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Introduction: This study examines the effects of the single-tree selective harvesting method on ecosystem services in a mixed temperate broadleaf forest in Iran. Key indicators such as carbon sequestration, tree species diversity, soil nutrient cycling, and stand volume are analyzed, emphasizing their significance for sustainable forest management.

Methods: The research was conducted in four districts, each comprising two parcels: one managed using the single-tree selective harvesting method and the other serving as a control. Data on ecological and biodiversity parameters were collected, and statistical analyses, including two-way ANOVA and Principal Component Analysis (PCA), were performed to assess the impact of management practices.

Results: The findings reveal that the single-tree selective harvesting method significantly influences regulating and supporting ecosystem services. Carbon storage varied with elevation, affecting both soil and forest floor litter. Tree species diversity increased, with more species present and a reduction in dominance by certain species. However, this method also resulted in reduced stand volume in the managed areas. Elevation significantly impacted diversity indices, litter carbon storage, available potassium, and stand volume. Additionally, the interaction between management and elevation was significant for soil carbon storage, richness, diversity, total nitrogen, available potassium, and stand volume.

Discussion: The single-tree selective harvesting method appears to be a viable forest management strategy for preserving ecosystem services in mixed temperate broadleaf forests, maintaining ecosystem health without significant negative effects on soil. However, careful consideration of site-specific ecological conditions and trade-offs between provisioning and regulating services is crucial. These findings have important implications for sustainable forest management in Iran and similar forest ecosystems globally.
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1 Introduction

Ecosystem services are the conditions created by natural ecosystems that enhance the richness and diversity of plant and animal species, ultimately benefiting human societies (Daily, 1998). The Millennium Ecosystem Assessment (2005) categorizes ecosystem services into four groups: regulating services, supporting services, provisioning services, and cultural services (Wallace, 2007). Regulating services, such as carbon sequestration, depend on the natural processes of an ecosystem (Platon et al., 2015). Supporting services, including soil formation, originate from natural ecosystems and are essential for accessing other ecosystem services (Platon et al., 2015). Evaluating the management of natural ecosystems using ecosystem service indicators is now a critical and practical aspect of sustainable natural resource management (Grammatikopoulou and Vačkářová, 2021).

Carbon dioxide separation from the atmosphere is necessary for reducing global warming (Tong et al., 2020; Panja, 2021). Increasing forest vegetation (which plays a vital role in reducing atmospheric carbon dioxide concentrations) (Trumper, 2009; Lal, 2004) tends to be the only simple and inexpensive way to control carbon in the atmosphere.

Plant diversity is a widely used component of biodiversity in vegetation studies and an important indicator of ecological sustainability of ecosystems in environmental assessments (Pecl et al., 2017; Pollastrini et al., 2014). Forest biodiversity also affects forest growth and biodiversity mechanisms and processes, which can lead to increased biomass productivity (Zhang et al., 2010; Zou et al., 2024). This composition of tree species in forest stands plays an important role in determining the quality and quantity of litter and organic matter inputs into the forest soil, which in turn affects the nutrient cycle (Zhang et al., 2018; Carmona-Yáñez et al., 2023).

Stand volume is a basis characteristic, especially in the forest production sector (Sasanifar et al., 2019). While this characteristic is primarily considered in industrial forests for wood production, its correlation with density, tree dimensions, biomass, and habitat fertility appear to be a reliable indicator of structure in managed forest stands (Lorenz, 2010; Vafaei et al., 2017).

The success or failure of forest management methods can be determined by evaluating the rate of forest change following the implementation of various management programs (Wheeler et al., 2016; Oettel and Lapin, 2021). Therefore, in this study, the effectiveness of single-tree selective harvest method on some studied indicators of ecosystem services from temperate broadleaf forests has been investigated. On the other hand, the results will show us that in 20 years, to what extent this type of management has affected the studied characteristics of the forest. Therefore, the goals of this research were advanced by collecting data from the studied forests.

Hyrcanian forests are renowned as one of the world’s oldest surviving forests, with a history spanning millions of years. These ancient forests, belonging to the Third Age of geology, harbor unique species that cannot be found anywhere else due to the limited impact of past glaciations (Sagheb Talebi et al., 2014). During the Pleistocene (Ice Age) period, all but a few broadleaf forests were lost. The Hyrcanian forests with a temperate climate were protected and survived from freezing because they were located between the mountains and the Caspian Sea. On the other hand, these forests are located in latitude belts less than 40 degrees north and at a maximum height of 5,000 m. Accordingly, the cold climate has had a more moderate effect than other forests of high latitudes. As a result, the frosts had the least effect on them. Therefore, the Hyrcanian forests can be considered the “mother” of young forests in Europe (Sagheb Talebi et al., 2014). These forests are composed of mixed deciduous trees that play an effective role in the formation of soil horizons, humus, and soil fertility through the return of leaves to the soil surface in the autumn (Sohrabi et al., 2022).

