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Abstract

:

Strip-cutting management has been proposed as an alternative to clear-cuts in drained boreal peatland pine (Pinus sylvestris L.) forests. We explored the hydrological feasibility of strip cutting, that is, under which conditions the post-harvest water table (WT) in peat remains sufficiently deep (here, a WT of −0.35 m during the late growing season) to enable undisturbed tree growth. We approached the question by (1) measuring the WTs in a harvested strip and an adjacent unharvested stand in peatland forests in southern Finland and (2) by simulating the WTs in different strip cut layouts, unharvested peatland, and clear-cut cases using a process-based hydrological model. The measured WTs were, on average, 0.06–0.12 m closer to the peat surface in the harvested strips than in the unharvested stands. The hydrological feasibility of strip cutting increased along with increasing site productivity and improving climate conditions. Strip cutting resulted in the rise in the WTs of adjacent unharvested stands, which can have undesired consequences. Depending on the stand density and strip cut layout, the share of the well-drained area in the harvested strips was slightly larger or even two times larger compared to a complete clear-cut of the forest. Narrow strips (here, 13 m in width) indicated better drainage in the harvested area than wider (20–30 m in width) strips. Even though strip cutting has limited capacity to maintain efficient drainage in the harvested strip on low hydraulic conductivity peat, the increase in the WT was smaller than after clear-cut.
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1. Introduction


Continuous cover forestry (CCF) on drained boreal peatlands is receiving increasing interest, as it is expected to have fewer adverse environmental and climate effects than traditional rotation forestry [1,2]. In some cases, CCF can also be economically more profitable, because it necessitates less investment in stand regeneration and ditch cleaning [2,3,4]. Selection cutting, where the dominant timber-sized stems are felled and the mid-sized trees and undergrowth are retained, is the prevailing CCF harvesting method. Regeneration is based on natural seedlings established and developed in the gaps formed by selection harvest [5]. Selection cutting is generally regarded as suitable for growing shade-tolerant tree species such as Norway spruce (Picea abies Karst.), but it is less or even nonapplicable for Scots pine (Pinus sylvestris L.) or other shade-intolerant species. Strip cutting, where narrow regular or irregular rectangular strips are clear-cut and part of the stand is left unharvested or only slightly managed, has been proposed as a better CCF approach for shade-intolerant trees. In the case where a considerable share of the stand is left unharvested, strip cutting is considered to belong to CCF rather than rotation forestry [3].



Adequate drainage (i.e., maintaining the water table (WT) at a depth of 0.3–0.4 m below the soil surface during the late growing season (July–August)) is a prerequisite for profitable forestry, as it enables good tree growth [6,7] and successful forest regeneration [8]. Maintaining a sufficiently deep WT after harvesting also reduces methane emissions [9,10] as well as mitigates the leaching of redox-sensitive water pollutants such as phosphorus, iron, and dissolved organic carbon [11]. The WT can be controlled by ditch depth and spacing as well as by biological drainage through stand evapotranspiration (ET), the magnitude of which depends on a stand’s properties such as tree species and leaf area [12,13]. The WT also strongly depends on factors that cannot be managed such as weather conditions and peat hydraulic properties [7,12,14]. In boreal conditions, the average late growing season WT typically varies from 0.1 to 0.8 m below the soil surface [7,13].



As strip cuttings create an uneven forest structure within the peatland, it can be assumed that they also generate significant spatial variations in the ET and the WT [15,16,17]. The removal of trees leads to reduced interception losses and transpiration [18,19,20,21], which is expected to locally elevate the WT in the harvested strip. However, the water use of trees in the adjacent unharvested forest extends into the harvested treeless strip and may lower the WT. Therefore, ditch network maintenance, which is a necessary and costly measure after clear-cuts, may not be needed after strip cutting. However, whether and under which conditions this desired effect can be achieved is currently completely unknown, and a methodology to analyze the dependency of WT variations among strip cutting regimes is lacking.



This study aimed to address this fundamental knowledge gap and assess whether, and under which conditions, strip cutting is a hydrologically feasible CCF approach to manage boreal drained peatland forests. Based on earlier literature, we considered strip cutting to be hydrologically feasible when the mean of a long-term late-summer (July–August) WT remains deeper than approximately −0.35 m from the soil surface. This deep WT should ensure undisturbed tree growth after harvesting [6,7] while not significantly increasing methane emissions [9] and exports of redox-sensitive nutrients [11]. We addressed our aim by conducting a set of hydrological experiments established to quantify the effect of strip cutting on the WT at harvested strips and the adjacent unharvested tree stand. The research encompassed two main questions: (1) What kind of drying and wetting effects emerge in unharvested tree stands and harvested strips? (2) How does the strip cut layout affect the drainage of the harvested strips and the adjacent unharvested stand? Due to the large potential variations in ditching and initial stand attributes, strip cut layouts, peat properties, and climatic conditions, these questions cannot be solved purely empirically. Lately, process-based hydrological models have been applied for other practical management issues in boreal drained peatland forests with promising results [7,12,14,17,20]. However, these models are not directly suitable for simulating strip cut forest hydrology. By combining the features of existing models [14,22,23] and extending them for a spatially distributed grid, we were able to apply a process-based hydrological model to test how multiple combinations of strip cut layouts and peat types affect the WT. We used modeling to extend our predictions beyond what is generally possible with empirical data.




