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Abstract

:

This study focuses on avoiding negative effects on surface waters using new techniques for identifying wet areas near surface waters. This would aid planning and designing of forest buffer zones and off-road forestry traffic. The temporal variability in the geographical distribution of the stream network renders this type of planning difficult. A field study was performed in the 68 km2 Krycklan Catchment to illustrate the variability of a boreal stream network. The perennial stream length was 140 km while the stream length during high-flow conditions was 630 km. Comparing the field-measured stream network to the network presented on current maps showed that 58% of the perennial and 76% of the fully expanded network was missing on current maps. Similarly, cartographic depth-to-water maps showed that associated wet soils constituted 5% of the productive forest land during baseflow and 25% during high flow. Using a new technique, maps can be generated that indicate full stream networks, as well as seasonally active streams and associated wet soils, thus, forestry planning can be performed more efficiently and impacts on surface waters can be reduced.
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1. Introduction


Today, forestry is often performed using various forest machinery and forest soils can be subjected to traffic several times during a rotation period. Because of the increasing need for forest bioenergy to meet green energy targets including the EU Renewable Energy Directive, harvest intensity is expected to increase in many countries [1,2]. This will place additional pressure on boreal water quality [3,4], for instance by increased off-road forestry traffic. Driving with heavy machinery on forest soils can cause rutting and soil compaction [5]. This can affect soil biology and change the microbial community [6,7], gas emission rates [8,9], root development [10] and thereby tree growth [11]. Here, we focus on the effects on surface water, caused by changing the natural flow-paths and erosion of mineral soil exposed in wheel tracks which can lead to increased sediment transports in discharging streams. In forestry, primary sediment sources are road crossings [12], logging roads and skidder trails [13] and ditching activities [14]. Sediment transport can cause siltation in downstream gravelly stream beds [15], thereby decreasing reproductive success of fresh-water fish by reducing permeability of spawning gravels and reduce oxygen supply to ova [16]. It can also affect the benthic macroinvertebrate communities by particle accumulation on body surfaces, respiratory structures or disrupt the feeding system of filterers [17]. Rutting along slopes and wet soils can create new channels for runoff and change the natural course of a stream by providing alternative pathways in wheel tracks. Moreover, rutting can lead to increased leakage of mercury to surface waters. Munthe and Hultberg [18] reported a six-fold increase in the stream concentration of methyl-mercury over a period of at least three years after a tractor had crossed a stream and created a temporary dam upstream.



Since the 1950s, forestry has become heavily mechanized in many parts of the world. Cut-to-length logging is common in the northern boreal zone [19,20]. This system includes a harvester and a forwarder, of which the latter usually exerts the highest total pressure on the soil. A large laden forwarder can weigh 40 Mg. Forest machinery may also be used at thinning, fertilization, site preparation and harvest of logging residues for energy production. The machinery used for these operations are generally more light weight compared with a large forwarder. However, site preparation and harvest of logging residues after final felling (for energy production) are typically performed at more sensitive ground conditions, i.e., on regeneration areas where the groundwater level has risen due to harvesting and enlarged the discharge areas.



Forest buffer zones along surface water have been recognized as a means to mitigate negative effects of forestry on aquatic ecosystems [21]. As the interface between upland areas and surface water, the riparian forests (RF) provide many ecosystem functions that are important for biodiversity and biogeochemistry of both terrestrial and aquatic ecosystems [22,23]. Hence, riparian forests require special attention in forestry planning. Their filtering function protects aquatic ecosystems against excessive loading of nutrients, pollutants and sediments [12,24] and RFs have an important role in soil biochemical cycles [3]. RFs also provide inputs of nutrients and dead wood for aquatic organisms and control water temperature and insolation by shading [25]. In most of the major temperate and boreal timber-producing regions (e.g., Fennoscandia, North America, and Russia), forest buffer zones comprising parts of or the entire RF are left around lakes and streams [26,27,28]. Because it is convenient and easy to implement, fixed-width forest buffers have become a standard practice [29]. Buffer strips can range from 2–3 m to 300 m and depending on the aim of the buffer, for example to protect water quality or the habitat and species, studies have shown that the buffers need to have different widths to be effective [28,30].