Due to being close to nature, the single-tree selective harvest method, has been used as a silviculture method for the sustainable management of forests around the world (Sagheb Talebi et al., 2014).

Numerous studies have been conducted on different management methods in Hyrcanian forests. This study specifically focuses on managing these forests using the single-tree selective harvest method. In recent years, this method has gained popularity in the Hyrcanian region of Iran, aiming to preserve the natural characteristics of the forests and maintain their asynchronous form.

The objectives of this study are, (1) to investigate the effects of single-tree selective harvest method on ecosystem services, including carbon storage, tree species diversity, the soil nutrient cycle, and stand volume in a mixed temperate broadleaf forest in Iran, and (2) Evaluating the consequences of the single-tree selective harvest method for Iran’s forests and investigating its effectiveness in similar forest ecosystems.



2 Materials and methods


2.1 Study area

Shafarood Forest Company was established in 1973 with the purpose of meeting Iran’s cellulosic industry’s needs. It initially covered 400,000 hectares of forests in Gilan province, which is part of the Hyrcanian temperate broadleaf forests. Currently, the company manages approximately 150 thousand hectares of forests, spread across 72 districts.

In the past, the management of these forests followed the shelterwood silviculture method (from 1989 to 1998), with regenerative cutting and the first light cutting being implemented over a 10-year period. But because this cutting was done only once in light form and about 30 years ago, it did not cause any significant change in the natural structure of the forests. However, from 1996 to 2016, the management approach shifted to the single-tree selective harvest method.



2.2 Data collection

In this study, four districts were chosen from four different elevational classes within the Shafarood forests: less than 600 (0–599), 600–1,000 (600–999), 1,000–1,500 (1,000–1,499), and more than 1,500 (1,500 to the final limit of forest growth in the study area) meters above sea level (m a.s.l.). Within each district, two parcels were selected: one managed with the single-tree selective harvest method, and one serving as a control parcel. The environmental and ecological conditions, such as aspect, average slope percentage, elevational class, and tree species type, were kept similar in both parcels to ensure comparability.

The control parcels are areas where no exploitation or forest management has taken place. These parcels have not undergone any human intervention and have naturally progressed through succession.

To establish sample plots, a 100 by 200-meter inventory grid was utilized, based on previous research conducted by Khanalizadeh et al. (2020). The grid was designed using ArcGIS and overlaid onto the parcels using Google Earth. GPS coordinates for the centers of the sample plots were then recorded within the designated parcels of each district. During the field implementation of the sample plots, the centers of each parcel were determined using the GPS coordinates obtained in the previous stage.

At each sample plot center, an original plot with a circular shape and an area of 10 acres was established. A total of 30 sample plots for each district were collected (15 samples from the managed parcels and 15 samples from the control parcels). Sample collection in the study districts and parcels is presented in Table 1.



TABLE 1 Measured plots in each district and parcel.
[image: Table1]

In each plot, the tree species and diameter at breast height (DBH) were measured using a caliper, with DBH classes recorded in centimeters. Furthermore, the total height of five selected trees within the sample plot was measured. These included the four closest trees in the four main directions from the plot center, as well as the thickest tree within the plot.

For soil sampling, five plots were randomly chosen from all the plots within each parcel. Soil samples were collected at a depth of 0–30 cm, following the methodology described by Barnes et al. (1997). One sample was taken from the center of each plot, while four additional samples were collected from the corners. These individual soil samples were then mixed together to create a composite sample for each selected plot. The composite samples were transferred to the laboratory for further analysis.

Similarly, within the selected plots for soil sampling, intact soil samples were extracted using a cylinder at a depth of 0–30 cm. These samples were used to determine the soil bulk density.

Within the plots designated for soil sampling, a representative portion of the litter layer was collected. The litter was carefully collected from an untouched area within each plot, following the dimensions of 50 cm by 50 cm, as described in the study by Berenguer et al. (2018). All the data of this study were collected in the summer of 2021.



2.3 Studied ecosystem services

In this study, we focused on analyzing two categories of ecosystem services: regulating services, specifically carbon storage, and supporting services, including the soil nutrient cycle, woody species biodiversity, and woody stem yield. We examined these services for both the managed and control parcels, as shown in Table 2. The indicators of ecosystem services were selected based on the classification outlined in the Millennium Ecosystem Assessment (2005).