2. Materials and Methods


2.1. Measurements at Study Sites


The study sites included five drained peatland forests located in the Parkano (Häädetjärvi 1–3), Mänttä-Vilppula (Jaakkoinsuo), and Tuusula (Katila) municipalities in southern Finland (Figure 1). The stands were dominated by Scots pine, and the sites represented a nutrient-poor dwarf-shrub type (Vatkg) for drained peatlands (for classification, see [24]). Strip cuttings (width of the harvested strips: 16–25 m) were conducted in February–March 2017. A transect of 9–25 plastic groundwater tubes (diameter: 2.5 cm; length: 120 cm; perforated from the bottom to 20 cm below the soil surface) extending across the harvested strips and unharvested stands was installed after the harvest in each study site. The WT was manually measured biweekly during the snow-free periods (May–November) of 2017–2020. The manual measurements were performed using a portable device that provides information on the WT with an audible signal, and the WT can be read directly from the measuring tape. The data were used to explore the effect of strip cutting on the WT and to assess the model’s performance at the study sites. T-tests were conducted to assess the statistical significance of the differences between the WTs in forest and harvested strips. The mean daily WT was calculated separately for the forest and harvested strips using the data from the tubes located in those areas. These values were used to calculate the mean daily difference in the WT between the forest and harvested strips.




2.2. Spatial Simulation of Hydrology


A quasi-3D drained peatland hydrology model was compiled by merging SUSI Peatland Simulator [14], SpaFHy [22], and a model of the lateral water fluxes in the saturated zone below the WT [23]. In the quasi-3D scheme, the calculation of vertical water fluxes was simplified by assuming that changes in the water storage in the peat column immediately affected the WT, and that water content above the WT instantly achieved hydraulic equilibrium. The peatland was spatially discretized into 2 m × 2 m columns, extending from the soil surface to the impermeable bottom at 2 m depth, allowing for parameterization of vertically varying peat hydraulic characteristics. The model structure also allowed for spatial variation of the peat profiles within the simulation area.



The aboveground hydrology followed [22] and provided the source/sink term (infiltration–transpiration–soil evaporation) for the belowground hydrology model. This module described rainfall and snow interception by the canopy and a moss/litter layer, snow accumulation and melt, infiltration into the soil profile, and the total ET (i.e., sum of transpiration and evaporation from the canopy and forest floor). The model used the daily accumulated precipitation, daily mean air temperature, global radiation, and relative humidity as its forcing. The tree stand of each column was characterized by the one-sided leaf area index (LAI), given separately for conifers and deciduous trees, canopy closure, and dominant tree height. Other parameters were adopted directly from [22] and [12].



For the peat columns, we adopted two alternative peat profiles: one for Sphagnum and one for Carex peat (Appendix A). These were previously compiled by Leppä et al. [12] based on data by Päivänen [25]. For both peat profiles, the hydraulic conductivity (i.e., how fast water moves through the soil pores) decreases with depth, and water retention was assumed to be weakest in the topmost 0.1 m layer (Appendix A). The ditches were described as constant head boundaries when the water level was above their depth and otherwise as no-flow boundaries [14].



To assess the model’s performance, the mean absolute error (MAE) and root mean square error (RMSE) were calculated by comparing the measured WT with the simulated WT at the measurement location.




2.3. Parameterization of Study Sites


Daily WTs were simulated for the same five drained peatland forests in Finland, where the WT measurements were conducted (Figure 1, Table 1). On dwarf-shrub-type sites, the peat layer is mainly composed of Sphagnum peat [24]. Thus, we applied the Sphagnum peat parametrization [12]. The simulated period covered the years 2017–2020. Forcing data were acquired from the Finnish Meteorological Institute (FMI) as spatially averaged 1 km × 1 km grid data that included daily meteorological variables [26]. In 2017 (later referred to as “wet conditions”), the June–August precipitation in Häädetjärvi (Parkano) was 9% higher than the average precipitation (210 mm) over a 30 year reference period (1990–2020). In 2018 (later referred as “dry conditions”), the June–August precipitation was 24% less than during the reference period. In 2017 and 2018, the June–August mean air temperature was 1.5 °C lower or 1.7 °C higher, respectively, compared to the reference period (14.9 °C).



At the four study sites (Figure 1b–e), all trees retained in the unharvested stands were mapped and measured for diameter at breast height (DBH). In addition, tree height and crown base height were measured from sample trees. The DBH and sample tree data were converted to LAI as in [12], separately for conifers (LAIconif) and deciduous species (LAIdecid), using foliage biomass functions [27,28] and specific leaf area [29]. Canopy closure (fc, unitless) was calculated for a 2 m × 2 m grid on whole study sites based on the basal area [30]. LAIconif, LAIdecid, and fc were converted to 2 m × 2 m grid data calculating the crown projecting area for each tree [31,32]. In Katila (Figure 1f), simulations were not based on individual tree measurements but average stand properties. To account for field layer vegetation, LAIdecid was increased by 0.5. As is typical for boreal drained peatlands, the topography was assumed to be flat.