While small streams (first and second order streams) have been in focus for hydrological and biogeochemical research for decades, small or intermittent streams have not been given the same attention in ecological research [31], in mandated monitoring [32] or by commercial forestry. Forest buffer zones are often missing along small streams in North America and Fennoscandia [29]. The legal protection of intermittent streams and how they are incorporated into policy and management vary widely depending on how temporary waters are defined by authorities, as well as the kind of protection given [33]. However, due to the organization of stream networks and thus the large total length of small streams [34], increasing the protection for small, temporary streams could affect substantial areas of forest land, which may decrease overall timber production. So, while environmental advocates argue that intermittent streams are essential to the integrity of entire stream networks, developers argue that full protection will be too costly [33]. Another issue for management is that many small streams are missing on hydrological or topographic maps [35].



Logging residues, also known as slash or brash, i.e., tops, branches and needles, are an important resource and many countries use logging residues as a biofuel source. However, these logging residues are also used as ground protection to prevent rut formation in sensitive areas. This leads to a possible conflict regarding the use of logging residues, as an energy source or for ground protection. However, this potential conflict could be partly offset by improving the forestry planning. With more detailed information on the location of sensitive areas, the need for logging residues as ground protection can be better optimized. Detailed maps of stream networks and wet areas provide crucial information when planning forestry operations to avoid serious impacts on surface water. With this type of information, the use of logging residues can also be better optimized between energy production and soil and water protection. This study aims to improve the planning tools to be used in operational forestry.



The forest soil trafficability changes temporally and spatially over time with the seasons and current weather. Such temporal and spatial changes have implications for forestry planning and operation performance. In the study region, where seasonal dynamics in forest hydrology are pronounced, stands are often divided into two categories to avoid soil damage; stands growing on dry soils are assigned for summer harvest, while stands on wetter soils are assigned for harvest on frozen soils. However, with climate change, winters in Scandinavia are predicted to be warmer [35] and wetter, and runoff during winter is predicted to increase [36]. The risk for soil damage during off-road operations is therefore likely to increase in the future; hence, new planning systems which address the trafficability of forest soils in more detail are needed.



The aim of this study was to develop a framework of how high-resolution maps calculated from digital elevation models, taking into account seasonal variability in forest hydrology, could be used as planning tools in operational forestry. We used empirical data from the boreal 68 km2 Krycklan Catchment to determine how the stream network changes throughout the year to develop map models showing the seasonal dynamics in the stream network and discuss the implications from a perspective of improving the protection of surface waters. We also show empirical data of the consequences of driving on forest soil, by presenting results from a forestry traffic experiment and discuss the challenges of expanding discharge areas. We believe that the arguments and tools presented here represent a significant step forward and should bring many benefits to modern forestry, as well as increasing the surface water protection by including seasonal variability in stream networks into forestry planning.




2. Experimental Section


2.1. Stream Network Variability


2.1.1. Site Description


The spatial variability of the stream network was analyzed by a combination of field mapping and GIS modelling for the boreal 68 km2 Krycklan Catchment in Northern Sweden [37]. Forest and mires cover most of the landscape (87% and 9%, respectively). Agricultural land covers only 3% and lakes 1%. Forestry is the main land use and most of the area is second growth forest, however 25% of the catchment lies within the Svartberget Reserch Park and has been protected from forestry since 1922. The forests are dominated by Scots pine (Pinus sylvestris L.) and Norway spruce (Picea abies (L.) H. Karst). The mineral soils are dominated by till in which well-developed iron podzols have developed. The catchment has been further described in Laudon et al. [37].