TABLE 2 Ecosystem service indicators and type of data.
[image: Table2]


2.3.1 Regulating services


2.3.1.1 Soil carbon storage

In the laboratory, we measured the percentage of soil organic carbon using the Walkley and Black method (Nelson and Sommers, 1996). Subsequently, we utilized Equation 1 to calculate the amount of organic carbon stored in the soil, expressed in tons per hectare.

[image: image]

Where, OC represents organic carbon, Bd is the bulk density of soil, and e shows the depth of sampling soil in centimeters.



2.3.1.2 Litter carbon storage

The organic carbon content of the litter samples was determined using the combustion oven method, as described by Nilsson et al. (1999). To perform this analysis, the dried litter samples were first weighed. Subsequently, the samples were placed in an electric oven and subjected to temperatures ranging from 400 to 500°C for a duration of 4 h. After the incineration process, the samples were re-weighed to determine the weight of ash. The litter’s carbon content for each area was then calculated by considering the ratio of organic carbon to organic matter (54%) and using the weight of ash and the initial weight of the samples, as outlined by MacDicken (1997).




2.3.2 Supporting service indices


2.3.2.1 Woody species diversity

Richness, diversity, and evenness indices for the woody species in the plots were calculated (with Past 4.8).

Whittaker richness presents the number of species in a plant community and is obtained by counting the number of plant species per unit (Humphries et al., 1995). The value is calculated based on Equation 2.

[image: image]

where N is the total number of species in the reagent location.

Another indicator that is widely used in studies is the Shannon (diversity) index. The Shannon function is the most common measure of species diversity (Shannon, 1949). Equation 3 is used to calculate the Shannon-Wiener index.

[image: image]

where H′ shows the Shannon-Wiener index, and Pi is the relative abundance of the i number of species in the sample.

The Pielou species (evenness index) was introduced in 1969 (Pielou, 1979) and varied from 0 to 1. To calculate this index, all species of a population must be identified. Equation 4 is suggested to measure this index.

[image: image]

Where p_i is the ratio of species i in the population, and S is the total number of species in the sample.



2.3.2.2 Nutrient recycling

We conducted laboratory measurements of three indices: total nitrogen, using the Kjeldahl method (Bremner and Mulvaney, 1982), available phosphorus, using the Olsen method (Olsen, 1954), and available potassium, using the saturation extract method (Mehlich, 1978).



2.3.2.3 Woody stem yield

In the context of Shafaroud forests, we utilized tree-volume tariff tables to accurately assess and redefine the volume of tree trunks. This was achieved by employing recorded Diameter at Breast Height (DBH) and height values from the designated plot.





2.4 Statistical analyses


2.4.1 Comparing managed and control areas in terms of ecosystem service indices

We assessed the normality of the data distribution for each ecosystem service index using the Kolmogorov–Smirnov test. To investigate the main effects of management treatments (managed and control) and elevational ranges (less than 600, 600–1,000, 1,000–1,500, and more than 1,500 m a.s.l.), as well as their interactions, we employed a two-way ANOVA assuming normal distribution. For comparing the mean indices at the management level, we used an independent t-test, and for comparing the means among the height levels, a Duncan test was conducted (with SPSS 24).

Principal Component Analysis, or PCA, helps us reduce the dimensionality of the data while preserving its essential characteristics. Principal Component Analysis is a statistical method that transforms high-dimensional data into a lower-dimensional form while preserving the most important information. It accomplishes this by identifying new axes, called principal components, along which the data varies the most. These components are orthogonal to each other, meaning they are uncorrelated, making them a powerful tool for dimensionality reduction. PCA is most commonly firstly used when many of the variables are highly correlated with each other and it is desirable to reduce their number to an independent set. Secondly it is perfumed to distinguish the sensible variable varying among the observation. Finally, it is utilized for separation and fragmentation of various phenomena and treatments differing in view point of their measured variables (Hasan and Abdulazeez, 2021).

In this study, to identify the most significant index affected by the single-tree selective harvest method in both regulating and supporting services, we performed a principal component analysis (PCA) (with CANOVO 5). This allowed us to determine the key indicator within each service category.





3 Results

Based on the data presented in Figure 1, both the managed and control areas exhibit a J-shaped tree distribution curve. In the managed area, there is a higher number of trees per hectare in the middle diameter at breast height (DBH) classes compared to the control area. However, this trend is reversed in the larger DBH classes. Figure 1 provides a graphical representation of the number of trees per hectare in 5 cm DBH classes for both the managed and control areas.