The simulated mean daily WT was calculated as a spatial mean separately for the forest and harvested strips. The WTs in the ditches were not included in the calculation. These mean WTs were used to calculate the daily difference in the WTs between the forest and harvested strips.




2.4. Parameterization of Strip Cut Layouts


We simulated the effect of strip cutting on the WT using three different strip cut layouts (Figure 2b–d), where the share of harvested treeless strips and unharvested tree stands was kept at 50%. For reference, clear-cut (Figure 2a) and no cutting at all (Figure 2e) scenarios were also simulated. We used a rectangular 40 m × 200 m area, where the ditches (0.6 m deep) were located at the edges. The tree stand characteristics used are shown in Table 2. In all scenarios, LAIdecid was set to 0.5 m2 m−2 to account for the field layer vegetation in the harvested strips. Simulations were conducted with both Sphagnum (poor hydraulic conductivity) and Carex (higher hydraulic conductivity) peat profiles following Leppä et al. [12]. Sphagnum peat is typically found in nutrient-poor sites (i.e., dwarf-shrub-type site) and Carex peat in medium productive sites (i.e., Vaccinium myrtillus site type and Vaccinium vitis-idaea type). The Finnish Meteorological Institute’s daily weather data from Parkano, southern Finland, for a 30 year period (1990–2019) were used as the model forcing to apply long-term variations in weather conditions. The data were obtained from the FMI grid data product (10 km × 10 km until 2016 and 1 km × 1 km afterwards; [26,33]).




2.5. Deduction of Hydrological Feasibility of Strip Cutting


For growing seasons, we compared simulated daily WTs between a clear-cut baseline and strip cut scenarios. Strip cutting becomes hydrologically feasible if the remaining adjacent tree stands can significantly lower the WT in the harvested strip compared to the clear-cut scenario. To address this, we computed the frequency of July–August days when the WT was below −0.35 m in the harvested strips (threshold for good tree growth, as well as low methane emissions and exports of redox sensitive nutrients) and compared it to that of the clear-cut scenario.




2.6. Sensitivity Analysis


The main part of the simulations focused on the varying LAIconif, peat type, and strip cut layouts. To assess the effect of other variables, a sensitivity analysis was carried out by shifting the ditch depth and the LAIdecid of the field layer vegetation by ±20%, varying the location (model forcing) from southern (60°27′ N) to northern (66°40′ N) Finland, and examining how these shifts affected the WT. A sensitivity analysis was applied for cases where LAIconif was 1 or 4, a strip cut layout c (Figure 2c), and peat-type Carex or Sphagnum. Hdom and fc were not included in the sensitivity analysis, since their effect on ET has been shown to be minor [22].





3. Results


3.1. Measured WT


In the harvested strips, the measured WT was, on average, 0.06–0.12 m higher than in the adjacent unharvested forest stands during May–November 2017–2020 (Figure 3, Table 3). At all sites, the difference in the measured WTs between the forest and harvested strip was statistically significant (p-value < 0.05). However, in wet conditions (the data are shown in Figure 3), the difference was statistically significant only at two sites (i.e., Häädetjärvi 1 and Jaakkoinsuo). Temporal variations in the WT depended on the location of the WT tube and weather conditions (Figure 3). In general, the WT in unharvested stands was deeper farther away from the forest edge, which indicates that harvested strips raised the WT in the unharvested stands. At all study sites, the WT gradient was steeper in dry conditions than in wet conditions, both at harvested (except in Jaakkoinsuo, Figure 3d) and intact parts of the stand. With the exception of Katila (Figure 3e), the WT gradient was weaker across the harvested strips compared to the unharvested stands. However, it should be noted that in Häädetjärvi (Figure 3a–c), the WT tubes in unharvested stands were, on average, closer to the ditches than in the strips (Figure 1b–d). Thus, at this site, the WT in the unharvested stands was most likely more affected by the drainage capacity of the ditches than in the harvested strips. In the strips, the distance from the forest edge had a variable effect on the WT. At two sites, the WT was higher at greater distances (Figure 3d,e), while no gradient was observed at the other three sites (Figure 3a–c). Wet (i.e., rainy and cool) conditions during the growing season diminished the WT differences between the strips and unharvested stands. The temporal variability in the WTs (i.e., the difference between wet and dry conditions) was amplified in the unharvested stand compared to the harvested strips (Figure 3).