2.1.2. Field Survey of Stream Heads


Stream heads were defined from the point in the landscape from which water was running on top of the soil down to the stream network (Figure 1A,B). Stream heads were located upstream of recognizable stream channels during high flow but inside distinct channels or on peat soils (Figure 1C) during baseflow. Local puddles were excluded as they were not connected to the streams through surface runoff. During high flow many of these intermittent streams are only active during a couple of days and do not have a clear stream channel, however, running water on top of the soil indicate saturated conditions and a high groundwater level, so for the purpose of mapping flow initiation thresholds as a basis for modelling groundwater levels (DTW, see below), we argue that this is a better definition of stream heads than the use of channel initiation. One hundred and twenty-one stream heads were located in the field and the geographical positions for each head were determined using hand-held GPS, with an accuracy of <10 m for 95% of the measurements. For this study, all stream heads were mapped on till soils and mires. The stream heads were mapped nine times during different hydrological conditions in 2013–2014. The mapping during the highest discharge was conducted on the 14 May 2013, only three days after the peak of snowmelt, when specific discharge was 4.13 mm·day−1. Discharge measurements were conducted using a pressure transducer connected to a Campbell Scientific datalogger at the monitored V-notch weir using established rating-curves in the Krycklan Catchment, Kallkällsbäcken, C7, a.k.a. Svartberget catchment, which lies in the middle of the surveyed area [38]. Mapping during the lowest base flow conditions, when the specific discharge was 0.06 mm·day−1, was conducted on 30 October 2013 after a long drought period. During this occasion, another monitored stream in the Krycklan Catchment, Västrabäcken, C2, dried out, which has only happened three times in the 30 years since measurements started. This drought can therefore be considered a 10-year event.
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Figure 1. (A,B) Example of stream heads (trickles) during snowmelt; (C) Example of a stream head during base flow. 
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2.1.3. GIS Modelling of Stream Network


The hydrological modelling was conducted from a bare-ground digital elevation model (DEM), generated for all of Sweden by the Swedish Mapping, Cadastral and Land Registration Authority. The DEM is based on high-resolution elevation scans using LiDAR technology (Light Detection and Ranging) with a point density of 0.5–1 points per m2, an average xy point error of 0.4 m (SWEREF 99 ™), and a vertical accuracy of 0.1 m (RH 2000). A 2 m × 2 m bare-ground DEM, with an average elevation error of 0.5 m, was generated from the ground elevation returns of the LiDAR signals using triangulated irregular network (TIN) interpolation. The resulting DEM was hydrographically corrected by automatically breaching roadside impoundments and by removing DEM-wide depression artifacts [39].



The coordinates of the stream heads were mapped in ArcMap 10.2 and superimposed on the DEM. The area draining to each stream head was calculated using the D8 algorithm [40,41]. This gives the field mapped “stream initiation thresholds”, sometimes also referred to as “channelization threshold” or “source areas”, i.e., how much drainage area is needed to initiate a stream. The stream initiations thresholds were plotted against daily average discharge and the curve-estimation procedure in IBM SPSS Statistics 22 was used to fit curves to the data. All methods were tested and the best fitted curve (the inverse curve) is displayed in Figure 2.



By varying the flow initiation threshold according to the results from the field study of stream heads (ranging from 1 ha during spring flood to 15 ha during baseflow), different stream networks were generated, showing the expansion and shrinkage of the stream network over time (Figure 3A,B). The stream network length was calculated for several flow initiation thresholds ranging from 1–15 ha (Figure 4). The resulting modelled stream networks were compared to the stream network on the most detailed map currently available, the Property map (1: 12,500), Lantmäteriet, Gävle.
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Figure 2. Stream initiation threshold area (ha), also known as channelization threshold or source area, for the stream heads of natural streams and ditches, respectively. The dots denote field measurements on till soils during different flow situations (Q), i.e., how much land area (ha) is needed before a stream develops. 
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Figure 3. The stream network in the Krycklan Catchment during baseflow (left) (using 10 ha stream initiation threshold) and spring flood (right) (using 2 ha stream initiation threshold). 
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Figure 4. The stream network length for the Krycklan Catchment as a function of the stream initiation threshold area. 
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2.2. Wet Areas Mapping


The distribution of wet areas, the discharge areas was modelled throughout the landscape from the DEM. A discharge area is an area where groundwater emerges at the surface; an area where upward pressure or hydraulic head moves groundwater towards the surface. Ågren et al. [42] tested several methods of calculating wet areas from digital terrain indices and found that cartographic Depth-to-water index (DTW) was a robust method with high predictive power for soil wetness. The DTW index [43,44] is the least-cost elevation difference (in meters) to the nearest open water body (in our case the field-mapped stream network). The cells in the stream network were set to be 0. DTW was then determined for each of the resulting flow networks according to Equation (1).





