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Abstract

:

The effects of land use change on the occurrence and frequency of preferential flow (fast water flow through a small fraction of the pore space) and piston flow (slower water flow through a large fraction of the pore space) are still not fully understood. In this study, we used a five year high resolution soil moisture monitoring dataset in combination with a response time analysis to identify factors that control preferential and piston flow before and after partial deforestation in a small headwater catchment. The sensor response times at 5, 20 and 50 cm depths were classified into one of four classes: (1) non-sequential preferential flow, (2) velocity based preferential flow, (3) sequential (piston) flow, and (4) no response. The results of this analysis showed that partial deforestation increased sequential flow occurrence and decreased the occurrence of no flow in the deforested area. Similar precipitation conditions (total precipitation) after deforestation caused more sequential flow in the deforested area, which was attributed to higher antecedent moisture conditions and the lack of interception. At the same time, an increase in preferential flow occurrence was also observed for events with identical total precipitation. However, as the events in the treatment period (after deforestation) generally had lower total, maximum, and mean precipitation, this effect was not observed in the overall occurrence of preferential flow. The results of this analysis demonstrate that the combination of a sensor response time analysis and a soil moisture dataset that includes pre- and post-deforestation conditions can offer new insights in preferential and sequential flow conditions after land use change.
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1. Introduction


Forests play a crucial role in the partitioning of water into surface flow, subsurface flow, and evapotranspiration. Forest related processes, such as plant transpiration, root water uptake, and infiltration, affect the water fluxes aboveground and beneath the subsurface. Deforestation, the removal of forest, can strongly impair the hydrological functioning of forested systems [1,2,3,4]. In previous decades, a large database with paired and single catchment studies that analyze changes in hydrological functioning in response to deforestation has been created [4,5,6]. Although highly relevant, such paired catchment studies often focus on discharge and do not look in detail at the effects of vegetation change on soil moisture patterns and subsurface water flow. At the same time, soil moisture storage and water flow in the vadose zone (i.e., the unsaturated zone of the subsurface) are of crucial importance to understand energy and water exchange between the surface and the atmosphere (e.g., [7,8,9,10,11,12,13]), and infiltration and subsurface stormflow (i.e., fast lateral subsurface flow of water) play a crucial role in discharge generation (e.g., [14,15]).



Trees and other types of vegetation cover are one of the governing factors that determine the movement of water in the vadose zone and alter subsurface water flow (including preferential flow) via different mechanisms at different time scales. Water can be channeled in the soil through the generation and decay of root structures (i.e., preferential pathways; e.g., [16,17]). The spatiotemporal variability of soil moisture is also influenced by root water uptake, canopy interception, and the water stress characteristics of plants (e.g., [18]). On longer time scales, vegetation can also affect the soil macrofauna [17] and soil hydraulic properties [19,20,21], and therewith alter preferential pathways in the soil.



There is a variety of studies that have already demonstrated that different vegetation types affect subsurface water flow. Studies by Jayawickreme et al. [22,23], Ivanov et al. [24], Nijland et al. [25], and Acharya et al. [26] clearly showed that different vegetation types have different soil moisture abstraction rates, which results in differences in spatiotemporal soil moisture patterns. Dye tracer studies have shown that there can be a large difference in preferential flow occurrence for different vegetation covers, highlighting the important role that trees and other vegetation can play in subsurface infiltration [27,28,29,30,31]. However, the interactions between vegetation, soil moisture storage, and water flow in the vadose zone are complex and still not fully understood [32,33], and the amount of studies that has focused on this topic remains limited. In particular, most of the existing studies have followed a qualitative approach, and the existing dye tracer studies only provided a single snapshot of soil water flow in time.



