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Abstract

:

Climate change is producing threats to forests’ capacity of regulating water regimes. Therefore, thinning strategies can be applied to mitigate climate change impacts more efficiently by providing more spaces for trees to utilize resources e.g., water and nutrients. This study examined the effects of different thinning intensities and intervals on water characteristics and biomass growth of a 75-year-old Norway spruce (Picea abies) stand in the Black Forest, Germany. Here we used a water and management sensitive update of the process-based forest growth model 3PG, 3PG-Hydro. We applied light (10%), moderate (30%), and heavy thinning (50% intensity) in the interval of 10, 25, and 50 years of the management period. We simulated growth with climate change scenario RCP 8.5 data from 1995 to 2065. We analyzed the effects of the different thinning regimens on biomass, evapotranspiration as well as water yield. Thinning intensity and interval as well as their interaction have significant influence on production of stand biomass and water yield for all thinning regimes applied (p < 0.05). However, there is no significant difference (p > 0.05) in accumulated biomass (thinned biomass added to the stand biomass) between the applied thinning regimes. Light thinning in a long interval (50 years) produced highest stand biomass among the applied thinning regimes. Furthermore, the prediction showed that accumulated water yield increased with increasing thinning intensity. Our study concludes that repeated moderate thinning at intermediate intervals results in a high water yield without losing biomass production.
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1. Introduction


Forests are of paramount importance in regulating rainfall patterns [1]. Their ability to recharge atmospheric moisture through evapotranspiration (ET), enhance infiltration and groundwater recharge, as well as water purification cannot be understated [2]. Forests yield water in high quality and a large volume of it supports humans by fulfilling basic needs, supporting the food system, filling out water bodies, etc. [3]. However, factors such as choice of species [4], management practices like thinning and pruning [5], and tree age [6] govern the water yield from forests [7]. The exacerbating climate change effects are affecting forest-water interaction such as quality, quantity, and stream flow timing in forests [8]. Events like drought, forest fire, bark beetle outbreak, windthrows associated with increased temperature, and altered precipitation at a large scale contributes to the increased runoff and erosion by reducing infiltration and water uptake by trees [1]. Along with the floods, droughts and surface runoff changes, climatic variation might alter groundwater recharge, making it difficult for water management in future [9]. The Black Forest in Germany has been no exception to these changes with prominent effects on valuable species including Norway Spruce (Picea abies) [10]. Moreover, this species is highly vulnerable to storm damage; clearly perceived as an effect of forest management with little relevance to climatic change [11,12].



Thinning involves the removal of trees generally with an aim to improve yield and production efficiency of biomass by opening of growing spaces [13]. Furthermore, a lower stem density opens the room for better use of resources (e.g., water) [14]. Therefore, thinning helps to increase the water supply through decreased sapwood and leaf area leading to reduced stand ET [15,16]. Moreover, thinned stands are more favored to recover after a long drought period [17]. Following thinning, more water reaches the forest soil due to removed intercepting surfaces [18,19] and stand water consumption is decreased though single-tree transpiration may increase [20]. Therefore, thinned stands are more resistant against drought, enabling trees to recover faster from growth depressions than in un-thinned stands [21]. In addition, the removal of forest canopy through thinning contributes to higher streamflow and soil moisture through runoff generation [18].



Climate change is inducing threats on water security through enhanced frequency, intensity, and duration of droughts, affecting the functioning of forest ecosystems [22,23]. Process based models using climate inputs are used to assess those impacts on forest productivity and to estimate available and required resources for forest growth [24]. This approach can serve as a virtual laboratory for prediction under non-stationary climatic conditions [25]. These models aim to tackle the shortcomings through simulation of physiological processes (governed by environment) influencing growth [26]. They are superior to purely statistical models for predicting global change effects, and have a foundation in theoretical understanding of the complex ecological processes with more explicitly constructed assumptions and easier interpretations [27]. Due to this ease, many researchers have applied these models to assess the response of forests to changing climate (e.g., Morin and Thuiller, 2009; Rollinson et al., 2017), climate change risks (e.g., Allen et al., 2010; Cailler et al., 2014) forest productivity (e.g., González-García et al., 2016), or species distribution shift (e.g., Morin et al., 2007; Snell et al., 2014) [28].