   [ D T W    ( m )  =    [    ∑  ​    d  z i    d  x i    a  ]   x c  ]   



(1)




where dz/dx is the slope of a cell along the least-elevation path, i is a cell along the path, a is 1 when the path crosses the cell parallel to the cell boundaries and 1.414214 when it crosses diagonally; xc represents the grid cell size (m) [43].



The area of the landscape that was classified as a discharge area (DTW < 1 m) was calculated (Figure 5). In the lower lying part of the catchment there is a sedimentary area including patches of agriculture land, and large low-productive mires are common in the upper parts of the catchment. Because the focus of this study is on forest land, anything outside productive forest land (defined as land with a potential mean yield capacity of at least 1 m3 for total stem volume over bark per ha and year over one rotation period) was excluded from the calculations.




2.3. A Case Study: Rutting Caused by Forwarder Traffic in Relation to Generated DTW-Maps


Data from a study-plot experiment situated in Northern Sweden (Figure 6) on 64°32.5′ N, 20°4.3′ E and 64°19.4′ N, 20°35.5′ E were used to compare the results of the DTW-maps against field measurements of rutting. DTW-maps were generated for the study sites as described in Section 2.2 and compared with the rutting caused by repeated passes with a laden forwarder. The treatments, applied to study plots established along four harvested hillslopes, consisted of no forwarder traffic and forwarder traffic without soil protection, on logging residues and on logging mats, respectively. The study plots were clear-cut, without driving on the plots, about half a year and one and a half year, respectively, before applying the treatments. Here, we only present results from the treatment without soil protection (Figure 6 and Figure 7).
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Figure 5. The black and white background map shows the sunlit elevation model of a subsection of the Krycklan catchment. Superimposed are the depth-to-water index maps which mark the wet areas along the stream network. Blue areas indicate wet areas during spring flood and green areas indicate areas that remain wet during baseflow. The darker colors (blue or green) indicate that the modelled groundwater level is closer to the soil surface and hence wetter. 
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The forwarder was a John Deere 1410D with eight wheels mounted on four axles. It was equipped with 700 mm wide tires and bogie tracks on both front and rear wheel pairs. The total weight (obtained from measurements) of the laden forwarder was approx. 35 Mg at site 294 Rotflaka Myran and 33 Mg at site 296 Trågalidberget. The forwarder drove up and down the harvested slopes two to three times, a total of four to six passes. Due to severe rutting, some passes had to be shortened at the downslope end. The rut depth from the original soil surface was measured with a ruler at 1 m interval along the study plots.




2.4. Expansion of Discharge Areas Following Final Felling


After final felling, the water balance changes because evapotranspiration is reduced after removal of the trees. This in turn leads to an increase in storage of water, i.e., increasing groundwater levels which in turn increase runoff but also expand the discharge area. Using Darcy’s law and Dupuit assumptions that the flow on each level is horizontal, the expansion of discharge area up along the hillside can be calculated. Site 294 Rotflaka Myran was used as an example because the till at 296 Trågalidberget was more heterogeneous.
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Figure 6. Field experiment in northern Sweden, using study plots in a randomized block design, to study forwarder traffic on harvested slopes. (A,B) show the aerial photos of the study sites and the location of the wheel tracks in the study plots subjected to the treatment forwarder traffic without soil protection (red lines for the wheel tracks in block 1, green lines for block 2, and purple and orange lines for two additional plots which were not part of the original study); (C,D) show the sunlit elevation model (in greyscale) with a high flow DTW-index map superimposed (1 ha stream initiation). The location of the green baseflow DTW model as seen in Figure 5 is not visible in these areas, but starts just outside the displayed maps. 
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The saturated discharge area starts at a distance from the water divide where the recharge to the groundwater above equals the maximum possible groundwater discharge (when the groundwater reaches the soil surface). Mathematically,


   [ R · x · w = − K · t · w ·   d h   d x   ]   



(2)




where:

	
R = recharge to the groundwater (m·s−1)



	
x = distance to the water divide (m)



	
w = width of the slope (m)