In recent years, soil moisture response time analysis has been introduced, and this type of analysis offers more quantitative spatiotemporal information on the occurrence of preferential and piston flow in the subsurface [34,35,36,37,38,39,40]. The aim of this study is to use a sensor response time analysis to investigate changes in subsurface flow behavior related to partial deforestation in a small headwater catchment in Germany. Two recent studies by Jin et al. [39] and Demand et al. [40] already used such an analysis to characterize differences in flow behavior related to vegetation. Both studies showed that the occurrence of preferential flow and the infiltration capacity can be significantly larger in forests as compared to grassland sites. None of the existing studies, however, has investigated how a dynamic change in vegetation affects subsurface flow in the context of a deforestation experiment. Such a deforestation experiment also allows having a control period in which the area of interest has similar vegetation characteristics initially, as is common in paired catchment studies, to ensure that the observed differences can be attributed to differences in land use. To the best of our knowledge, this is the first effort to apply a soil moisture response time analysis to an experimental setup that follows a paired catchment approach with a control period (i.e., the period before deforestation), a treatment period (i.e., the period after deforestation), a treated area (i.e., the area that is deforested), and a reference area (i.e., the area that remained forested over the entire monitoring period). In particular, a dataset obtained with a wireless sensor network before (three years) and after partial deforestation (two years) is used to analyze whether deforestation had a significant effect on water flow in the vadose zone (type of flow, wetting depth, and antecedent moisture). More specifically, we address the following research questions: (1) How does partial deforestation affect the occurrence of preferential and sequential (piston) flow? (2) Are spatial differences in unsaturated flow behavior observed after deforestation? (3) What are the potential mechanisms for the observed changes in flow behavior (if any)?




2. Materials and Methods


2.1. Test Site and Measurement Setup


The TERENO (Terrestrial Environmental Observatories) Wüstebach catchment is located in the Eifel National Park, Germany, and covers an area of 38.5 ha [41]. The site is monitored within the context of the TERENO project, which has been established to look at long term impacts of climate and land use change [42]. The soils in the catchment include Cambisols, Planosols, Gleysols, and Histosols (Figure 1). The texture of these soils is mainly silty clay loam [43], and the bedrock consists of Devonian shale. The annual precipitation is ca. 1200 mm; the mean annual temperature is 7 °C; and slopes in the catchment range between 3.6% and 10.4% [44]. Before partial deforestation, the catchment was almost fully covered by Norway spruce (Picea abies L.) and Sitka spruce (Picea sitchensis), which were planted in the 1940s and have an average density of 370 trees/ha and an average tree height of 25 m [45]. Partial deforestation in the Wüstebach catchment took place in August 2013. All trees in the riparian zone and its close vicinity were removed (Figure 1) using a cut-to-length logging method where only tree stumps and litter remained, which resulted in the loss of 97% of the original biomass [44,46]. Trees were delimbed (branches were removed) and felled at the stump with a harvester. They were transported off-site with a forwarder over skid rails with a cover made from branches and logs to minimize soil compaction.



To obtain information on the volumetric soil moisture content in the Wüstebach catchment, the wireless sensor network SoilNet was employed in 2009. This sensor network measures soil moisture content at 150 locations for three different depths (5, 20 and 50 cm). Soil moisture at 20 cm was measured with two ECHO-EC5 sensors (Decagon, Devices Inc., Pullman, WA, USA)), and the soil moisture at 5 cm and at 50 cm depths was measured with one ECHO-EC5 sensor and one ECHO-5TE sensor (Decagon, Devices Inc., Pullman, WA, USA) [48]. All soil moisture data for the Wüstebach test site can be downloaded from the TERENO data portal (http://www.tereno.net/ddp/). Precipitation data were obtained from the meteorological station Kalterherberg (DWD, German Weather Service) located 8 km west of the Wüstebach catchment. Although precipitation data from the deforested region in the Wüstebach catchment were available after deforestation, data from the Kalterherberg station were used for the entire time period for consistency. An earlier comparison between both stations already revealed that on-site measurements showed a good agreement with the data from the Kalterherberg station [33].



For the data analysis, two different time periods were selected for comparison: (1) a control period where no treatment took place (April 2010–May 2013), which was already analyzed in detail in Wiekenkamp et al. [38], and (2) a treatment period after partial deforestation (September 2013–November 2015). Although part of the deforested area has different soils than the remainder of the catchment, Wiekenkamp et al. [38] already showed that there was no clear difference in preferential and sequential flow occurrence related to soil types.



In the analysis presented here, we selected SoilNet sensor locations that had high quality soil moisture information with a 15 min temporal resolution and few missing data for all six sensors installed at three depths for the entire five year investigation period. In total, 51 sensor locations out of 150 locations fulfilled this requirement, including 19 locations in the deforested area and 32 locations that were not affected by deforestation (Figure 1). The distribution of the sensors in space was not entirely homogeneous. No sensor locations in the southern part of the catchment were considered, which is mainly related to the high moisture conditions in this area. This resulted in a high amount of sensors that either stopped recording within the monitoring period or that produced unrealistic data. Before soil moisture response time analysis, all SoilNet data were processed as described by Wiekenkamp et al. [38]. Most importantly, extremely high and low soil moisture values and spikes were removed, and data were linearly interpolated to a common time axis with a 15 min interval.