Among many models in application, 3PG is widely applied for the study of climatic effects on growth in varying climatic and site conditions for estimating parameters [29] and productivity for many species including Picea, Pinus, Eucalyptus, and Fir (Cunninghamia) [30]. It is a process-based model developed by Landsberg & Waring, 1997 and works in a stand level to predict even-aged, mono-specific stand growth using monthly weather data [31]. It can be run at stand level as the spatial scale and month as the temporal scale with consideration of climatic and site conditions, management ideas, tree physiology, and environmental carbon balance [32]. However, 3PG has deficits in simulating soil water processes. Therefore, we used the newly modified version 3PG-Hydro [33]. 3PG-Hydro operates in daily time steps and consist of a soil water sub-model, thus displaying water processes and realizing true sensitivity to management [33]. 3PG-Hydro simulates forest water interactions only on a one-dimensional (vertical) scale, thus missing the complex multidimensionality, including lateral flows of hydrological processes. Nevertheless, there is a lack in models that couple species specific forest growth simulations with the details of hydrological processes. Thereby, 3PG-Hydro presents a balanced modeling approach to study how water services are affected by thinning strategies.



The input data includes site characteristics, Norway Spruce parameters, thinning regimes, and climate data. We used a RCP 8.5 scenario [34] to simulate future forest growth in order to analyze the effects on growth and water services for a severe climate change.



It is important to understand the thinning effects on water process and forest productivity under changing climatic conditions at the stand level. The knowledge about the effects of different management strategies (e.g., thinning) on growth and water will be crucial in order to mitigate production losses due to droughts and other climate change effects. Therefore, the objectives of this study are: (1) To evaluate the impacts of thinning regimes (thinning intensity and intervals) on forest growth to (2) examine the variation in water services and (3) analyze the biomass increment and water yield over the management period (70 years) with different thinning regimes in a 75-year-old monoculture of Norway spruce stand.




2. Materials and Methods


2.1. Study Area


Our study area is the Conventwald in the east of Freiburg, southwestern Germany. The location is at 700–860 m above sea level in the montane or submontane altitude belt with a mean annual temperature of 7.3 °C and precipitation of 1490 mm. The location is bordered south to Central Black Forest with mean air temperature of 6.6 °C. The soil type is sandy loam [35]. The Conventwald is an unmanaged stand with its main species being Norway spruce in a mature stage (~100 years old). The stand is monitored intensively for research purposes and provides a perfect case study for forest water interactions regarding existing data.




2.2. The 3PG-Hydro Model and Data Input


For this study, we used an upgraded water-process and management sensitive version of 3PG: 3PG-Hydro [33]. This model works in daily timesteps. The simulation by 3PG-Hydro for soil-water processes is more sensitive and thus gives more detailed information about evapotranspiration (ET) processes and partition, soil water content, and soil water distribution, as well as water yield. Therefore, 3PG-Hydro simulates growth and thinning more precisely [33]. The 3PG-Hydro model requires daily climatic data (temperature, precipitation and solar radiation), site fertility and management data (thinning history and regime, stocking remaining per ha in the stand), as well as stand characteristics (foliage, root and stem biomass, number of trees per hectare, soil characteristics) [28] as a basic input (Appendix A). Climate data until 2015 were obtained from the regional forest research institute (FVA-BW) and RCP 8.5 scenario data were used from modified Copernicus Climate Change Service Information (2021) to simulate growth until 2065 [34]. We obtained 3PG parameters for Picea abies from Forrester et al., 2021 [26] as well as Yousefpour & Djahangard, 2021 [33]. We validated the growth processes (stand volume and diameter at breast height (DBH)) with actual data by FVA for a period of 1995–2015. Stand and thinned biomass, water yield (sum of deep percolation and run-off), transpiration, and soil evaporation were predicted as output data by the model.




2.3. Thinning Regimes


Thinning intensities and intervals made the basis of thinning regimes. Light thinning (10% intensity), moderate thinning (30% intensity), and heavy thinning (50% intensity) were applied to the given stand with the first thinning at the age of 85 years. Light thinning is used to check how the stand behaves in terms of water yield and biomass accumulation. Moderate thinning is used to check how the stand behave differently than light and heavy thinning. For the heavy thinning, the number of thinning is reduced in a short interval to avoid a seemingly clear-cut situation. We applied each of the thinning intensities at the interval of 10 years, 25 years, and 50 years. The 10-year interval resulted in six thinning events for 10% and 30% intensity, respectively. For the 50% intensity, only three thinning events were possible because heavy thinning in a short period (10-year interval) led to a situation of almost clear-cut after the third thinning. Thus, we omitted additional thinning in this regime to avoid leaving a very small number of trees. The 25-year interval led to three thinning events and the 50-year interval to two events for all thinning intensities, respectively. In addition, we simulated a non-thinning scenario to have it as a basis for comparison. Table 1 presents an overview of the thinning regimes. Further detailed information is provided in Appendix B.