[image: Figure 1]

FIGURE 1
 Number of trees per hectare in 5 cm DBH classes in the managed and control area.



3.1 Regulating services


3.1.1 Carbon storage

In terms of carbon storage, soil, and litter carbon storage were calculated for both regions. The two-way ANOVA results of soil and litter carbon storage indices are presented in Table 3.



TABLE 3 Variance analysis of changes in carbon sequestration under management and elevational range factors.
[image: Table3]

The interaction between management and elevation factors has a significant impact on soil carbon storage and the elevation factor plays a more influential role on litter carbon storage. It seems that forest management had a greater effect on soil carbon than litter carbon storage. Table 4 provides a comparison of the average soil carbon storage indices resulting from the interaction of management and elevation factors.



TABLE 4 Comparison of mean soil carbon related to the interaction effects of management and elevation factors using Duncan test (mean ± SE).
[image: Table4]

According to the data presented in Table 4, the trend of changes in soil carbon storage is not the same with changes in altitude above sea level in both regions. Additionally, Table 5 provides the average index of litter carbon storage associated with various elevation effects.



TABLE 5 Comparison of the average litter carbon sequestration related to the main effects of elevation factors, by independent t-test (mean ± SE).
[image: Table5]

As highlighted in Table 5, our results reveal a large increase in litter carbon storage at an altitude of 1,000–1,500 m a.s.l., which may be caused by the effect of climate or combination of tree species at this altitude.




3.2 Supporting services


3.2.1 Woody species diversity

The woody species in both managed and controlled areas are presented in Table 6. The forest stands studied in both parts are mixed broad-leaved stands. In the higher elevation, the stands are dominated by the Beech-Hornbeam mixed stands. At the lower elevation, the mixed stands of Carpinus-Alnus, are the dominant type. The results of two-way ANOVA for the richness, diversity, and evenness of woody species in managed and control areas are presented in Table 7.



TABLE 6 Woody species registered in study area.
[image: Table6]



TABLE 7 Variance analysis of changes in woody species diversity indicators under management and elevational range factors.
[image: Table7]

Table 7 reveals that management exerted a predominant influence on richness and diversity metrics, whereas elevation exhibited substantial effects on richness, diversity, and evenness. Furthermore, the interaction between management and elevation demonstrated a considerable impact on richness and diversity indices. Figure 2 visually represents the average fluctuations in diversity indices of woody species attributable to the effects of management.

[image: Figure 2]

FIGURE 2
 Diversity and richness indices for woody species in two managed and control area.


Figure 2 provides evidence that there are more species with higher abundance in the managed area than in the control area. Furthermore, the same conditions can be observed at an altitude of less than 600 m a.s.l. (Figure 3). The results of the interactive effects of the two studied factors are presented in Table 8.

[image: Figure 3]

FIGURE 3
 Comparison of the in woody species diversity indicators related to the main effects of elevational range, using Duncan test (a,bSignificant at p < 0.05).




TABLE 8 Comparison of woody species diversity related to the interaction effects of management and elevational range using Duncan test (mean ± SE).
[image: Table8]

As Table 8 clarifies, the increasing trend of the studied indices with decreasing elevation factor is regular in the managed area, while there is minor irregularity in the control area.



3.2.2 Nutrient recycling

Table 9 displays the two-way ANOVA results for total Nitrogen, available phosphorus and potassium in the managed and control areas.



TABLE 9 Analysis of variance of total nitrogen, available phosphorus and potassium indicators for management and differences in elevation.
[image: Table9]

Based on the results reported in Table 9, it can be inferred that the interaction between management and elevation exerts a notable influence on the total nitrogen index. It seems that management has only affected available phosphorus index. Moreover, the elevation factor and the interaction between the investigated factors significantly affect the available potassium. Figure 4 graphically presents the average fluctuations in the available phosphorus index resulting from the effects of the management factor. Most likely, the lack of tree harvesting in the control area has led to an increase in available phosphorus reserves in the soil of this area. In Figure 5, the variations in the available potassium index are depicted, highlighting the influence of the elevation factor.

[image: Figure 4]

FIGURE 4
 Assimilable phosphorus indices in two managed and control area.


[image: Figure 5]

FIGURE 5
 Assimilable potassium indices in elevational range.


According to Figure 5, the process of changes in available phosphorus in relation to changes in height above sea level is not a regular process. The results of the interactive effects of the two studied factors on total Nitrogen and available phosphorus are presented in Table 10.