3.2. Comparison of the Modeled and Measured WTs


The model predicted similar mean WT differences as the WT observations between the strips and unharvested stands (Table 3), and most of the measured values fell inside the simulated WT ranges (Figure 4). The average tube-wise mean absolute errors (MAEs) were 0.1 m or less, and the root mean square error (RMSE) was 0.13 m or less, except in Jaakkoinsuo (Table 3). The model’s typical performance in predicting the temporal variability (Katila site, Figure 4; other sites, Appendix B) indicated that both the modeled and measured WTs’ range was wider within the unharvested stands than in the strips. The mean of the simulated WTs was close to the upper boundary of the simulated daily WT range, indicating that the WT distribution was skewed, and the driest parts of the area (i.e., lowest simulated WTs) were quite rare and located near the ditches (see e.g., Figure 5, for an example of spatial WT patterns). The skewed WT distribution occurred generally in the harvested strips, while they were observed only during wet periods in the unharvested stands. During the dry summers of 2018 and 2019, the spatial mean of the simulated daily WTs of the unharvested stands fell in the middle of the simulated WTs’ range, indicating that stand evapotranspiration controls the WT more than the ditches.




3.3. Simulated Edge Effects between Unharvested Stands and Harvested Strips


Simulated WTs during dry (Figure 5a,b, Figure 6a,b) and wet growing seasons (Figure 5c,d, Figure 6 c,d) are shown as an example of the WT patterns within harvested strips and unharvested stands. During dry summers, unharvested stands were well-drained (WT < −0.35 m) when the stand density was high (LAI = 4, Figure 5b) but only partly well-drained in a sparser stand (LAI = 1, Figure 5a). In the harvested strips, the WTs were elevated, and the WT gradient towards the ditch was steeper compared to the unharvested stands. The forest ET (drying effect) only slightly affected the WTs of the harvested strips. During wet summers, only parts of the unharvested stands were well drained, even in the case of high stand density (Figure 5c,d).



The WTs at the harvested strip and adjacent stand were coupled through lateral water flow in the saturated zone. The unharvested stand had a drying effect that deepened the WT in the harvested strip. This is illustrated by the differences between the clear-cut and strip cut WTs in Figure 6 (harvested strip). The forest’s drying effect on the harvested strip was stronger than the wetting effect of the harvested strip on the unharvested stand, as shown by the differences between the unharvested stand and strip cut WTs (Figure 6, forest stand). The magnitude and extent of these edge effects depended on weather conditions and stand density. With a high stand density (LAI = 4) in dry conditions, the strip cut elevated the WT in the unharvested forest most strongly within 5 m of the edge, although some effects could still be seen up to a 10 m distance (Figure 6b, forest stand). The impact in dry conditions was smaller with lower LAI, although it extended farther away from the edge (Figure 6a, forest stand). The drying effect due to the ET of the unharvested stand was present in the harvested strip all the way from the edge to the ditch (Figure 6a,b,d, harvested strip), with the most apparent changes within 5 m from the edge in dry conditions and with high stand density (Figure 6b, harvested strip). In wet conditions, the edge effects were much smaller and became insignificant when LAI = 1 (Figure 6c).




3.4. Effect of Strip Cut Layout and LAI on the Share of Well-Drained Peatland Area


The interannual variations in the WT over the 30 year simulation period showed that weather had a major effect on the share of the well-drained area, especially within the unharvested stand (Figure 7a,b) but also within the harvested strip (Figure 7c,d). The well-drained area was smaller for Sphagnum (poor hydraulic conductivity) than Carex (higher hydraulic conductivity) peat. The width of the strip cut had a clear effect also on the well-drained share of the forested area; the wider the unharvested stand, the better its drainage (Figure 7a,b). With Carex peat, the share of the well-drained area in the harvested strips was largest with the smallest strip width (Figure 7c, SC width = 13 m). With Sphagnum peat, the share of the well-drained harvested areas remained low in all scenarios, except for the very dry years (Figure 7d). For comparison, on average, more than 50% of the harvested strip was well drained in the case of Carex peat (Figure 7). In the harvested strips, the median share of the well-drained area was, however, higher compared to the completely clear-cut peatland with both peat types (Figure 7c,d). Smaller strip width and higher stand volume led to statistically significant differences in the share of the well-drained area of the harvested strip compared to clear-cut peatland, especially with Carex peat (Figure 7c). Drainage was better in the forested no-cut scenario than when applying any of the strip cut layouts (Figure 7a,b). However, the decrease in the share of well-drained forest area was statistically significant only in a few cases and mostly concerned Sphagnum peat (Figure 7a,b).




3.5. Sensitivity Analysis


The model sensitivity analysis indicated that mean July–August water table (WTmean) over the whole area (including unharvested stand and harvested strips) was more affected by peat type than other factors (Table 4). The WTmean was 0.12–0.20 m deeper in Carex than Sphagnum peat. Location (i.e., southern vs. northern Finland) and LAIconif (LAIconif 1 vs. 4) affected the WTmean by 0.06–0.16 m. Increasing or decreasing the ditch depth by 20% affected the WTmean by 0.03–0.06 m (Carex peat) and 0.01–0.02 m (Sphagnum peat). Shifting LAIdecid by ±20% resulted in a 0.01–0.02 m change in the WTmean.