2.4. Data Analysis


We ran the model 3PG-Hydro for all described thinning regimes and the non-thinning scenario with the output of annual data. The output data comprised total biomass (stem, foliage, and root), transpiration, soil evaporation, total evapotranspiration as well as water yield (deep percolation and runoff). Moreover, we accumulated stand biomass and thinned biomass for the thinning regime simulation to get an overview about the total biomass production of the stand over the time period.



This study incorporates the use of MS Excel and R for the analysis of the predicted results. We used two-way ANOVA to test the statistical significance of individual, as well as the interaction effect of thinning intensity and thinning intervals on the stand and accumulated biomass, water yield, transpiration, ET, and soil evaporation. The major idea to use two-way ANOVA test was to find out whether thinning intensity and thinning interval significantly affects the stand and water characteristics separately and in combination. Furthermore, we produced boxplots for water characteristics to visualize the test results.



To find out the effect of thinning regimes on water services, we summed the water yield of the whole period to obtain the overall water yield throughout the management period. We applied the same process for the stand and accumulated biomass with the major aim to find the better thinning regime among the applied ones for improving water yield without compromising the biomass production.





3. Results


3.1. Effect on Biomass


The stand and accumulated biomass for all thinning regimes (all thinning intensity in each of thinning interval) are lower than in an un-thinned stand. Both stand and accumulated biomass is highest for the 50 year interval for all thinning intensities and are increased with increasing thinning interval (Figure 1).



The two-way ANOVA suggested that both thinning intensity and interval along with their interaction has a significant effect (p-value < 0.05) in stand biomass production. However, the thinning intensity and interval does not have any statistical significance (p-value > 0.05) in accumulated biomass (Table 2). Details of the test are presented in Appendix C.




3.2. Effect on Transpiration, Evapotranspiration and Soil Evaporation


Effect of thinning on transpiration, ET and soil evaporation gets prominent with increasing thinning intensity. Figure 2 shows that the transpiration and ET are decreasing whereas soil evaporation is increasing for all thinning regimes. However, transpiration and ET are higher for longer interval whereas soil evaporation is higher in a shorter interval.



The ANOVA test shows that transpiration and evapotranspiration are decreasing significantly (p-value < 0.05) with intensity, interval, and their combination. However, soil evaporation is significantly increasing (p-value < 0.05) with intensity, interval, and their interaction (Table 3).



The boxplot (Figure 3) of transpiration, evapotranspiration, and soil evaporation further supplements the test results (Table 3 and Appendix D). The boxplot shows the mean transpiration and evapotranspiration is lower and soil evaporation becomes higher with increasing thinning intensity. However, transpiration and ET are higher for longer intervals and soil evaporation is higher for short intervals.




3.3. Effect on Water Yield


The graph for water yield is almost overlapping overlapping for all of the intervals applied in light thinning. For moderate and heavy thinning, water yield seems to be increased with age for all thinning intervals. It is not conclusive only from the graph (Figure 4) whether there is a difference in the mean of these characteristics.



Two-way ANOVA test solved the ambiguity showing that water yield differs significantly (p-value < 0.05) for all thinning regimes used (Table 4).



The boxplot (Figure 5) of water yield further supplements the ANOVA test results (Table 4 and Appendix E). The boxplot shows the mean water yield is highest when thinned at 10 years for all thinning regimes used.




3.4. Accumulated Effect on Biomass and Water Yield


Total number of thinning applied per thinning regime is shown in Table 5.



The graph (Figure 6) shows the total water yield over the period of 70 years (stand age from 75 years to 145 years). Water yield is maximum for 50% thinning at the 10 year interval. The water accumulation is increasing with the thinning intensity but is decreasing with the increasing thinning interval. Light, moderate, and heavy thinning produced 51.34%, 158.98%, and 197.27% more water than in an un-thinned stand for 10 years interval. However, the increment in water yield in comparison to un-thinned stand remained to 11.84%, 42.36%, and 83.82% for light, moderate, and heavy thinning, respectively, in stand thinned at the 50 year interval.