2.2. Soil Moisture Response Time Analysis


To provide a quantitative description of the spatial and temporal occurrence of preferential and piston flow in the subsurface, a soil moisture response time analysis was performed. In short, this analysis uses the following three steps to determine the type of response observed by a set of soil moisture sensors at one location:




	
Determine the time of the first increase in soil moisture (>1 vol. %) for all available sensors. The time where soil moisture starts to increase beyond the defined instrumental noise (here: 0.4%) was recorded for the first time that soil moisture content increased more than 1 vol. %.



	
Define the response sequence.



	
Classify the response sequence using a set of four rules:




	
The response is classified as non-sequential preferential flow if an out-of-sequence response occurred (e.g., the sensor at a 20 cm depth responded before the sensor at a 5 cm depth).



	
The response is classified as velocity based preferential flow if (1) the response sequence was in a sequential order (e.g., first the 5 cm depth sensors, then the 20 cm depth sensors, and finally, the 50 cm depth sensors) and (2) the wetting front velocity for a pair of sensors (distance between two sensors/difference in response time between two sensors) was above a threshold of 100 mm/h (based on [38]).



	
The response was classified as sequential or piston flow if (1) the response sequence was in sequential order (depth based response) and (2) the wetting front velocity was below the threshold of 100 mm/h.



	
The response was classified as no response if none of the sensors showed an increase in soil moisture above 1 vol. %.













After the classification of the response for all locations (51) and all events (717), the flow occurrence was temporally and spatially averaged. Boxplots were created to compare the percentage of flow occurrence (preferential, sequential and no flow) before and after the deforestation. Two sample t-tests [49] between the two analysis periods were performed (MATLAB 7.12) to determine the significance of the observed changes in flow behavior. To look at potential changes in spatial response for events with similar precipitation characteristics, the percentage of areal response was plotted against the total precipitation for events before and after the deforestation. To ensure that the potentially observed changes could be assigned to the deforestation, all analyses were simultaneously performed for the reference area, which remained forested for the entire monitoring period.




2.3. Event Delineation and Event Characteristics


Hourly precipitation measurements were used to delineate individual precipitation events for the sensor response time analysis. For this, a heuristic separation approach was used that relied on a minimum period without rain (Tp) and a minimum amount of precipitation (Ta). A new precipitation event started after Tp was reached and could only end after a cumulative minimum amount of precipitation was reached. In this study, Tp was set to 3 h, and the minimum amount of precipitation (Ta) was set to 1 mm. These settings were chosen (1) to create a good balance between the duration and the amount of events and (2) to avoid including very small rainfall events (<1 mm). More details on the selection of these parameters can be found in Wiekenkamp et al. [38]. Events where more than 20% of all available sensors did not provide sufficient data were removed. This resulted in the 367 events that were already analyzed in Wiekenkamp et al. [38] and an additional 350 events after the deforestation.



Figure 2 shows a comparison of the events before and after partial deforestation (i.e., the control and the treatment period). Because of the skewed nature of the precipitation data, the event information was log transformed. The number of events before and after deforestation was very similar (350 vs. 367 events). To test the similarity between the two sets of events, a two sided t-test was performed (MATLAB 7.12). It was found that the total, maximum, and mean precipitation were significantly different (5% significance level) for the control and the treatment period (Figure 2). In particular, the total precipitation, maximum precipitation, and mean precipitation of an event were significantly lower for the events that belonged to the treatment period. Even if the events’ characteristics were significantly different for both periods, the BACI (Before-After Control Impact) approach where a reference area is used for the entire period (i.e., the control and treatment period) allowed comparing the results of the sensor response time analysis before and after deforestation. The soil moisture response of the first 367 events was already analyzed in detail and described in Wiekenkamp et al. [38]. The precipitation events after deforestation were the focus of this study.





3. Results and Discussion


3.1. Time Series of Precipitation and Soil Moisture


Figure 3 shows the time series of precipitation and average soil moisture at different depths for the entire time period (control and treatment period) for both monitoring areas (reference and deforested area). Additionally, the monthly number of delineated events is provided. There were fewer events per month during the control period than after partial deforestation. This was related to the fact that 72 events were omitted during the control period, whereas only one event was not considered for the treatment period. Clearly, the soil moisture in the treatment area deviated more from the soil moisture in the reference area after the partial deforestation. The differences in soil moisture dynamics were larger in the dryer period.