TABLE 10 Comparison of mean total nitrogen and available potassium indices at different elevations in managed and control areas, using Duncan (mean ± SE).
[image: Table10]

It can be seen that the trend of changes in total nitrogen and available potassium in both regions is decreasing in relation to the increase in altitude above sea level (Table 10).



3.2.3 Woody stem yield

The two-way ANOVA results on the mean stand volume of trees are presented in Table 11.



TABLE 11 Analysis of variance of stand volume for management and differences in elevation.
[image: Table11]

According to Table 11, it can be seen that stand volume has been affected by all three factors of management, height above sea level and mutual effects of both. In Figure 6, we show the mean differences in the stand volume index due to the effects of the management factor. It is understandable that the average stand volume in the control area is higher than the managed area due to the lack of wood harvesting.

[image: Figure 6]

FIGURE 6
 Stand volume indices in two managed and control area.


Figure 7 demonstrate the mean differences in the stand volume index due to the effects of the elevation factor. At higher altitudes, for reasons such as difficult access, difficult transportation, and harsher weather, less wood is harvested, which shows that the average stand volume is the highest at an altitude of more than 1,500 m a.s.l. The results of the interactive effects of the two studied factors on the stand volume index are presented in Table 12.

[image: Figure 7]

FIGURE 7
 Stand volume indices in elevational range.




TABLE 12 Comparison of mean stand volume indice at different elevations in managed and control areas, using Duncan (mean ± SE).
[image: Table12]

The mean stand volume in both area increases based on the elevation, and this rising trend is considerable in the managed areas.




3.3 The most significantly modified indices

Principal component analysis (PCA) of the indicators examined reveals that the first three components account for 89.54% of the variance in the data, with the first and second components explaining 69.5% of the variance. Among the components, parameters with a factor load greater than 0.6, such as soil carbon storage, available potassium, total nitrogen, richness, diversity, and stand tree volume, were identified as the most influential variables affecting site differentiation.

The main component analysis is presented in Figure 8 to determine the most importantly modified indices in ecosystem services classes.

[image: Figure 8]

FIGURE 8
 Ranking of indicators of regulating and supporting services in the space of the first and second components GA (richness), DIV (diversity), EQU (evenness), K (available potassium), N (total nitrogen), SC (soil carbon storage), P (available phosphorus), LC (litter carbon storage), and VO (stand volume); C1–C4 (control area in 4 sea level), M1–M4 (managed area in 4 sea level).


Figure 8 depicts various indicators including GA (richness), DIV (diversity), EQU (evenness), K (available potassium), N (total nitrogen), SC (soil carbon storage), P (available phosphorus), LC (litter carbon storage), and VO (stand volume). Additionally, C1 to C4 represent the first to fourth elevation levels in the control area, while M1 to M4 represent the first to fourth elevation levels in the managed area.

Based on the analysis of this figure, the total nitrogen, soil carbon storage, available potassium, and phosphorus indices tend to be higher in the control area. Conversely, the richness and diversity indices tend to be higher in the managed area. The volume index tends to be higher at elevations above 1,500 m a.s.l. in the managed area. Litter carbon storage and stand volume show a tendency toward the control area, while the diversity and richness indices show a tendency toward the managed area.




4 Discussion

The findings of this study indicate that both the managed and control areas exhibit a J-shaped distribution curve of trees, characteristic of uneven age forests. This outcome suggests that the single-tree selective harvest method employed in the management of the studied forests did not alter their natural structure.

A similar study conducted by Moe and Owari (2020) investigated the impact of single-cutting forest management on sustainability indices in Chinese forests. Their research revealed that 50 years of forest management using the single-cutting method resulted in improved stability indices of forest stands, including a J-shaped tree distribution curve, as well as enhanced forest regeneration.


4.1 Regulating services

The soil component within ecosystems plays a pivotal role in forest environments, significantly contributing to carbon sequestration and storage (Hashimoto et al., 2009). Recent decades have seen dedicated efforts toward utilizing this resource for mitigating climate change and managing carbon. The present study’s outcomes reveal that individual tree-cutting management exerts minimal impact on soil and litter carbon storage compared to control areas. Regarding carbon storage, it is necessary to understand that increased soil carbon does not necessarily imply a decrease in ecosystem health. Ecosystem management can optimize carbon sequestration by balancing carbon stocks between soil and biomass. Soils enriched with organic carbon can support greater biodiversity, improve nutrient cycling, and increase forest resilience, even if standing biomass is slightly reduced (Lin et al., 2024; Sakib et al., 2024). In this regard, it is noted that soil carbon storage declined most in the 41–50% thinned plots due to reduced carbon storage in the humus layer (Li et al., 2023). This approach highlights the importance of soils as long-term carbon sinks, contributing significantly to climate change mitigation (Deal, 2020). While our study demonstrates a redistribution of carbon from above-ground biomass to soil carbon storage, further research is necessary to measure the annual flux of carbon sequestration. This would help to clarify whether soil carbon uptake compensates for the reduced carbon stored in the stand volume.