The stand biomass predicted annually by the model were summed over the management period. Light thinning at the 50 year interval produced the highest stand biomass among the thinning regimes without considering the un-thinned stand (Figure 7). Stand biomass decreased with increasing thinning intensity. Light, moderate, and heavy thinning produced 23.68%, 55.01%, and 64.43% less biomass than an un-thinned stand.



For calculation of accumulated biomass, thinned stem, thinned foliage, and thinned root biomass were accumulated and added to the stand biomass predicted by the model. Heavy thinning at longer interval accumulated the highest biomass (1.5% more than in un-thinned stand). Nevertheless, accumulated biomass does not change much in response to the used thinning regimes. (Figure 8).





4. Discussion


4.1. Thinning Effects


In forest decision-making, the provision of ecosystem functions and services has gained priority in the present day. The effect of diverse silvicultural treatments on the provision of ecosystem services, particularly the effect of thinning, must be identified to enable multi-functionality in forest management [36]. Changing climatic conditions demand the change in silvicultural treatments to make differently developing stands more vigorous, resilient, and sustainable [37]. Conventionally, thinning mostly focused on tree and stand growth for the yield of timber [38].



In this study, three different intensities were applied at three different intervals to a 75-year-old Norway spruce stand. This study incorporates thinning, which leaves 90%, 70% and 50% of trees in stand. This aligns with the idea that there should be minimum of 30% forest cover to maintain sustainable water flow regulation [39]. For heavy thinning at 10-year interval, only three thinning events were applied out of six possible to avoid reducing trees to the minimum number, seemingly to a clear-cut condition. This also aligns with the idea of not opening the stand too much and to protect from possible sensitivity to heavy winds as pointed out by Wallentin & Nilsson, 2013 [40]. Furthermore, creating such a condition of almost clear-cut will have an influence on forest soil, litter, and nutrient pools in vegetation of the understory [41]. Besides, it is important to add the knowledge of thinning effect on stand water balance [42], in addition to several studies [43,44,45,46] on the effect of thinning intensities and frequencies on stand growth and wood properties.



The model predicted the highest accumulated water yield for heavy thinning done at a 10-year thinning interval. However, biomass production is minimum for this thinning regime. The reason behind the minimum biomass production is the number of thinning events applied in this regime. The number of thinning is reduced for heavy thinning at 10 years interval to avoid seemingly clear-cut situation caused by heavy thinning. Repeated heavy thinning at short intervals causes a very low stand density thus a high loss of intercepting surfaces. The rainfall interception highly decreases and rainfall directly reaches the ground allowing for an increase in infiltration and deep percolation [47]. On the contrary, light thinning applied at a longer thinning interval accumulated higher biomass but is decreasing the water yield (Table 6).



Our results showed that water yield and soil evaporation increased with higher thinning intensities, decreasing stand density. Due to less rainfall interception, throughfall increases in thinned stands and causes higher water yield. Moreover, light interception by the stand canopy is decreasing, and thus more solar radiation is absorbed by the forest ground causing an increase in soil evaporation. Both processes, rainfall as well as light interception, are simulated by 3PG-Hydro. In line with our results, Bottero et al., 2021 [47] pointed out that light thinning maintains high stand density which allows for higher interception of rainfall, which causes less water availability in the ground. Similar finding is also reported by Sohn et al., 2013 [17] in Norway spruce stands. The results also match with the study on Norway spruce monoculture stands by Gebhardt et al., 2014 [42] in Bavaria, Germany where water yield increased up to 90% following moderate and heavy thinning and increased with increasing thinning intensity. In addition, evapotranspiration reduced by 25% and 50%, respectively, for moderate and heavy thinning. Hawthorne et al., 2013 [15] also reported an increase in water yield following the application of thinning events. The reason behind this is the increased capture rate of resources (easily available after thinning due to increased spaces) [48]. Transpiration and evapotranspiration decreased with increasing thinning intensity as well as with age. The transpiration is lower from 1995–2015 because precipitation was generally lower in this period (the simulated precipitation data of RCP 8.5 is generally higher). In addition, transpiration is decreasing in all thinning regimes because of increasing age of the stand. This decrease with age aligns with the findings by Köstner, 2001 [49] for a Norway spruce stand. Furthermore, the predicted evapotranspiration falls in the acceptable range as provided by Greenwood, 2007 [50].