Especially during summer, the deforested area remained wetter after deforestation, whereas this area dried up during the control period. Clearly, this would affect initial moisture conditions for individual precipitation events and therewith water flow in the vadose zone. Overall, the differences between the treatment and reference area were largest for the uppermost sensors (5 cm depth) and smallest for the deepest sensors (50 cm depth). More details about the general changes in soil moisture characteristics that were observed in the Wüstebach catchment can be found in Wiekenkamp et al. [33].



It is important to consider that our current analysis assumed that the precipitation was representative for the control and the treated area in the Wüstebach catchment. On this small scale (38.5 hectares), we did not expect large differences in precipitation between the forested and the deforested area. It is also important to mention that events with frozen soil conditions were removed, but that snow events were not excluded from the analysis. Some of the precipitation events during the winter months might have included snow or snow melt conditions, potentially resulting in no or a delayed soil moisture response. This should, however, not largely affect the outcome of this study, as the focus here is on finding differences in flow response between the control and treatment area.




3.2. Analysis of Differences in Sensor Response Due to Deforestation


To investigate whether deforestation affected flow behavior in the subsurface, changes in preferential, sequential, and no flow occurrence were analyzed by comparing the location averaged percentage of flow (sequential, preferential, no flow) for the control and treatment group before and after partial deforestation. Figure 4 shows the distribution of the temporally averaged flow characteristics of the 19 treated SoilNet locations and the 32 non-treated SoilNet locations for both periods.



The average non-sequential preferential flow occurrence slightly decreased between the control and treatment period for both sensor location groups (reference and treatment area). In both cases, the difference was not significant. The occurrence of velocity based preferential flow, on the other hand, increased slightly after partial deforestation for both sensor groups. However, the increase in the occurrence of velocity based preferential flow was only significant for the treated area. A different impact of deforestation was observed for the occurrence of sequential flow (piston flow) and no flow. In both cases, the sensors in the control group showed the opposite response as the sensors in the treatment area. For the reference area, the occurrence of sequential flow generally decreased significantly, and the no flow response increased significantly. These changes are related to the precipitation characteristics of the events after the deforestation (Figure 2) with lower total amounts and lower maximum intensities. In the treatment area, on the other hand, sequential flow occurred more frequently, and events with a no flow response were reduced (both also significant). Due to the difference in response between the reference and the treatment area, the observed differences were likely directly linked to deforestation.



After analyzing the overall change in flow behavior, it was also interesting to investigate the change in response for individual sensors. This would help to identify whether the general direction of change discussed above was observed for all locations, or if this general trend emerged from spatially highly variable changes for individual locations. For this, changes in flow behavior before and after partial deforestation are visualized in Figure 5 for individual sensor locations. Although no clear and consistent pattern in change could be observed for non-sequential preferential flow (Figure 5A), there were more locations with a strong decrease in non-sequential preferential flow in the reference area. The change in velocity based preferential flow was generally small at all sensor locations, and no clear differences between the treatment and reference area could be identified (Figure 5B). However, a clear and consistent pattern in the change of sequential flow (Figure 5C) and no flow (Figure 5D) was observed for the sensor locations in the control and the treatment area. Whereas the occurrence of sequential flow decreased for almost all sensors in the reference area, sequential flow increased for most locations in the treatment area. An opposite trend was observed for the occurrence of a no flow response. Here, the frequency of no flow decreased at almost all locations in the treatment area and increased at most of the locations in the reference area.



Overall, clear changes in sequential and no flow occurrence were observed, which could directly be linked to the partial deforestation in the Wüstebach catchment. The observed differences were likely related to wetter conditions (e.g., less bypass flow due to hydrophobicity, larger hydraulic conductivity of the matrix) in the deforested part of the catchment (Figure 3) and the larger amount of direct rainfall (no interception). Whereas the results presented here showed clear differences in sequential flow occurrence, several earlier studies have reported clear differences in preferential flow occurrence that were related to different vegetation types [27,39,40,49]. Alaoui et al. [27] found preferential flow both in forest and in grassland soil, but dye patterns suggested stronger interactions between macropores and matrix for forest soils. The macropores in the grassland soils, on the other hand, showed little interaction with the surroundings. Jin et al. [39] and Demand et al. [40] found clear differences in preferential flow occurrence between grassland and forested sites. Zhao et al. [49] also observed more preferential flow occurrence for a forest site as compared to a grassland site.