This paper underscores the impact of elevation on litter carbon storage and the interplay between elevation and management on soil carbon storage. Observations regarding elevation’s effect on litter carbon storage indicate that the most substantial values occur within the 1,000–1,500 m a.s.l. range. Significantly, this elevation range exhibits higher concentrations of available potassium, indicative of an enriched soil profile that enhances the physiological traits of tree species, consequently fostering increased litter accumulation. This increased litter volume, in turn, shows a greater share of litter carbon storage.

Rai et al. (2021) conducted a study on carbon storage in protected forests in India, encompassing both net and mixed scenarios. Their findings establish a clear correlation between elevated litter volume and increased carbon storage within ecosystems, particularly notable in mixed-species compositions. Similarly, Lee et al. (2020) examined soil and litter carbon dynamics in Korean forests, concluding that needle-leaf masses exhibit greater litter carbon sequestration compared to their broadleaf counterparts, primarily due to the larger litter volume of needle-leaf species. Conversely, the proliferation of beech species at elevations ranging from 1,000–1,500 m a.s.l. could contribute to enhanced litter accumulation. Mölder et al. (2008) suggested that the gradual decomposition of beech tree foliage leads to thicker litter layers. As indicated by Abrari (2020), this gradual decomposition process potentially accounts for the noticeable accumulation of beech litter on forest surfaces.

Our research unveils a significant interplay between management practices and elevation, both influencing soil carbon storage. The trends in soil carbon storage across different elevations in both study areas exhibit irregular patterns. Crucially, the managed area demonstrates its highest soil carbon storage at 1500 m a.s.l., while the control area’s peak value is observed between 1,000 and 1,500 m a.s.l. Lee et al. (2020) propose that variations in elevation and diverse management approaches impact tree growth parameters, including average crown diameter and diameter at breast height (DBH), thereby shaping carbon storage within litter and soil components. The pronounced net carbon index in both study regions likely enhances the carbon cycle between plants and soil, facilitating storage within plant and soil structures.



4.2 Supporting services


4.2.1 Woody species diversity

Biodiversity stands as a pivotal factor impacting forest ecosystem sustainability and performance, making its conservation decisive for sustainable forest management. This study highlights management’s substantial influence on species diversity, notably affecting richness and diversity indices, with managed areas displaying higher values. Raymond et al. (2018) investigated the effects of single-cutting management in Quebec, finding that enhanced diversity and richness correlated with increased light availability due to the method. Elevated cutting intensity, light, richness, and diversity fostered non-commercial species proliferation. The study infers that single-cutting management and favorable conditions for tree species regeneration bolstered species richness and diversity. Elevation significantly impacted richness, diversity, and evenness indices, with lower elevations experiencing higher values due to native interference altering light and species regeneration dynamics.

Amini et al. (2021) explored human-made and natural illumination’s effects on tree species diversity in Hyrcanian forests. Human-made illumination yielded pronounced diversity indices, possibly due to canopy gap creation. Single-cutting interventions showed minimal diversity index effects; instead, native interference and necessary cuts induced canopy changes, light alterations, and regeneration, boosting diversity indices. Management-elevation interplay influenced richness and diversity indices. Managed areas displayed increased indices with lower elevation, while control areas showed a slight rise within 1,000–1,500 m a.s.l. This corresponds to heightened indices in soil carbon storage, total nitrogen, and available potassium reported in this elevation range. These factors likely contribute to increased diversity indices in the control area at these specific elevations. Species richness and diversity all showed the highest at middle elevations in control area. In these forests, the temperature is gradually decreased and the precipitation is increased gradually along the middle altitudinal gradient. The increase in species diversity at lower elevation is due to the increase in precipitation, the decrease in that at higher elevation due to temperature limitation, and the maximum diversity at the middle elevation due to the most suitable heat and moisture conditions there (Rahbek, 1995; Colwell et al., 2004; Moradi et al., 2016). Zhang et al. (2016) stated that changes in height above sea level are one of the most important factors that affect tree species diversity indices. These researchers found the highest amount of diversity in temperate forests in middle altitudes. In this study, we observed this process in the control area, which is going through its natural sequence.