Regarding the forest growth in terms of biomass, the model predicted less stand biomass for all thinning intensities and intervals than in an un-thinned stand. The finding is also similar to the research studying the effect of thinning over 50 years in moist forest of the Northern Rocky Mountains by Shen et al., 2019 [51]. The stand biomass for all thinning regimes were significantly different than in un-thinned stand. However, the significant differences were not seen among the thinning regimes for the accumulated biomass. This result is aligned with Eriksson, 2006 [52] where it is mentioned that detection of significant differences in accumulated biomass from different thinning regime is difficult in Norway spruce stands. The highest biomass is produced in 50 years interval for all thinning intensities. This might be because a short thinning interval between successive thinning did not allow the remaining trees to spread their foliage to an area made available by thinning [53]. In contrast, thinning with a longer interval in between successive thinning provides more area and scope for production. With these results, we can interpret that for any thinning intensity, the thinning interval should be increased to produce more biomass.



Our results present the findings that there exists an inverse relationship between biomass production and water yield. Even though 3PG-Hydro predicts the highest water yield for heavy thinning (at shorter thinning interval), these thinning regimes cannot be recommended in general forestry practices as they promote ground weeds that may compete with other trees for water and hinder regeneration [42]. Despite light thinning producing greater stand biomass (at longer thinning interval), it is not efficient in accumulation of water yield. Thus, the most efficient thinning regime according to the model in terms of both biomass and water yield is repeated moderate thinning at a 25-year interval. This recommendation matches with Gebhardt et al., 2014 [42] and Sohn et al., 2013 [17] who suggested that repeated moderate thinning can be taken as a feasible measure to mitigate drought risk in Norway spruce stands in the context of climate change. In addition, Magruder et al., 2013 [16] also have similar findings in a red pine stand for improving climatic resilience of the stand.




4.2. 3PG-Hydro Model and Limitation of the Study


The 3PG model has the simplest structure with small data input requirements while comparing to other process-based models such as CABALA and Forest-DNDC. 3PG outweighs CABALA in terms of data requirements as the later demands greater input. Although Forest-DNDC requires moderate data input, 3PG outshines its lower computational demand [54].



The performance of 3PG-Hydro is better than the original 3PG as the balance between low data intensity and relevant decision parameters is obtained making it more efficient in analysis of interaction between forests and water under climate change conditions. This makes the model more efficient in analyzing thinning effects on water, forest growth, and carbon stocks. 3PG-Hydro is effective in determining the effect of thinning on tree growth and soil water during drought and can help to find how thinning increases the water yield for ecological and economic reasons [33].



We performed the model prediction for thinning in a Norway spruce stand of 75 years, unlike other researches unlike other researches such as Son et al., 2013 [17], Kohler et al., 2010 [21], Gebhardt et al., 2014 [42], Sohn et al., 2012 [55], and Wallentin & Nilsson, 2011 [46], who studied the effect of thinning on 27 years and 33 years old, respectively, on monoculture stands of the same species. The climatic data derived from the RCP 8.5 scenario was used for the study. Representative Concentration Pathways (RCPs) are designed to fight climate change, which includes the greenhouse gas concentration and emission pathways [56]. This is the scenario without any specific target for climate change mitigation leading to continuous increase of greenhouse gas emissions [57]. Thus, this study predicted the thinning effect on water and stand properties in a worst-case scenario of climate change. Ref [58] has also used RCP 8.5 in the 3PG model to improve annual increments of volume and revenue through adaptive management regimes with shorter rotation periods in Kronoberg landscape, Sweden. Similarly, Xie et al., 2020 [59] has also used this climatic scenario in 3PG to simulate effects of climate change and thinning on productivity of a Larix olgensis plantation in Northeast China. The predicted results from this study are only valid for RCP 8.5 scenarios in 75 years old monoculture stand of Norway spruce in Conventwald because of limitations and uncertainties in stand, site, and climatic characteristics.