There are several possible explanations for this discrepancy in results. First of all, differences in preferential flow occurrence were only significant for certain landscapes and precipitation conditions [38] or for certain landscape positions [39] in a part of these studies. The results of Zhao et al. [49] can potentially also be explained by differences in soil type between the grassland and forest site. Most importantly, all these studies compared two steady-state landscapes (mostly forest and grassland). In this study, the deforested area was in a transient stage. Generally, deforestation measures can also indirectly affect water infiltration and soil moisture fluctuations via (1) soil compaction, (2) changes in soil structure, and (3) the leftover material from tree felling. In this study, we however assumed that the soil system maintained many of the characteristics of the original soil and that the soil properties were only slightly affected by the tracks of the harvester [50]. At the same time, part of the hydrological states and fluxes were heavily affected by the deforestation, including the antecedent moisture conditions. These differences in the states and fluxes will however not remain. When the deforested area reaches a new steady-state, the soil system may have a stronger imprint of the new vegetation, and the hydrological states and fluxes will have adapted to the new vegetation and changed subsurface flow processes.




3.3. Event Conditions: Antecedent Moisture and Precipitation


In the previous section, the lack of interception and the increase in soil moisture were proposed to explain the increase in sequential flow behavior and the corresponding decrease in no flow occurrence. To investigate this in more detail, Figure 6 shows the antecedent soil moisture conditions (i.e., soil moisture at the start of an event) for the reference and the treatment area for both monitoring periods. Generally, the distribution of the antecedent soil moisture was widest for the uppermost layer. For the reference area (Figure 6A–C), no clear difference in the distribution of initial soil moisture for the two monitoring periods was observed. For the treated area (Figure 6D–F), a clear difference in the initial moisture conditions before and after deforestation was observed. Soils in the treated area were generally wetter after the deforestation. In the deeper layers, the distributions were narrower after the deforestation. This indicates that the variability in initial moisture conditions in the deeper soil layers (20 and 50 cm depth soil moisture data) was smaller after the treatment.



Previous studies have already shown that precipitation characteristics can explain part of the temporal variation in preferential flow dynamics [36,38,51,52]. In this study, possible changes in these observed patterns were also analyzed. Figure 7 and Figure 8 show the relationship between the percentage of sensors that were classified in a given response group and precipitation amount for the reference and deforested area, respectively. Similar to Wiekenkamp et al. [38], an increase in preferential flow occurrence with increasing precipitation amount was observed. For the reference area (Figure 7), the observed trends were very similar for both monitoring periods. For the treated area (Figure 8), the general patterns were similar, but clear differences in the trends were observed between the control and treatment period. For the same amount of rainfall, more sensor locations showed a sequential or preferential response after deforestation, and fewer sensor locations showed no response. Even though no clear changes in the temporally averaged occurrence of preferential flow were observed (Figure 4), more preferential flow was observed in the deforested area for events with similar precipitation characteristics (Figure 7 and Figure 8). The increase in preferential flow was probably mainly caused by the lack of interception in the deforested area. Likely, this increase cannot be observed in the temporally averaged boxplots (Figure 4), since the rainfall events after the deforestation were generally less intensive (less total, maximum, and mean precipitation). Clearer differences in temporally averaged preferential flow occurrence between the reference and treatment area (Figure 4) might have potentially occurred if the precipitation events would have been more similar.



Altogether, the soils were wetter in the treated area after the deforestation, and the response to rainfall was stronger (less no flow conditions; more sequential flow and preferential flow, probably related to a higher hydraulic conductivity). Previous studies have already indicated that higher initial moisture content can increase the occurrence of preferential flow (e.g., [36]). Liu and Lin [37] also reported more preferential flow during wetter soil conditions in the downslope region of the Shale Hills catchment. This might be one explanation for the observed increase in preferential flow response for similar rainfall events after the deforestation. However, the increase in preferential response might also be related to a lack of interception. In this study, the occurrence of sequential flow especially increased for the wetter soil conditions after the deforestation. Here, the question remains whether the wetter antecedent moisture conditions and the lack of interception steered the increase in sequential flow or if a higher frequency in sequential flow would also be observed for the bare soil during dryer soil conditions.




3.4. Implications of the Presented Results


The current study clearly demonstrated the short term effects of deforestation on water flow in the vadose zone, which has a variety of implications. An increase in surface runoff is generally expected after deforestation. However, in the current study, an increase in infiltration (via piston flow and preferential flow) was observed after deforestation in the treated area, which is expected to reduce surface runoff. This was most likely related to the deforestation practices, and it was likely that the use of skid rails made from branches and logs had indeed caused a minimum impact on the soil structure and maintained the preferential flow paths of the forested soil.