	
K = saturated hydraulic conductivity of the soil layer (m·s−1)



	
t = thickness of the soil layer (m)



	
     d h   d x      = slope of the groundwater surface (assumed to be the same as the soil surface)








The K-value was calculated using SOILPAR 2.0, a program that estimates soil physical and hydrological parameters. The Puckett method [45] was selected and the K-value was calculated from the average particle size distribution of four soil samples sampled at 20 cm depth along the plots (Figure 6). We also calculated the K-value by solving the equation for K based on the following assumptions; The recharge to groundwater (R) on till soils in the study region is 375 mm·yr−1 [46]. x was measured to 175 m based on the distance from the top of the hill down to a mire below the plots that was defined as the border of the discharge area prior to felling. w was the same before and after final felling and can therefore be deleted on both sides of the equation. In till soils, hydraulic conductivity typically decreases more or less exponentially with depth. Here, we approximated that all lateral water movements along the slope occurred in the upper 1 m of the soil (t), which is a good approximation for many Fennoscandian till soils [47,48]. dh/dx was measured on the digital elevation model to 0.06 m·m−1. The expansion of the discharge area was calculated by solving the equation for x assuming that clear cutting the area increased the recharge to the groundwater by 200 mm·yr−1 [49]. Assuming that all of the recharge to groundwater becomes runoff, 200 mm·yr−1 seems to be a fair approximation since six catchments in Scandinavia showed increases in runoff, up to 10 years following clear-cut, by on average 193 mm·yr−1 (SD = 90) [50].
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Figure 7. Rut depth in study plots subjected to repeated passes by a laden forwarder in the study-plot experiments (means for the left and right wheel tracks). The rut depth was not measured in case the mineral soil was unexposed in the track. The colors of the bars correspond to the plots in the map (Figure 6) and the error bars represents the standard deviation. 
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2.5. Measurements of Soil Bearing Capacity and Soil Moisture


Soil bearing capacity and soil moisture was measured at 160 locations in the Krycklan by Edlund [51]. The soil bearing capacity, here measured as Rammsonde Pressure (RP), was measured using a modified Swiss Rammsonde [52]. In short, a cone penetrometer sits mounted on a hollow shaft with a drop hammer mounted on top. The cone is placed on the soil and the penetration into the soil was measured after dropping the hammer 40 cm above the shaft five times. The RP was calculated according to [52]. The RP is the force per m2 needed to penetrate the probe in the soil. Soil moisture was measured with TDR technique using a ThetaProbe ML2x.





3. Results and Discussion


3.1. Spatial and Temporal Variability in Stream Drainage Network and Associated Wet Soils


In this study, we found that there was a large temporal variability in the drainage area needed before a stream head was found, i.e., in stream initiation threshold area. During the two snowmelt events (Q = 4.13 and 2.9 mm·day−1) the stream heads corresponded to threshold areas between 0.4 and 4.4 ha (Figure 2).



The re-inventory during the lowest base flow event showed that only three streams were still actively transporting water and the stream heads were found after 11.4–15.8 ha. The smallest stream initiation areas were often associated with ditches that were activated during times of high flow, while natural trickles occurred on top of the forest floor (Figure 1A,B). During baseflow, the trickles were associated with peat soil in small valley bottoms (Figure 1C) or in the main channels. The stream initiation threshold was inversely related to specific discharge (Figure 2). At times with high specific discharge (Q > 0.5 mm·day−1), the stream initiation threshold was approximately 2 ha (and 1 ha if the land was drained by ditches). During baseflow situations (Q < 0.5 mm·day−1), the stream initiation threshold increased rapidly to about 10–15 ha. Because of the larger variability during baseflow and the fact that the threshold changed rapidly with Q during baseflow situations (Figure 2), it is difficult to identify one threshold value representative of baseflow situations. The long term discharge records for the monitored site C7 (Svartberget) in the Krycklan Catchment, from 1981 and onwards [37], show that the specific discharge is below 0.5 mm·day−1 during 50% of the snow-free period (May–November). Hence, the stream network using the 2 ha flow initiation is active during 50% of the bare ground-period.