Forrester et al., 2021 [26] pointed out that the errors for calculation of biomass are higher in the 3PG model, as it predicts by using the allometric equations which are unlikely to be as accurate as site specific destructively sampled biomass measurements. Thus, this model does not reflect the actual variability in allocation of biomass. Furthermore, Forrester et al., 2021 [26] found out that the error is highest in foliage mass prediction which directly affects the prediction of water yield from the stand. In addition, this study does not incorporate the self-thinning principle because the stem mass was much lower than the parameter provided by Forrester et al., 2021 [26] from which self-thinning starts to occur. Moreover, the major focus of this study was on the effect of management (thinning) in the stand. Leaf Area Index (LAI) is still the most important regulator of canopy conductance, and thus plays a key role in estimating transpiration. Evapotranspiration is controlled by canopy conductance, stomatal conductance, and effective LAI as previous research has shown [60,61]. The 3PG model uses the LAI and associated values to calculate transpiration as well as rainfall and light interception of the canopy. Hereby, we changed the usually used value for Norway Spruce of the parameter LAI for maximum rainfall interception from 3 to 5 [62]. This parameter change achieved a higher sensitivity of ET and interception processes to thinning regimes causing a better model performance of 3PG-Hydro. Therefore, we recommend the use of this value when investigating the effects of thinning on ET processes. The changed value falls within the acceptable range of LAI for P. abies as found by Goude et al., 2019 [63].



Besides the overall good performance of 3PG-Hydro, its major limitation lies in the one-dimensional vertical flow simulation. Thus, the study did not account for lateral processes or more complex water flows. However, flow processes are simulated on behalf of the soil water content and even though it simulates vertical flow only, this can be seen as a good approximation because vertical flow is the main process in soil water dynamics. Moreover, 3PG-Hydro has limitations in simulating real runoff making runoff a minor process in our study [33]. Yet, runoff can vary highly by changes in stand density due to thinning [64]. Nevertheless, our study has provided an overview of the thinning effects on soil water processes. This can be taken as a starting point to integrate forest water services into the planning of forest management. Moreover, our results can be used further to develop and integrate forest interaction with watershed processes as a relevant scale for landscape water studies.



Future studies of forest water interactions may apply holistic research with variation in thinning approach such as mixing several intensities of thinning at various intervals Furthermore, the outputs of our study may be used for analyzing the economic and environmental benefits and tradeoffs with relevant ecosystem services in forest management plans [59].





5. Conclusions


Our study concludes that thinning improves the water yield in an old Norway spruce stand. However, the longer interval in between thinning does not support the case. Stand biomass decreases with increasing intensity while the case is the opposite for thinning interval. Taking the stand age into account, heavy thinning should be avoided for many silvicultural reasons. We conclude that repeated moderate thinning can obtain an efficient production of water services without compromising biomass production.
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Table A1. Stand Initialization and site factor data.






Table A1. Stand Initialization and site factor data.





	
Stand Initialization and Site Factor Data






	
Year planted =

	
1919

	
Snowmelt Factor =

	
2.5




	
Month planted =

	
December

	

	




	
Initial age =

	
75y 0 m

	
Depth effective root zone (ER) [m] =

	
0.6




	
End age =

	
145

	
Depth deep root zones (DR) [m] =

	
5




	
Initial Weight Foliage [t/ha] =

	
12

	
Initial saturation ER [m3 × m−3] =

	
0.15




	
Initial Weight Stem [t/ha] =

	
316

	
Initial saturation DR [m3 × m−3] =

	
0.15




	
Initial Weight Root [t/ha] =

	
22

	
Skeleton ER [%] =

	
0.5




	
Initial stocking =

	
528

	
Skeleton DR [%] =

	
0.5




	
Latitude =

	
50

	

	




	
Fertility rating =

	
0.5

	
Vol. saturation water content [m3 × m−3] =

	
0.38




	
Atmospheric CO2 =

	
380

	
Vol. residual water content [m3 × m−3] =

	
0.149




	
Soil class =

	
SL

	
Van-Genuchten n [-] =

	
1.817




	

	

	
Van-Genuchten alpha [m−1] =

	
0.663




	

	

	
Hydraulic conductivity saturated [m × day−1] =

	
1.931




	
Output frequency: monthly/annual
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Table A2. Thinning regimes used.






Table A2. Thinning regimes used.