A change in preferential and sequential water flow in the soil can also affect water quality and the transport of nutrients in the subsurface. It is well known that preferential flow can either enhance or reduce the filtering capacity of the soil [53] and that preferential flow can reduce the time that is needed to transport solutes and export nutrients from the surface to the groundwater [54,55]. We anticipate that the increase of piston flow will cause an increase in nutrients in the upper layers, which might assist the natural regrowth of plants in the catchment. The observed increase in preferential flow after deforestation (for similar precipitation events), on the other hand, will likely enhance the transport and export of nutrients, such as phosphorus (e.g., [56]), to deeper soil layers and the groundwater.



The increase in water infiltration into the subsurface via preferential and piston flow can also affect soil carbon allocation. Carbon stored in soil and plant residues is receiving considerable interest, because they present a long term carbon sink that can be affected by climate and land use change [57]. This, in turn, can affect the transport of Dissolved Organic Carbon (DOC) through the vadose zone (e.g., [58]). Clearly, the transport of DOC is closely linked to its transit time as it reflects the potential of soils to buffer DOC [59,60]. The results of this study suggested that DOC export at the catchment scale will also be influenced by the direct effect of deforestation on preferential flow processes. We anticipate that the observed increase in preferential flow occurrence after deforestation (during similar precipitation conditions) may cause increased DOC export especially during intensive precipitation events.





4. Conclusions


This study focused on the effects of the partial deforestation on flow conditions in the vadose zone of the Wüstebach catchment. A total amount of 717 precipitation events was analyzed for 51 locations, including 367 pre-deforestation events and 350 post-deforestation events. It was shown that partial deforestation increased the occurrence of sequential flow and decreased the occurrence of no flow in the treated area. Similar precipitation events caused a spatially more extensive sequential and preferential response in the deforested area, which could be explained by the higher antecedent moisture conditions in the area and the lack of interception. The conditions in the reference area served as a control and showed that the observed changes in the deforested area were not caused by differences in climate conditions. This study highlights that the use of sensor response time analysis in combination with vegetation change measures can be a powerful tool to increase the understanding of the occurrence of preferential and sequential flow related to land use change.
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Figure 1. The TERENO (Terrestrial Environmental Observatories) test site Wüstebach: (A) the deforestation experiment, (B) the clear-cut area (photo: I. Wiekenkamp), and (C) the soil classification of the catchment and the locations of the 51 selected SoilNet locations in the reference area (32 locations) and the treatment area (19 locations). Soil classification is according to FAO guidelines (original source soil map: Richter [47]; recording scale 1:2500). 
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Figure 2. Comparison of precipitation event characteristics before (blue) and after (red) partial deforestation using a normal y-axis (right) and a log scaled y-axis (left): (A) total event based precipitation, (B) maximum event based precipitation, (C) mean event based precipitation and (D) the total event duration. Characteristics marked with an asterisk (*) were significantly different (5% significance level; t-test in MATLAB 7.12). Data identified as outliers are indicated with a red “+” symbol. 
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Figure 3. (A) Daily precipitation, (B–D) soil moisture (SM) at 5, 20 and 50 cm depth, respectively, and (E) the number of events per month for the control and treatment period. The black lines in Panels (B–D) show the average moisture content in the treatment area (before and after the deforestation). The green lines in Panels (B–D) show the average moisture content (SM) of the 32 locations that remained untreated throughout the entire monitoring period. The vertical magenta lines indicate the start and end of the control period (line 1 and 2) and treatment period (line 3 and 4). The first time period marked in grey indicates a soil freezing period that was left out of the analysis, and the second period marked with grey indicates the period in which the deforestation took place. 
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Figure 4. Comparison of temporally averaged flow occurrence for the untreated and treated area before and after partial deforestation. Blue boxplots (filled and empty) show the results for the control period, whereas red boxplots (filled and empty) show the results for the period after deforestation. The asterisk (*) indicates a significant difference (5% significance level) between the two monitoring periods. Data identified as outliers are indicated with a red “+” symbol. 
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Figure 5. Spatial change in frequency of flow occurrence between the control and the treatment period for the reference and treatment area (shown in grey) in the Wüstebach catchment. 
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Figure 6. Distribution of initial soil moisture (SM) conditions for the two monitoring periods (Figure 3) for the treated and the reference area. 
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Figure 7. Effect of total precipitation on preferential flow generation for all 367 individual events before (blue) and 350 events after the treatment (red) in the reference area. The larger circles and crosses indicate the average flow occurrence for a given precipitation class. The size of the circles and crosses indicates the number of events within the given class. Please remember that no deforestation took place in the reference area. N.S. = Non-Sequential and V.B. = Velocity Based. 
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Figure 8. Effect of total precipitation on preferential flow generation for all 367 individual events before (blue) and 350 events after the treatment (red) in the treated (deforested) area. The larger circles and crosses indicate the average flow occurrence for a given precipitation class (see legend). The size of the crosses and circles indicates the number of events within the given class. N.S. = Non-Sequential and V.B. = Velocity Based. 