By varying the stream initiation threshold in the GIS calculations, the stream network during different flow conditions can be mapped (Figure 3). Figure 4 illustrates how the total length of the stream network changes with stream initiation threshold, which reflects changes with the hydrological situation. According to our calculations, the Krycklan stream network expands from 177 km during baseflow (using a conservative threshold of 10 ha which can be seen to represent a normal year) to 432 km during spring flood (using a conservative threshold of 2 ha) (Figure 3 and Figure 4).



Thus, on an annual basis, the length of the stream network at high-flow conditions is 2.4 times the length at baseflow conditions. On the national map of Sweden with the highest resolution, the Property map (1:12,500, Lantmäteriet, Gävle), the stream network in the study catchment is 102 km. Consequently, only 58% of the estimated 177 km perennial stream network was present on the Property map. When taking into consideration that the entire stream network (using 2 ha flow initiation) was active during 50% of the snow free-period, this corresponds to a situation where 76% of the stream network is lacking on the most detailed map (1: 12,500). These numbers are similar to the findings from a study conducted in the Chattooga River catchment in southern US [53], where 50%–75% of the perennial streams were identified on topographic maps, depending on scale (1:24,000 and 1:100,000). In the same study, only 14%–21% of the fully expanded stream network was mapped on topographic maps. The main explanation to this is that the current maps have been drawn from aerial photos where the smaller streams in the forest landscape are invisible under tree canopies. Obviously, if more than half of the streams are missing on the maps, this renders forestry planning with respect to surface water difficult.



The depth-to-water map illustrates how different stream networks can be used to model discharge areas during different flow situations. During low flow, 8% of the forest land was classified as being wet (following the DTW < 1) while during high flow the corresponding share was 31%. This number includes the mires which are integral parts of the forest landscape, but they are often low-productivity sites and are therefore often not subjected to forest management. Of the productive forest land (≥1 m3·ha−1·yr−1 for total stem volume over bark), the discharge area covered 5% and 25% during low and high flow, respectively. This illustrates the dynamics of forest hydrology and the challenges this poses in planning forestry activities for which the variability in trafficability needs to be taken into account. However, from the field survey of the stream heads, we can capture the expansion and shrinkage of the stream-network in a GIS-model and map the discharge areas during dry and wet conditions (Figure 5).



The map shows the modelled wet areas around the perennial stream network (green area, Figure 5) and the expansion during high flows (blue). Best management practices for riparian buffer zones vary throughout the world [21]. A general trend though is that, due to their large length in the landscape [34], small headwater streams receive less protection [29,54]. The new maps (as the map in Figure 5) can be used to create hydrologically adapted buffer zones as suggested by Kuglerova et al. [55,56] and improve protection for surface water quality by identifying wet areas where for instance off-road forestry traffic and fertilization should be avoided. The main advantages with these new maps are that: (1) the entire perennial stream network is present on the maps; (2) the maps can be made available on computers of forest machinery, thus, providing machine operators with detailed site information. Furthermore, areas sensitive to physical soil disturbance [57] can be identified, since the blue areas on the maps (Figure 5) indicate areas with high hydrological connectivity. Because of this connectivity, any exposed mineral soil in these areas is likely to be transported to the stream network at high-flow situations, increasing erosion and sediment transport in the draining stream with deleterious effects on downstream aquatic habitats [58]. By identifying areas that could be operated during dry conditions but should be avoided during wet conditions, more rutting and soil scarification can be avoided and one major concern for water quality due to forestry can be addressed. While field verification (using hydric soils, the hydrophytic vegetation or the presence of subsurface or surface water to detect the wet soils) is the most reliable way [53] to properly plan management of riparian forests, we propose that the time for this can be reduced by using DEM derived stream networks and associated wet soils. The maps can also be used in snowy conditions when the snow hinders field verifications and unfrozen wet soils underneath the snow can be sensitive for trafficking. To take into account temporal variability in the stream network, in operational forestry is a challenge for the future, but one that can be addressed with these kinds of LiDAR derived maps (Figure 5).