4. Discussion


The measured WTs in the strip cut drained peatland forests showed that in the harvested strips, the WTs remained much closer to the surface than in the adjacent unharvested tree stands, especially during dry growing seasons (Figure 3). The WT differences between the strips and unharvested stands produced by the model were of a similar magnitude (Table 3). The larger difference in the observed WTs than in the simulated WTs at the four sites can be explained by the fact that the observed WTs covered only the tube locations, while the simulated WT differences were calculated from the mean WT within the whole unharvested or harvested domains. In one of the sites (i.e., Häädetjärvi 3), the difference in the observed WTs between the unharvested stand and the harvested strip was approximately 50% smaller than the other sites (Table 3). This was most likely related to the better drainage of the harvested strip compared to the other sites (Figure 3a–c). Because the dimensions of the drainage structures were similar, probable explanations include different peat hydraulic properties or field layer vegetation with high ET capacity.



The results suggest strip cutting had limited capacity to keep the WT below the desired −0.35 m level in the harvested strips (Figure 7c–d), especially in wet conditions and in the Sphagnum peat sites. Sphagnum peat had low hydraulic conductivity, and the harvested strips could not be adequately drained, even if the LAI (i.e., the stand volume of the adjacent forest) was large (Figure 7d). However, compared to clear-cutting, strip cutting may be a better alternative. This is especially true when the adjacent stand has an LAI ≥ 2, and the site is characterized by Carex peat with high hydraulic conductivity. In these conditions, strip cutting yielded a notable improvement in the share of the well-drained area compared to clear-cutting (Figure 7c). Narrower strip widths improved drainage on the harvested strips, as the drying effect of the adjacent stand was the highest near the strip edges and faded further away (Figure 6).



The simulated edge effects in different weather conditions (Figure 6) and the sensitivity analysis (Table 4) jointly indicate that the drainage on the harvested strips was better in southern than northern Finland, and this is mostly related to climatologically driven differences in precipitation and ET. It seems that in northern Finland, forest regeneration with strip cuttings is hydrologically feasible only in Carex peat sites. Similar conclusions have been made also for selection cuttings [12]. However, as the importance of ET in controlling the WT is likely to increase, especially in northern Finland, in the future climate [12], the hydrological feasibility of strip cuttings might increase in future elevated temperatures.



Observed WT data from our experimental sites showed a clear WT gradient between and within unharvested stands and harvested strips in the dry summer conditions (Figure 3). The WTs in the adjacent unharvested stands were clearly lower the farther the distance from the edge of the harvested strips. However, the vicinity of the ditches also affected the WT. This makes it difficult to interpret the edge effects from the observed WT data, because it is not possible to separate them from the drainage effect of the ditches. In the harvested strips, the measured gradient was not as clear as in the adjacent unharvested stands.



Edge effects were studied by comparing the simulated WT of a strip cut area to the WT in a case where either no cuttings or clear-cutting was applied to the whole area. Edge effects smooth the WT differences between unharvested stands and harvested strips. Simulation results showed that this was most affected by the stand density (Figure 6). Secondary impacts were caused by weather or climate conditions. There were also several other factors affecting the magnitude of the edge effect: distance to ditches, ditch depth, peat hydraulic properties, and strip cut width. The magnitude of the edge effect was strongest in dry conditions. When the soil hydraulic conductivity was low and the water retention capacity was high (such as in Sphagnum peat, Figure 6), the edge effect did not reach as far into the unharvested stands or harvested strips as in the soil with higher hydraulic conductivity (such as Carex peat, Appendix C). Ditch drainage strongly affected the WT near the ditches and, as a result, suppressed the edge effects (see Appendix D for an example). In drained peatlands, the extent of the edge effects depends on the ditch depth and peat hydraulic properties that control ditch drainage.



There is evidence that transpiration can be higher near the forest edge than in the inner forest [34,35]. This could be the result of better water availability [34] or differences in the light environment [35]. However, with Scots pine, the needle mass is thought to explain the variability in transpiration more than the distance and diameter of neighboring trees [36]. In our model, transpiration may be limited by water availability, although in drained peatlands, such dry conditions are rare [37]. Differences in needle mass in edge and inner forests were not accounted for in this study. Higher transpiration near the forest edge caused by different light environments was also not accounted for in the current model structure. Thus, near the forest edge, our model predictions may have yielded WTs that were closer to the surface than if the above effects were accounted for fully.



In addition to hydrology, edge effects also affect stand growth and allometry [38,39] and understory vegetation composition [40]. Trees growing close to the forest edges receive more light and have better access to nutrient resources in the harvested strip. However, WT rise (Figure 7a,b) within the edges of an unharvested stand might also reduce tree growth compared to completely forested peatland with a deeper WT. Forest regeneration in the harvested strip is also affected by the competition inflicted by the surrounding unharvested tree stand. Competition can reduce height growth as far as approximately half of the dominant height of the surrounding forest [3,39]. From the point of view of maintaining satisfactory drainage conditions after harvesting, narrow strips would be optimal, but too narrow strips can be impractical because of higher competition and unfavorable light conditions for seedlings established in the harvested strip. A balance between the WT, vegetation competition, and other factors, such as the direction of the strip in relation to the optimal amount of solar radiation, is thus needed in selecting proper strip cut width.