Figure 8. Effect of total precipitation on preferential flow generation for all 367 individual events before (blue) and 350 events after the treatment (red) in the treated (deforested) area. The larger circles and crosses indicate the average flow occurrence for a given precipitation class (see legend). The size of the crosses and circles indicates the number of events within the given class. N.S. = Non-Sequential and V.B. = Velocity Based.



[image: Water 12 00035 g008]








© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
9% Non-Sequential Preferential Flow

% Sequential Flow

3

)

3

o,

3

(B)

50
Total P (mm)

100

9% Velocity Based Preferential Flow.

B
o

50
Total P (mm)

100

X

= R

[Control Treatment

O >0 Events
O 26-40 Events
O 16-25 Events
O 6-15Events
© 1-5Events

- Single Event

50
Total P (mm)

50
Total P (mm)

100






media/file4.png
(B) Max. Precipitation *

(wuwi) uonendioald
(9]

, w0 0
T L PP EHT
e me—{ TH

(A) Total Precipitation *

------------------------------------------

((ww) uoneydioaid) 6o

(wuw) uonendioald

+ | m
e BRI
Tg) -~ Te (o
i o

((wwy) uonendiosid) BoT

(D) Event Duration

(C) Mean Precipitation *

(s1y) uoneinQ
O 0O 0 0 O O
O O F O N -

T P S L

---------------------------------

(4p) (Q\| . o

rD. o [p] ~—

((ww) uoneydioald) 6o






nav.xhtml


  water-12-00035


  
    		
      water-12-00035
    


  




  





media/file16.png
% Non-Sequential Preferential Flow

% Sequential Flow

18 =

0 50

50
Total P (mm)

% Velocity Based Preferential Flow

50
Total P (mm)

.= [Control Treatment
: 1 X O >40 Events
X () 26-40Events
X O 16-25 Events
X O 6-15 Events
* o 1-5Events
Single Event

0 50

Total P (mm)





media/file2.png
Control Locations
Deforested Locations
SoilNet (All Locations)
Wistebach Stream
Contour Lines

Deforested Area

Cambisol

Gleysol
- Histosol

Planosol

Planosol/Cambisol






media/file5.jpg
40

20

P (mm)

60

20

60

40
20

60
40

SM-50 cm (vol. %) SM-20 cm (vol. %) M -5 em (vol. %)

No. of Events

40

)
2011 2012 2013 2014 2015
®)
www)v
s
©
T e
©) 1
o e
T e
®©
2011 012 201 2014 2015






media/file3.jpg
(ww) uoneydioag (s1y) uopeing
o o 238288 ¢°
L 2 o o 88888¢
v+ srmmne—{ T} o+ {1
A ] ot womt—— TH
§ <
s £
2 T E e
8 3
£t | |
i i
2T S TR YETeTITD @
7 3 3 g§--<-<-" 33
= ((s1y) uopeing) B

((ww) uoneydioaid) 6o

(ww) voneydioaly

s g 2 "
8 8 8§ &8 o R )

e e {])

wr w owne{T

[Nt






media/file1.jpg
L conortecaons

* Osretgtocaans
-
[IS——,
ot s
Ostresidies

(] comment sonsares






media/file7.jpg
(A) Non-Sequential
Preferential Flow

(B) Velocity Based
Preferential Flow

T Y] 6
(1775 T . W 8
g L 7lr r g & -
5 | 54 T
¥
82 ELE | 8, 7
= I N ] l
0 - T
Reference  Treated Reference  Treated *
area area area area
(C) Sequential Flow (D) No Flow
. - 80 -
40—t T T TlT
3 T T 860 Ei . 1
£ T e +
g I 8 E| -
320 EI Q l 3404 T L
8 T 8
o i o
=10{ L ; =20
4 & 1 *
0 x
Reference* Treated * Reference* Treated "
area area area area





media/file10.png
(A) Change in Non-Sequential Preferential Flow  (B) Change in Velocity Based Preferential Flow

