and altitude) and gap characteristics (size, perimeter, tree species proportion
of bordering gap trees, gap fillers, gap saplings and the number of gap makers), multiple
regression was performed using STATISTICA 13.5.0.17.

3. Results

The first tested topographic feature was the aspect of the terrain. No significant
differences in all investigated gap characteristics among the aspect categories were detected.
In Figure 2, several examples are shown (canopy gap area, expanded gap area, canopy
gap perimeter and expanded gap perimeter). We focused, in particular, on the difference
in testing between southern and northern exposures, and on southern exposures, better
regeneration and the growing of sessile oak trees were expected compared to the northern
slopes, where beech gap saplings and gap fillers could be at an advantage.
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The highest frequency of gaps (140) was detected at slopes between 15.1 and 20◦,
where gaps with the largest surface were found. More than 50% of gaps were identified on
slopes greater than 15.1◦ and only 7% on slopes between 0 and 5◦ (Figure 3b). More than
90% of canopy gaps were encountered on slopes that exceeded 10.1◦.
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We noticed that gap frequency increased with altitude (Figure 3d). Therefore, the
highest gap frequencies of 25% and 30% were identified on slopes between 10.1 and 20◦,
respectively. At altitudes between 601 and 650 m, 99 gaps were encountered, while at
altitudes between 450 and 500 m, only 18 gaps were found. The largest gap detected was
1387 m2 in size (at 578 m), while the smallest had a minimum size of 11 m2 (at 471 m). The
high gap fraction value of 25% was recorded at 551–600 m altitude, followed by 601–650 m
with a value of 20%.

The first discriminant axis explained 94.96% of the total variance in the centroids,
while the second axis explained 4.13% (Figure 4). On the first axis, the highest contributor
is the altitude factor, but the expanded gap size to canopy gap size ratio contributes at
a similar level to the DA1 axis. However, the expanded gap size and perimeter and the
canopy gap size and perimeter are stronger contributors to the DA2, on which the slope
variable is the most associated important topographic factor. As expected, the number of
saplings is positively correlated with the DA2 (the axis of gap dimensions), and the number
of gap fillers is negatively correlated with the altitude and slope interaction.
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The gap characteristics, such as size, perimeter, the proportion of species and the
number of gap makers were appraised in previous research [19]. Herein, we tested the
influence of topographic features (slope and altitude) on some characteristics of sampled
gaps (surface and perimeter) and on the proportion of sessile oaks as bordering trees, gap
fillers, gap saplings and gap makers. As shown in Table 2, we found a significant influence
of altitude on almost all analyzed gap characteristics (surface, parameter, the expanded
gap to canopy gap ratio and the proportion of sessile oaks as bordering trees (Pb < 0.05)).
Additionally, we found that gap characteristics (e.g., expanded gap perimeter, canopy gap
perimeter, the proportion of sessile oaks as bordering gap trees and the number of gap fillers)
were linked significantly to the slope (Pc < 0.05). However, a nonsignificant influence of
slope on expanded gap size and canopy gap surface was detected (Pc > 0.05). Additionally,
the expanded gap maker variables were not significantly linked to topographic features.
In addition, from the data acquired, we can also see that there was a significant influence,
regarding the interaction between slope and altitude, on the number of saplings regenerated
within the gaps.

Table 2. Influence of altitude and slope on gap characteristics. a, b and c represent the model coefficients
(gap characteristic = a+ b× Altitude+ c × Slope ), and pa, pb and pc represent the probability (p-value)
for the two-tailed t-test (prob > |t|) used to test the significance of the model coefficients.

Gap Characteristics a Pa > |t| b Pb > |t| C Pc > |t|

Canopy gap size (m2) 457.844 0.004 −0.448 0.033 −4.054 0.163
Expanded gap size (m2) 818.295 0.001 −0.666 0.038 −8.612 0.053

Expanded gap size to canopy gap
size ratio 1.241 0.346 0.003 0.037 −0.027 0.024

Canopy gap perimeter (m) 118.015 0.001 −0.097 0.005 −0.965 0.044
Expanded gap perimeter (m) 139.291 0.001 −0.089 0.016 −1.230 0.017
Proportion of sessile oaks as

bordering trees (%) −97.833 0.078 0.154 0.028 3.294 0.006

Number of gap makers 9.136 0.003 −0.007 0.085 −0.068 0.221
Number of gap fillers 332.414 0.215 −0.505 0.141 11.690 0.041