Strip cutting reduced increases in the WTs of harvested strips and resulted in smaller annual runoff (not shown), especially smaller runoff peaks, compared to clear-cuts. Compared to selection harvestings, WTs in the harvested strips would be higher but runoff would not differ much between the methods if the average stand volumes were similar. Thus, from an environmental point of view, strip cutting can be beneficial compared to clear-cuts, as it may mitigate the export of nutrients and carbon-sensitive anoxic redox reactions [2] as well as have a positive environmental impact by reducing runoff and ditch erosion [41].



In strip cuttings, high water levels will likely occur in parts of the harvested strips and also in the unharvested stands, particularly during wet years. Similarly, WTs will likely drop down to deep peat layers, particularly in forest stands during dry summers. To diminish GHG emissions from drained peatland forests, WTs should be kept at a suitable level, not too high so as to enhance CH4 emissions and not too low so as to increase CO2 and N2O emissions [2,42]. Nevertheless, compared to clear-cut-based forestry, where the entire area will be either completely forested or clear-cut, significantly smaller areas will be subjected to extremely high or low water levels in the strip cut areas. This may decrease both water quality impacts and GHG emissions [2]. Even though strip cutting may not be as effective a means of controlling water levels as selection harvesting [12], more research is still needed to compare the overall environmental and economic effects among the different management types. Strip cutting may be a more feasible management option than selection harvesting, for example, because of the better growth of shade-intolerant tree species and lower forestry harvesting costs.




5. Conclusions


To conclude, both the field trials and model simulations suggested strip cutting of Scots pine-dominated drained peatland can result in a significantly smaller fraction of the harvested strip area with high WT than clear-cuts, which may have environmental benefits. However, the effects of strip cutting on WT and drainage conditions are strongly driven by site and weather conditions. While strip cutting may be a feasible means of controlling WTs at sites with high hydraulic conductivity typical of the medium productive sites in southern Finland, it is not effective in poorly conductive peat soils (typical in nutrient poor sites). It may also be used to control WTs much more effectively in sites with high initial stand density. Narrow strips allowed for better control of WTs than wide strips, but further research is still needed to assess proper strip width from economic and environmental perspectives. In general, it appears that strip cutting is not as effective a means of controlling WTs on drained peatlands as selection harvests. A crucial future research question is how tree stand start to regenerate in a harvested strip, as its contribution to drainage should be considered in the timing of subsequent harvestings in the strip cut area. Future research could also explore strip cut layouts with three or more strips with differently developed stands [43].
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Table A1. The Sphagnum peat profile’s hydraulic characteristics.
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	Depth (m)
	θs (m3 m−3)
	θr (m3 m−3)
	α
	β
	Ksat (m h−1)



	0.0–0.1
	0.95
	0.098
	0.338
	1.40
	9.71



	0.1–0.2
	0.92
	0.098
	0.072
	1.37
	2.15



	0.2–0.3
	0.92
	0.098
	0.072
	1.37
	0.35



	0.3–0.4
	0.92
	0.098
	0.072
	1.37
	1.2 × 10−2



	0.4–0.5
	0.92
	0.098
	0.072
	1.37
	3.9 × 10−3



	0.5–2.0
	0.92
	0.098
	0.072
	1.37
	1.3 × 10−3–4.2 × 10−4







θs = soil porosity; θr = residual water content; α, β = van Genuchten water retention curve parameters; Ksat = saturated hydraulic conductivity.
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Table A2. The Carex peat profile’s hydraulic characteristics.






Table A2. The Carex peat profile’s hydraulic characteristics.





	Depth (m)
	θs (m3 m−3)
	θr (m3 m−3)
	α
	β
	Ksat (m h−1)



	0.0–0.1
	0.94
	0.002
	0.202
	1.35
	5.37



	0.1–0.2
	0.87
	0.198
	0.030
	1.49
	2.31



	0.2–0.3
	0.87
	0.198
	0.030
	1.49
	0.75



	0.3–0.4
	0.87
	0.198
	0.030
	1.49
	4.8 × 10−2



	0.4–0.5
	0.87
	0.198
	0.030
	1.49
	3.1 × 10−2



	0.5–2.0
	0.87
	0.198
	0.030
	1.49
	2.0 × 10−2–4.2 × 10−4







θs = soil porosity; θr = residual water content; α, β = van Genuchten water retention curve parameters; Ksat = saturated hydraulic conductivity.