	
Age

	
Stocking

	
Foliage

	
Root

	
Stem






	
Thinning Intensity of 10%




	
Every 10 years




	
85

	
475

	
1

	
1

	
1




	
95

	
428

	
1

	
1

	
1




	
105

	
385

	
1

	
1

	
1




	
115

	
347

	
1

	
1

	
1




	
125

	
312

	
1

	
1

	
1




	
135

	
281

	
1

	
1

	
1




	
Every 25 years




	
85

	
475

	
1

	
1

	
1




	
110

	
428

	
1

	
1

	
1




	
135

	
385

	
1

	
1

	
1




	
Every 50 years




	
85

	
475

	
1

	
1

	
1




	
135

	
428

	
1

	
1

	
1




	
Thinning Intensity of 30%




	
Every 10 years




	
85

	
370

	
1

	
1

	
1




	
95

	
259

	
1

	
1

	
1




	
105

	
181

	
1

	
1

	
1




	
115

	
127

	
1

	
1

	
1




	
125

	
89

	
1

	
1

	
1




	
135

	
62

	
1

	
1

	
1




	
Every 25 years




	
85

	
370

	
1

	
1

	
1




	
110

	
259

	
1

	
1

	
1




	
135

	
181

	
1

	
1

	
1




	
Every 50 years




	
85

	
370

	
1

	
1

	
1




	
135

	
259

	
1

	
1

	
1




	
Thinning Intensity of 50%




	
Every 10 years




	
85

	
264

	
1

	
1

	
1




	
95

	
132

	
1

	
1

	
1




	
105

	
66

	
1

	
1

	
1




	
Every 25 years




	
85

	
264

	
1

	
1

	
1




	
110

	
132

	
1

	
1

	
1




	
135

	
66

	
1

	
1

	
1




	
Every 50 years




	
85

	
264

	
1

	
1

	
1




	
135

	
132

	
1

	
1

	
1
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Table A3. Two-way ANOVA test for stand biomass.






Table A3. Two-way ANOVA test for stand biomass.














	Source of Variation
	SS
	df
	MS
	F
	p-Value
	F Crit





	Thinning Intensity
	2,203,605
	2
	1,101,803
	306.1976
	2.8 × 10−100
	3.006597



	Thinning Interval
	4,987,354
	3
	1,662,451
	462.0053
	2.6 × 10−176
	2.615656



	Intensity × Interval
	839,720.1
	6
	139,953.3
	38.89389
	9.65 × 10−42
	2.109512



	Within
	2,979,424
	828
	3598.338
	
	
	



	Total
	11,010,103
	839
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Table A4. Two-way ANOVA test for accumulated biomass.






Table A4. Two-way ANOVA test for accumulated biomass.














	Source of Variation
	SS
	df
	MS
	F
	p-Value
	F Crit





	Thinning Intensity
	878.5411
	2
	439.2705
	0.121148
	0.885919
	3.006597



	Thinning Interval
	10,826.33
	3
	3608.777
	0.995277
	0.394369
	2.615656



	Intensity × Interval
	8274.181
	6
	1379.03
	0.380328
	0.891781
	2.109512



	Within
	3,002,246
	828
	3625.901
	
	
	



	Total
	3,022,225
	839
	
	
	
	









Appendix D




[image: Table] 





Table A5. Two-way ANOVA test for transpiration.
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	Source of Variation
	SS
	df
	MS
	F
	p-Value
	F Crit





	Thinning Intensity
	3,080,944
	2
	1,540,472
	110.9454
	2.05 × 10−43
	3.006597



	Thinning Interval
	6,097,663
	3
	2,032,554
	146.3854
	4.22 × 10−76
	2.615656



	Intensity × Interval
	1,550,298
	6
	258,382.9
	18.60885
	2.28 × 10−20
	2.109512



	Within
	11,496,739
	828
	13,884.95
	
	
	



	Total
	22,225,644
	839
	
	
	
	










[image: Table] 





Table A6. Two-way ANOVA test for evapotranspiration.
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	Source of Variation
	SS
	df
	MS
	F
	p-Value
	F Crit





	Thinning Intensity
	3,344,931
	2
	1,672,466
	103.0053
	1.13 × 10−40
	3.006597



	Thinning Interval
	6,909,537
	3
	2,303,179
	141.8503
	3.64 × 10−74
	2.615656



	Intensity × Interval
	1,603,519
	6
	267,253.2
	16.45984
	5.61 × 10−18
	2.109512



	Within
	13,443,977
	828
	16,236.69
	
	
	



	Total
	25,301,964
	839
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Table A7. Two-way ANOVA test for soil evaporation.






Table A7. Two-way ANOVA test for soil evaporation.