4.2.2 Nutrient recycling

The findings of this study concerning nutrient cycling and supporting service indices indicate that the management factor primarily affects soil available phosphorus, resulting in higher content in managed areas compared to control areas.

The intricate process of phosphorus retrieval and recycling faces challenges due to its transformation into sediments or organic forms. Notably, the lower base density in the control region seems to stimulate greater soil respiration, leading to heightened microbial activity. Combined with increased precipitation reaching the soil surface, these factors accelerate phosphorus mineralization and its absorption by plants. Consequently, the available phosphorus content decreases in the control area’s soil. The research by Chen et al. (2003) suggests that forests with intensified microbial activity and respiration exhibit accelerated phosphorus mineralization. Therefore, it is more simply said that plant and microbial communities at P-rich sites transfer P from soil minerals into the biogeochemical P cycle. The set of mechanisms involved in this transfer is what we term P acquiring strategy. In contrast, tight P cycling is expected at sites poor in P. That means plants and microbes use P from organic sources and minimize P losses from the biogeochemical cycle (Lang et al., 2017). Apparently, this cycle is maintained in the control area and the species have taken it out of reach by consuming available phosphorus. But this problem is in a different way in the managed area, and the use of available phosphorus from the soil has decreased due to the open harvesting of trees.

Elevation emerges as a critical determinant of available potassium levels within this study. Specifically, elevations between 600–1,000 m a.s.l. and 1,000–1,500 m a.s.l. display higher levels compared to both higher and lower elevations. Prior research establishes that total nitrogen and potassium are susceptible to alterations due to diverse management practices in natural ecosystems (Puladi et al., 2012). Middle elevations, relatively less impacted by native activities such as logging and livestock grazing, exhibit enhanced nutrient levels. This transformation enhances soil bioactivity and organic matter degradation, thus acting as a source of nutrients like nitrogen and potassium.

Regarding the combined effects of management strategies and elevation on soil nutrient indices, lower elevations contribute to increased available nitrogen and potassium levels in both regions, although some trends appear irregular. In managed areas, elevations below 600 m a.s.l. exhibit the highest nitrogen and potassium content. Similarly, this elevation range experiences peak values for tree species richness, diversity, and soil carbon storage. Conversely, the control area shows elevated total nitrogen and available potassium levels within the 1,000–1,500 m a.s.l. range, corresponding to the highest soil carbon storage, diversity and richness indexes. These patterns likely stem from the flow of organic matter into the soil, fostering degradation and subsequently elevating essential nutrient levels such as nitrogen and potassium. Earlier research supports the notion that heightened microbial activity, growth, and tree-related functions positively affect soil nitrogen and potassium content (Mahmoodi et al., 2020). In this case, it can be seen that the non-interference in the control area has caused a greater balance of forest stands to be observed in the middle altitudes and a greater reserve of nutrients in the soil.



4.2.3 Woody stem yield

In this study, the interactions between investigated factors significantly affected the stand volume of both managed and control stands. Regarding management, the control area exhibited a higher mean stand volume per hectare than the managed area. Preserving trees with substantial diameter at breast height (DBH) in the control region contributed to increased averages for DBH, basal area, and stand volume.

Regarding elevation’s influence, a notable rise in mean stand volume was observed at elevations surpassing 1,500 m above sea level (m a.s.l.). Rezaei Sangdehi et al. (2020) explored the impacts of elevational gradients on Hyrcanian forests’ quantitative traits, supporting our finding of increasing mean basal area and stand volume with ascending elevations. The augmentation in mean DBH and basal area values at higher elevations can be attributed to ecological shifts along the elevation gradient, encompassing changes in climate parameters, species composition (notably Fagus orientalis stands), and the overall Hyrcanian forest structure. As elevation rises and base density decreases, diverse species access more light and essential resources, promoting larger diameters.

Forest management, especially in single-tree selective harvest method, has been studied in relation to ecosystem health, productivity, and carbon storage. In managed forests, although a reduction in total standing volume is observed compared to unmanaged forests, this decrease is due to density regulation. Thinning practices allow growth to concentrate on a smaller number of trees, which are often of better quality and have greater growth potential. This reduction in competition among the remaining trees results in more vigorous growth, leading to better structural stability and greater resistance to diseases and pests (Li et al., 2023; Picchio et al., 2018; Lin et al., 2024). Therefore, although the total volume may be lower, productivity in terms of high-quality timber and the overall health of individual trees tend to improve (Zeller et al., 2021).