Appendix B




[image: Forests 13 01134 g0a1 550] 





Figure A1. Simulated spatial mean and range of daily WTs in 2017–2020 and measured WTs within unharvested forest stand (a,c,e,g) and harvested (treeless) strips (b,d,f,h) at the study site. Measurement data from tubes located at the edge of forests and harvested strips were omitted. The simulated WTs’ ranges covered the whole forest or harvested area. 
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Figure A2. Cross-sectional (y = 50 m in Figure 5), momentary simulated WTs at the end of August during a dry summer (a,b) and a wet summer (c,d) in Carex peat areas with a −0.6 m ditch depth, LAI = 1, and LAI = 4. The edge between the forest and harvested strips is separated by the red, dashed lines. The blue (LAI = 1) and green (LAI = 4) hatched areas indicate the edge effects of the harvested strip on the forest stand. The gray hatched areas indicate edge effects of the forest stand on the harvested strip. 
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Figure A3. Cross-sectional, momentary simulated WT at the end of August during a dry (a,b) and wet (c,d) growing season in a Sphagnum peat area with ditches (depth: −0.6 m) (a,c) and without ditches (b,d). The edge between the forest stand and the harvested strip is separated with red, dashed lines. Green hatched areas indicate the edge effect of the harvested strip on the forest stand. The gray hatched areas indicate the edge effect of the forest stand on the harvested strip. 
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Figure 1. Locations of the study sites within Finland (a) and detailed maps of the strip cuttings (b–f) with groundwater tubes on the drained nutrient-poor forested peatlands. The stands are dominated by Scots pine. 
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Figure 2. Tree stand layouts (a–e) tested in the study. The leaf area index (LAIconif, one sided) in the area of the standing trees varied between 1 and 4. There were no trees in the harvested strips. The strip cut (SC) layouts (b–d) are named according to strip width (i.e., 13, 20, and 30 m). The blue lines indicate ditches surrounding the areas. 
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Figure 3. The mean measured WTs in August 2017 (wet, i.e., rainy and cool growing season) and 2018 (dry and warm growing season) at the study sites (a–e) in southern Finland according to the WT tube’s location from the edge of the unharvested forest stand and harvested (treeless) strip. Dashed lines present a piecewise linear function (WT − WTedge = ax, where x is the distance from the edge; WTedge is the mean WT at the edge or the nearest points) fitted to the data separately for the forest and harvested strips. The numbers next to the dashed lines represent the slopes of the fitted lines. 
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Figure 4. The simulated spatial mean and range of the daily WTs in 2017–2020 and the measured WTs within the unharvested forest stand (a) and the harvested (treeless) strips (b) at the Katila study site. Measurement data from tubes located at the edge of the forest and the harvested strips were omitted from this figure. The simulated WTs’ range covered the whole forest and harvested areas. 
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Figure 5. Snapshots of simulated WTs in a single day at the end of August in dry (a,b) and wet growing seasons (c,d). White contour lines (a–d) represent the isolines for a WT = −0.35 m. Unharvested stands and harvested (treeless) strips are separated by dashed, white lines. The peat profile was set to Sphagnum, and the ditch depth at the outer boundaries was equal to −0.6 m. Red, dashed lines indicate the location of the cross-sections presented in Figure 6. 
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Figure 6. Cross-sections of (y = 50 m in Figure 5) the simulated WTs at the end of August during a dry (a,b) and wet growing season (c,d). The edge between the unharvested stands and the harvested (treeless) strips is shown by the red, dashed line. The blue (LAI = 1) and green (LAI = 4) hatched areas indicate the edge effect of the harvested strip on the adjacent unharvested stand. The gray hatched areas indicate the edge effect of the adjacent unharvested stand on the harvested strip. Sphagnum peat and a −0.6 m ditch depth were assumed. 
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Figure 7. The simulated share of well-drained areas (WT <−0.35 m during July–August) with Carex peat (a,c) and Sphagnum peat (b,d) for unharvested forest stands (a,b) and harvested (treeless) strips (c,d). In (c,d), the LAI indicate the LAI of the surrounding forest area. The box plots represent between-year variations over 30 years. The dashed, red lines indicate the median for the stands with no harvesting (a,b) or the median for the clear-cut (c,d). The ditch depth was −0.6 m in all simulations. SC width refers to the width of the harvested strip. For tree stand layouts, see Figure 2. In all cases, the shortest distance between ditches was 40 m. For forest stands (a,b), statistically significant differences (* p-value < 0.05; ** p-value < 0.01) were noted comparing the strip cut stands to the stands with no harvesting. For harvested strips, statistically significant differences were noted compared to clear-cuts. 
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Table 1. Characteristics of the study sites. Tree stand characteristics refer to the adjacent unharvested stand. The standard deviation is presented in parenthesis. BA = stand basal area; Ntubes = number of manual water table measurement points; LAI = average leaf area index (one sided) of coniferous (LAIconif) or deciduous (LAIdecid) tree species after harvesting; tree height = arithmetic mean height of the tree stand in the unharvested stand; DBH = arithmetic mean of the diameters at breast height.
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	Study Site
	Latitude
	Longitude
	Ditch Depth 1
	Area (ha)
	BA (m2 ha−1)
	Ntubes
	LAIconif
	LAIdecid 2
	Tree Height (m)
	DBH (cm)