	Source of Variation
	SS
	df
	MS
	F
	p-Value
	F Crit





	Thinning Intensity
	169,318.9
	2
	84,659.45
	86.28948
	9.13 × 10−35
	3.006597



	Thinning Interval
	303,911.2
	3
	101,303.7
	103.2543
	8.7 × 10−57
	2.615656



	Intensity × Interval
	88,259.1
	6
	14,709.85
	14.99307
	2.48 × 10−16
	2.109512



	Within
	812,358.8
	828
	981.1097
	
	
	



	Total
	1,373,848
	839
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Table A8. Two-way ANOVA test for water yield.
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	Source of Variation
	SS
	df
	MS
	F
	p-Value
	F Crit





	Thinning Intensity
	3,339,353
	2
	1,669,677
	28.85641
	7.68 × 10−13
	3.006597



	Thinning Interval
	6,896,379
	3
	2,298,793
	39.72919
	5.43 × 10−24
	2.615656



	Intensity × Interval
	1,601,548
	6
	266,924.7
	4.613162
	0.000128
	2.109512



	Within
	47,909,370
	828
	57,861.56
	
	
	



	Total
	59,746,651
	839
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Figure 1. Stand biomass (A,C,E) and accumulated biomass (B,D,F) at 10%, 30% and 50% thinning respectively in different thinning intervals. 
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Figure 2. Transpiration (A,D,G), ET (B,E,H) and soil evaporation (C,F,I) for 10%, 30%, and 50% thinning respectively in different thinning intervals. 
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Figure 3. Boxplot for transpiration (A,D,G), ET (B,E,H) and soil evaporation (C,F,I) for 10%, 30%, and 50% thinning, respectively, in different thinning intervals. 
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Figure 4. Water Yield for (A): 10%, (B): 30%, and (C): 50% thinning in different thinning intervals. 






Figure 4. Water Yield for (A): 10%, (B): 30%, and (C): 50% thinning in different thinning intervals.



[image: Land 11 00446 g004]







[image: Land 11 00446 g005 550] 





Figure 5. Boxplot for water yield for (A) 10%, (B) 30%, and (C) 50% thinning, respectively. 
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Figure 6. Total water yield over the management period. 
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Figure 7. Stand biomass over the management period. 
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Figure 8. Accumulated biomass over the management period. 
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Table 1. Summary of thinning regimes.






Table 1. Summary of thinning regimes.





	
Thinning Intensity

	
Thinning Interval

	
Ages of Stand during Thinning (Years)






	
10%

	
10 years

	
85, 95, 105, 115, 125, 135




	
25 years

	
85, 110, 135




	
50 years

	
85, 135




	
30%

	
10 years

	
85, 95, 105, 115, 125, 135




	
25 years

	
85, 110, 135




	
50 years

	
85, 135




	
50%

	
10 years

	
85, 95, 105




	
25 years

	
85, 110, 135




	
50 years

	
85, 135
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Table 2. Summary of two-way ANOVA test for stand and accumulated biomass.
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	Source of Variation
	p-Value for Stand Biomass
	p-Value for Accumulated Biomass





	Thinning Intensity
	2.8 × 10−100
	0.885919



	Thinning Interval
	2.6 × 10−176
	0.394369



	Intensity × Interval
	9.65 × 10−42
	0.891781
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Table 3. Summary of two-way ANOVA test for transpiration, ET and soil evaporation.
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	Source of Variation
	p-Value for Transpiration
	p-Value for ET
	p-Value for Soil Evaporation





	Thinning Intensity
	2.05 × 10−43
	1.13 × 10−40
	9.13 × 10−35



	Thinning Interval
	4.22 × 10−76
	3.64 × 10−74
	8.7 × 10−57



	Intensity × Interval
	2.28 × 10−20
	5.61 × 10−18
	2.48 × 10−16
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Table 4. Summary of two-way ANOVA test for water yield.
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	Source of Variation
	p-Value for Water Yield





	Thinning Intensity
	7.68 × 10−13



	Thinning Interval
	5.43 × 10−24



	Intensity × Interval
	0.000128
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Table 5. Number of thinning per thinning regime.
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	10 Years
	25 Years
	50 Years





	10%
	6
	3
	2



	30%
	6
	3
	2



	50%
	3
	3
	2
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Table 6. Ranking of thinning regimes based on accumulated biomass and water yield.
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	Stand Biomass
	Water Yield





	10%, 10 years
	3
	6



	10%, 25 years
	2
	8



	10%, 50 years
	1
	9



	30%, 10 years
	8
	2



	30%, 25 years
	5
	5



	30%, 50 years
	4
	7



	50%, 10 years
	9
	1



	50%, 25 years
	7
	3



	50%, 50 years
	6
	4
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