It is essential to recognize that productivity, measured in terms of standing volume, is only one indicator of ecosystem health. In managed forests, productivity manifests in other ways, such as increased species diversity, improved soil quality, and maintained carbon sequestration (Hundera et al., 2013; Nasibullina et al., 2023). Thus, even if there is a reduction in volume, the ecosystem as a whole can be considered healthier due to its balanced capacity to provide multiple ecosystem services sustainably (Ara et al., 2023). In summary, it is not suggested that soil carbon is superior to tree carbon, but rather that managed ecosystems can achieve a sustainable balance that favors both the growth of high-quality trees and soil carbon storage.

Lastly, considering combined management and elevation impacts on stand volume, the peak was identified at moderate elevations within the control zone. This aligns with the dominance of beech species in the control region, where preservation strategies supported larger diameters by avoiding extensive cutting practices. On the other hand, the presence of more suitable climatic conditions in terms of temperature and precipitation in the middle altitudes has improved the conditions of the forest in this area, increasing the diversity and richness of species, soil carbon and soil nutrients, and as a result, the trees have grown better and become stronger. All these factors have finally led to an increase in the average volume of trunk wood in this part of the control area.





5 Conclusion

This study has investigated the impact of single-tree selective harvest method on ecosystem services within an Iranian mixed temperate broadleaf forest. The results of this research showed that single-tree selective harvest method in these forests did not leave an uncontrolled impact. It was found that some characteristics of the forest, such as the indices of diversity, richness and available phosphorus, have increased in the area managed in this way. These outcomes posit that this approach could serve as an effective strategy for achieving sustainable forest management objectives.

Concerning tree species diversity, the study has demonstrated that single-tree selective harvest method contributes to heightened richness and diversity of tree species in the forest. An uncontrolled increase in the diversity and richness of tree species in forest stands is not a good thing. This study showed that after 20 years, single-tree selective harvest method in these stands has not changed in a way that would take the forest out of a stable state. It is important to note that our study does not imply that the previous management regime was unhealthy. Rather, we aim to demonstrate that the single-tree selective harvest method can maintain ecosystem services such as carbon storage, species diversity, and soil nutrient cycling, offering a sustainable approach to forest management.

Although our results demonstrate a shift in carbon storage between different forest carbon pools, this study does not evaluate the rates of carbon sequestration over time. Therefore, it is not possible to determine which forest management approach is more beneficial for climate change mitigation based solely on these findings. Future research should focus on measuring carbon accumulation rates in different forest carbon pools to provide a clearer understanding of the climate-related impacts of selective forest management. More recent studies also emphasize the importance of long-term monitoring to capture changes in carbon sequestration rates across various management regimes (Jiang et al., 2020).

Our analysis reveals a redistribution of carbon storage from above-ground biomass to below-ground biomass under different forest management regimes. While this shift indicates changes in carbon allocation, it should not be interpreted as a direct improvement in ecosystem quality. To thoroughly assess ecosystem health, further research would be required, including additional variables such as biodiversity, soil stability, and nutrient cycling, which were beyond the scope of this study.
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Less than 600 15.45%£295 2052026

600-1,000 154702162 18742034
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1,000-1,500 1340 £ 111 118%£0.13

More than 1,500 15014 £053 L11%£002

Less than 600 1333111 110%£0.26
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“Significant at p<(0.05.
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(tha™) * Elevation
Error 32 0,006 0.00
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“Significant at p<(0.05.
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Acer ibericum M.B.

‘Fagus orientalis Lipsky.
Diospyros lotus L.

Carpinus betulus L.

Quercus castaniifolia C.A. Mey.
Carpinus orientalis Mill.

Parrotia persica C.A.Mey.

ia platyphyllos Scop.
Acer Cappadocicum Gled.

Prunus avium (L.) L

Zelkova carpinifolia (Pall) K. Koch
Sorbus torminalis (L.) Crantz

Quercus petraca (Matt) Licbl.

Family
Sapindaceae
Fagaceae
Ebenaceae
Betulaceae
Fagaceae
Betulaceae
Hamamelidaceae
Malvaceae
Sapindaceac
Rosaceae
Ulmaceae
Rosaceae

Fagaceae

Numbel

2

21

2

2

Species name
Ul glabra Huds.
Juglans regia L.

Gleditsia caspica Desf.
Alus subcordata C.A Mey.
Ficus carica L.

Acer campestre L.

Pyrus glabra Boiss

Ulus carpinifolia Suckow
Fraxinus excelsior L.

Acer velutinum Boiss

Family
Ulmaceae
Juglandaceae
Fabaceae
Betulacea
Moraceae
Sapindaceae
Rosaceae
Ulmaceae
Oleaceae

Sapindaceac