Number of gap saplings 4542.484 0.128 −3.319 0.382 −93.648 0.139

Within the research area, the number of gap fillers ranged from 0 to 584 gap fillers/ha,
while the average density varied between 233 ha−1 and 1070 ha−1. The main tree species
that fill the formed gaps was beech (91% of all gap fillers). The remaining 9% comprised
Carpinus betulus, while other species, such as Quercus petraea, Tillia cordata, Prunus avium and
Sorbus aucuparia, occupied less than 1% [19]. The expanded gaps were formed by 2475 trees
that were subsequently used for estimating the canopy composition. The relationships
between the ratio of expanded gap to the canopy gap size and topographic features (slope
and altitude) are shown in Figure 5. The expanded gap to canopy gap size ratio decreased
with an increase in slope (r = −0.1989, p < 0.05 (Figure 5a) but was positively related to
altitude (r = 0.2202, p < 0.05 (Figure 5b).
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Higher values in the expanded gap to canopy gap size ratio were found on slopes
of 10.1–20◦ and started to decrease on slopes greater than 21◦. On one hand, this may be
due to the proportion of a certain tree species surrounding the expanded gap [19]. On the
other hand, the expanded gap to canopy gap size ratio increased with altitude, starting
with altitudes higher than 500 m. A higher value in the expanded gap to canopy gap size
ratio means that the trees forming the gap have larger crowns.

4. Discussion

Our study showed the existence of a relationship between terrain morphology and gap
frequency. This was demonstrated through a significant field effort of financial and human
resources and not by using recent technologies, such as remote sensing, which enable quick,
automatic mapping of canopy gaps [74]. Our work suggests that more than 50% of the
gaps are encountered on slopes of 15.1–20◦, and only 7% of gaps are encountered at slopes
between 0 and 5◦ (Figure 3a,b). This result confirms the findings of other studies [32,75]
regarding the higher frequency of gaps on high-slope terrains. On these sloping terrains, the
gaps provide the optimum light requirements for species development and, thus, exhibit an
important role in the regeneration process of tree species [75]. The frequency distribution of
gap sizes, from small gaps to large gaps, is also related to the slope [75]. Hence, we noticed
that as the slope increases, the size of the gaps increases (Table 2), unlike the results of [31],
which state that gentle slopes host the largest gaps. More than 90% of the canopy gaps
were identified on slopes that exceeded 10.1◦. These results are in line with the findings
of [75,76], thus, confirming that gap size increases with slope. This is due to the fact that
with the occurrence of increasing slope and altitude, the soils become shallower, and this
aspect increases the instability of trees and their exposure to disturbance factors, such
as wind. Wind is recognized as the main factor that triggers disturbance within central
European forests [48,77]. Wind exposure favors the death of trees through uprooting and
snapping, and therefore, the process of gap formation is triggered [19]. In altitudinal
classes (Figure 3c,d), we found that the most frequent gaps are aggregated at 601–650 m
altitude, which is consistent with other research [31,78] that considered wind exposure as
a trigger factor. This disturbance factor generates an increasing number of canopy gaps
and influences their openings, thus, creating larger gaps. The changes in gap disturbance
patterns are related to features that act both at coarser (e.g., forest age) and finer scales (e.g.,
slope) [76]. However, some studies suggest that dissimilarities between the gap disturbance
and gap size frequency distribution within a forest may be encountered [79–83]. Concerning
the distribution of gap fillers with altitude, we obtained a weak correlation, like the findings
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of [84], which state that altitude did not influence gap fillers. However, gap closure depends
on different drivers, such as the density of seedlings, sapling diameter and the height of
gap-filling trees in each layer [45]. Similar to our findings, species of the genus Fagus have
been reported as the main species for gap closure in other research [45,46,48,85,86]. This
situation is mainly due to the fact that beech is a shade-tolerant tree species, with highly
developed and interconnected root systems and advanced growth, which overwhelm other
species [51]. Regarding the ratio of the expanded gap to canopy gap size and topography
(Figure 5a), we obtained a negative correlation with the slope, mainly because the studied
species have a very good root system, are well anchored in the soil and, thus, are highly
resilient to wind damage. Our result is in disagreement with the findings of [32], which
reported a positive correlation of expanded gap ratio with slope. However, unlike our
study, the authors focused on other tree species with shallow root systems that are more
exposed to uprooting, which can trigger canopy damage.

Additionally, another important factor is hydrology, which is influenced by terrain
aspects [87]. Plateaus and ridges have drier soils, while steeper slopes retain more mois-
ture during dry seasons [88]. Hydrological conditions also influence the gap size dis-
tribution [30], with the larger gaps being aggregated in areas exposed to flooding [31].
Additionally, hydrology has been linked to mortality rates, which are lower on moister
soils during droughts [89]. Additionally, most of the analyzed characteristics of sampled
gaps are directly influenced by the topographic features (e.g., altitude, slope and so on).
Topographic differences, which influence and affect the gap size distribution, are expected
to trigger changes in the forest structure or composition [26,76]. The configuration of
forest structure and dynamics is driven by canopy gaps, which favor abundant natural
regeneration and environmental heterogeneity [37,89]. Canopy gaps are important when
an orientation toward sustainable and ecological management is desired, as well as for
preserving forest biodiversity, enhancing functional diversity [37,46,90] and improving
forest adaptability [91]. These initiatives need appropriate management and exploitation
practices to ensure maximized species richness [92]. Investigating the relation between
canopy gaps and topography will enhance knowledge about forest spatial and structural
variations and successional processes at the ecosystem level [93]. Moreover, it provides a
basis for forest managers that pursue reproducing models of natural disturbances [93].