e i

®>-15%
@ -15%--5%
o -5%-0%
* 0%-5%
@ 5%-15%
@ >15%

(C) Change in Sequential Flow (D) Change in No Flow

0 150 300 600 Meters






media/file12.png
(B) Reference Area -20 cm (C) Reference Area -50 cm

(A) Reference Area -5 cm
. .””””””? .............. g ....... 150

ABL) ofvivianiinsiing P RERE o 150
> ' 3 >
5 100 .................................... 5 100 .................................. % 100 S
- — = |
O O O
e 54---- BB B B0y Bl oo e A -y NOUUNER [ RUSRRBER——-—
LL LL
0 : 0 : 0 z .
20 40 60 20 40 60 20 40 60
Initial SM (vol. %) Initial SM (vol. %) Initial SM (vol. %)
(D) Treated Area -5 cm (E) Treated Area -20 cm (F) Treated Area -50 cm
150 150 .............. é ............ é ....... 150 :
) > 3
8 100 g 100 .............. é ............ ? ....... g 100
= el : Z P |
O ~y : : O
© 50 Q 504 e 2 B s © 750
L L : L
0 0 : 0
20 40 60 20 40 60 20 40 6
Initial SM (vol. %) Initial SM (vol. %)

Initial SM (vol. %)

mmm  After deforestation measures

mmm Before deforestation measures






media/file9.jpg
(&) Change in Non-Sequential Preferential Flow  (B) Change in Velocity Based Preferential Flow

®>.15%
©15%-5%
o 5%-0%
© 0%5%
® 5%-15%
°>15%





media/file0.png





media/file14.png
—_—
O—L

—
o
N
N

—_
o—\
sl
]
x
x
o

sk
o
1

% Non-Sequential Preferential Flow

—
@
(N}

% Velocity Based Preferential Flow

90 50 100
Total P (mm) Total P (mm)

A
o,

&+ [Control Treatment
121 X (O >40Events
“0 ] x O 26-40Events
O 16-25 Events
O 6-15 Events

X X

% Sequential Flow

x o 1-5 Events

- Single Event

0 50 100 0 50 100
Total P (mm) Total P (mm)





media/file8.png
% QOccurrence

% QOccurrence

0]

(A) Non-Sequential
Preferential Flow

o O

Reference

area

Treated
area

(C) Sequential Flow

Reference*

area

Treated *
area

(B) Velocity Based
Preferential Flow

MEN ()

N
N P

% Occurrence

o
L

T tees

Q0
=
Tl Wl |

% Occurrence

= o))
- o
| 1

N
o
PRRETT R T

Reference

area
(D) No Flow

——
'

i

Treated *
area

——
i
H
H
H
'
H
-

+

+

Reference*
area

Treated ”
area





media/file11.jpg
Frequency

Frequency

15

0

3

(#) Reference Area -5 cm

150

100

50

0

(8) Reference Area -20 cm (€) Reference Area -50 cm

150 ™
o B0 e B oo !
s )
0 0
o s @ w % @
Initial SM (vol. %) Initial SM (vol. %)
© Tressa e scm @Tessahea 200 ) Tresed Avea-S00m
150 150
) )
E 50 E 50
0 0
% w0 e o w0 W W @

Initial SM (vol. %)

Iitial SM (vol. %) Initial SM (vol. %)

= Before deforestation measures == After eforestation measures






media/file6.png
2012 2013 2014 2015

2011

—
: S =
= -
anen sanann ugayRagy
: ot
£ < L
-
- —
C
v"
e
? p—_
-
R o7
s -
—
\k -
: e~
5 ==
P -
” i
-
\ -
-
- ~— : L
e
= |
—_—
: -
g == |
o0
=
TEET - e - |
'8 UAD)
ol

o O O
© < «

(% °|oA) W G- NS

\.II,. . B — —
O . )
=l
ol
- -

ked K S
OO < « © < «

(% "|oA) wo 0Z- INS (% [oA) W0 0G- NS

SJUSAT JO ON

2012 2013 2014 2015

2011





media/file15.jpg
% Non-Sequential Preferential Flow

% Sequential Flow

3

S

(B)

50
Total P (mm)

©

50
Total P (mm)

100

[Control
X

XX

Treatment
O >40 Events
O 26-40 Events
O 16-25 Events
O 6-15Events
© 1-5 Events

- Single Event

o (D)

50
Total P (mm)

100

0

50

100

Total P (mm)