	Häädetjärvi 1
	62°02′13″
	22°43′18″
	0.6 m
	0.52
	17.0
	9
	3.2 (3.0)
	0.7 (1.1)
	15.1 (3.5)
	18.6 (5.7)



	Häädetjärvi 2
	62°02′8″
	22°43′21″
	0.6 m
	0.53
	16.3
	9
	2.2 (3.1)
	0.6 (1.1)
	17.9 (3.4)
	20.5 (6.4)



	Häädetjärvi 3
	62°02′2″
	22°43′24″
	0.6 m
	0.46
	19.8
	9
	2.8 (2.9)
	0.5 (0.7)
	19.7 (1.5)
	24.5 (3.8)



	Jaakkoinsuo
	62°03′7″
	24°28′58″
	0.7 m
	0.89
	12.0
	25
	1.9 (2.6)
	0.5 (0)
	17.2 (1.3)
	18.0 (3.7)



	Katila
	60°27′21″
	24°57′18″
	0.4 m
	0.54
	9.6
	22
	2.2 (0.4)
	0.5 (0)
	20.6 (0.1)
	25.2 (4.5)







1 Parameter value for simulations. 2 Including deciduous trees’ LAI and an additional 0.5 for field layer vegetation. There were no deciduous trees in Jaakkoinsuo and Katila.
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Table 2. Stand parameter combinations used in the simulations. LAIdecid (one sided) was applied in the harvested treeless areas to account for the field layer vegetation. Canopy closure is the value for the unharvested forest stand (see Figure 2b–d) or completely forested layouts (see Figure 2e). In the case of LAIconif = 0 (harvested treeless strip or clear-cut area), dominant height (Hdom) and canopy closure (fc) describe those of the field layer vegetation.
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	LAIconif (m2 m−2)
	LAIdecid (m2 m−2)
	Hdom (m)
	fc (−)





	0
	0.5
	0.5
	0.10



	1
	0.5
	16
	0.40



	2
	0.5
	16
	0.55



	3
	0.5
	16
	0.58



	4
	0.5
	16
	0.62
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Table 3. Mean difference in the daily WTs between harvested strips and unharvested stands in May–November 2017–2020. Diffobs and Diffmod refer to observed and simulated differences, respectively. Groundwater tubes located at the edges of the strips were not included in the figures. The average mean absolute errors (MAEs) and root mean square error (RMSE) for the simulated WTs are also presented for the study areas. The standard deviation for each mean value is presented in parenthesis. Ntubes refer to the total number of tubes.
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	Study Site
	Diffobs (m)
	Diffmod (m)
	MAE (m)
	RMSE (m)
	Ntubes





	Häädetjärvi 1
	0.12 (0.08)
	0.10 (0.07)
	0.09 (0.03)
	0.12 (0.04)
	9



	Häädetjärvi 2
	0.12 (0.04)
	0.09 (0.06)
	0.08 (0.03)
	0.09 (0.03)
	9



	Häädetjärvi 3
	0.06 (0.05)
	0.11 (0.08)
	0.10 (0.04)
	0.13 (0.05)
	9



	Jaakkoinsuo
	0.12 (0.03)
	0.06 (0.03)
	0.18 (0.08)
	0.21 (0.07)
	25



	Katila
	0.10 (0.07)
	0.11 (0.09)
	0.08 (0.03)
	0.10 (0.04)
	22
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Table 4. Mean July–August WTs over 30 years with different parameter combinations. Unless stated otherwise, the simulation location was Parkano, the ditch depth was −0.6 m, and the LAIdecid was 0.5 (in the harvested strips, describing field layer vegetation). Harvested strips (width: 20 m) covered 50% of the area. For tree stand layout, see Figure 2c.
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Carex Peat

	
Sphagnum Peat






	
LAIdecid

	
LAIconif = 1

	
LAIconif = 4

	
LAIconif = 1

	
LAIconif = 4




	
0.4

	
−0.39

	
−0.50

	
−0.24

	
−0.33




	
0.5

	
−0.40

	
−0.51

	
−0.25

	
−0.33




	
0.6

	
−0.41

	
−0.51

	
−0.25

	
−0.34




	

	

	

	

	




	
Location

	
LAIconif = 1

	
LAIconif = 4

	
LAIconif = 1

	
LAIconif = 4




	
Nurmijärvi (60°27′ N)

	
−0.46

	
−0.62

	
−0.29

	
−0.42




	
Parkano (62°02′ N)

	
−0.40

	
−0.51

	
−0.25

	
−0.33




	
Rovaniemi (66°40′ N)

	
−0.39

	
−0.46

	
−0.24

	
−0.29




	

	

	

	

	




	
Ditch depth (m)

	
LAIconif = 1

	
LAIconif = 4

	
LAIconif = 1

	
LAIconif = 4




	
−0.48

	
−0.35

	
−0.45

	
−0.24

	
−0.32




	
−0.60

	
−0.40

	
−0.51

	
−0.25

	
−0.33




	
−0.72

	
−0.44

	
−0.54

	
−0.26

	
−0.35
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