The creation of natural gap openings at high altitudes directly exposes seedlings or
seeds to disturbance factors. However, natural competition between seedlings and the
formation of strong roots are favored [94–96]. The relevance of gaps formed near ground
level has been shown as important not only for species regeneration but also for the growth
of light-demanding species saplings [44,49]. In larger gaps, species competition ability
increases because they develop strong root systems that favor better uptake of nutrients
from soil and a higher resistance to biotic and abiotic factors [16,97]. In the case of sessile
oak, the regeneration process has meaningful importance for forest managers, mainly due
to the fact that, very often, this tree species is overwhelmed by beech [19,98]. Species
dispersal is not only a key factor for forest succession [46] but also species shade tolerance.
Although sessile oak regeneration is installed in small gaps, to grow and compete with
more shade-tolerant species such as beech, they need brighter conditions, with gaps greater
than at least 300 m2 [99].

The altitude also plays an important role in gap formation. Our study reveals that
the frequency of gaps increases with altitude. The highest frequency of gaps (30% and
25%) was identified at altitudes of 601–650 m followed by altitudes between 551 and 600 m,
respectively. Those findings are in agreement with the results reported by [32], which
obtained higher gap distribution at higher altitudes. We found that on slopes that exceed 21◦

and 450–500 m altitudes, the gap frequency decreases, while on slopes between 10.1 and 15◦

and 551–650 m altitudes, the gap frequency increases. This result is in disagreement with
the findings of [32], which reported higher gap distribution at steep slopes. However, a
converse relationship between the proportions of high canopy gaps (5–10 m height) and
topographic features was also found in a previous study [26], which confirms that the
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proportion of low canopy gaps (≤5 m height) increases as altitude decreases in valleys
and on plateaus but decreases on ridges and upper slopes. Additionally, this study also
confirms that medium slopes and ridges have a small ratio of low canopy gaps.

Moreover, the topography is an important factor that also controls carbon densities
within forests [100], with old-growth forests being the ecosystems that store the greatest
amounts of carbon [101,102]. Therefore, further research is necessary to better understand
how topographic aspects influence species regeneration within the gaps, mainly because
these openings are crucial not only for forest succession but also for carbon storage.

Concerning the limitations of this study, in almost all of the gap characteristics (canopy
gap surface, expanded gap area, canopy gap perimeter, expanded gap perimeter, expanded
gap size to canopy gap size ratio, gap makers and gap saplings), the multiple regression
model with slope and altitude as predictor variables explained around 5% of the dependent
variable variation (R2 < 0.05). Only for the proportion of sessile oaks as gap bordering trees
and gap fillers, the tested multiple regression model explained more than 10% (R2 = 0.11
for the proportion of sessile oak and 0.21 for gap fillers). Although the reduced proportion
of variance explained by the multiple regression model implies the involvement of other
variables in the analysis, in the current study, we focused only on the topographic traits
used as independent variables (altitude and slope), which can be very easily obtained from
the digital terrain model. To prove that topographic features are important in the natural
disturbance regime, they have to be analyzed in the broader picture of natural mortality.
Considering more factors in the model, we would analyze and prove the importance of
topography on a broader scale. Why did the gap trees die? Was it related to storms, beetles,
diseases or climate change? We do not have another more accurate variable available at
this stage to be included in the analysis. For example, the lack of information related to the
dominant wind direction and intensity in this region or how frequently insects attacked
in the past and at what intensity makes it very difficult to take them into consideration.
From the observations of another study (Petritan et al., 2013) [19], sessile oak—the main
gap maker species—died mostly by uprooting, but sometimes while standing (it is difficult
to know accurately why these gap trees died—whether by storms, beetles or diseases—and
recognize precisely if the uprooting occurred directly, mainly due to a storm event, or if the
tree died a long time before uprooting, mainly due to biotic factors, and remained standing
dead for several decades).

5. Conclusions

Canopy gaps emulate patterns of natural variability in species and are the driving
force of forest continuity, being widely applied within sustainable forest management
practices. They contribute to the regeneration process and are fundamental, particularly
for light-demanding species or those with a low dispersion of seedlings, such as sessile
oak. Due to the meaningful importance of canopy gaps in forest ecology, herein we
proposed the assessment of the influence of topographic features on gap characteristics
within one of the best-preserved natural sessile oak–beech mixed forests in Europe. Hence,
our study reveals that the distribution of gaps is influenced by slope steepness and altitude
levels. Additionally, we found that gap characteristics are correlated with topographic
features. Regarding gap closure, we noticed that gap filler distribution is independent
of the altitude but controlled by species characteristics. Hence, we can conclude that
topographic features exhibit meaningful importance for the aspect and proportion of the
gaps. Additionally, these openings ensure forest succession and continuity. Concerning
gaps’ ability to simulate forest dynamics, this study provides valuable insights about the
relationship between canopy gap characteristics and topography to be considered when
designing sustainable management practices.
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