3.2. Soil Bearing Capacity as a Function of Soil Moisture and Soil Type


The DTW maps model the depth down to a supposed groundwater surface, from that it follows that the closer the groundwater level is to the ground surface the wetter the soil should be. However, for forest soil trafficking, it is not so much soil moisture per se that is of interest, but the effect the moisture has on the bearing capacity on the soil. A field study measuring soil bearing capacity in the Krycklan catchment using a modified Swiss Rammsonde [52] showed that there was a significant negative relationship between Rammsonde Pressure and soil moisture (Figure 8). The organic soils had the lowest bearing capacity with RPs less than 500 kPa, independent of the soil moisture. From a surface water protection perspective, this has implications as riparian soils both are wet (which decrease the bearing capacity of mineral soils) and it is common with formation of riparian peats along stream channels [59] due to elevated groundwater levels during much of the year. On dryer soils, ruts are shallow and are mainly formed by compaction of the soil, while on wetter soils rutting causes soil deformation and displacement [60]. This means that the soils along streams are more sensitive to deformation because of both high water content and higher organic content (Figure 8). The large variability in the scatterplot could partly be attributed to the fact that local soil bearing capacity of forest soils also depend on stoniness and root systems, which was observed during the field inventory (Edlund, [61]).
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Figure 8. Rammsonde Pressure (RP) and soil moisture measured at 160 locations in the Krycklan Catchment (inset figure). Results are divided into mineral soils (grey and black dots) and organic soils (white dots). Modified from Edlund [52]. 
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3.3. Expansion of Discharge Areas Following Final Felling


When tree stands are harvested the water balance changes, evapotranspiration is reduced until the tree cover has re-established and during this period water storage in soils and runoff increases [62,63]. This means that discharge areas expand uphill following final felling hence, ruts or other soil disturbances within this area may be connected to surface water and cause deleterious sediment transport. Predicting and mapping this expansion would give forestry planning a way to better manage the quality of surface waters. Using the K-value estimated from SOILPAR, the distance from the water divide to the discharge area changed from 1003 m to 654 m following clear-cutting, meaning that the discharge area would expand 349 m upslope following clear-cutting. When solving the equation for the K-value, the distance from the water divide to the discharge area changed from 175 m to 114 m following clear-cutting, meaning that the discharge area would expand 61 m upslope. This shows how sensitive the calculations of the expansions are to the K-value and how uncertain the K-values are. In our study, the K-value for the soil calculated from soil texture was 1.9 × 10−4 m·s−1, while the K-value by solving the equation for K was 3.3 × 10−5 m·s−1. Another investigation comparing different measurement techniques on a till soil gave K-values ranging from 5.7 × 10−6 to 1.9 × 10−2 mm·s−1 [64]. This illustrates how K-values are notoriously difficult to measure and development of maps that can predict the expansion of the discharge areas with any kind of accuracy seems unlikely because of the (1) sensitivity of the calculations to the K-value; (2) large uncertainties in measured K-values; (3) general lack of K-values for different parts of the landscape and also (4) large spatial variation in K-values within till soils (the dominating quaternary deposits in northern boreal zone).



Despite this, we can still put these results in the perspective of the study-plot experiment. The expansion of the discharge area, based on the K-value measured at 20 cm depth, gave unreasonable numbers. K-values have been found to decrease with soil depth in Scandinavia [48,65,66,67,68] and elsewhere [69,70], and using a K-value from 20 cm depth (1.9 × 10−4 m·s−1) therefore overestimates the overall groundwater-flow in the slope.



The saturated hydraulic conductivity calculated by solving the equation for K (3.3 × 10−5 m·s−1) was close to measured values of saturated hydraulic conductivity in a soil profile in till at Gårdsjön, southern Sweden, where average K was 3 × 10−5 m·s−1 [66]. Based on this K-value, the discharge area would expand in the order of 60 m upslope following clear-cutting at Rotflaka Myran. In the rutting experiment ruts were formed up along the hillslope of roughly that order (Figure 7), indicating wet conditions of up to 100 m uphill.




3.4. Preventing Rutting


The soil bearing capacity at a given time and space is determined by several interacting factors like soil type, stoniness, root systems and weather situation in combination with the wetting up of soils following clear-cut [71,72,73]. The DTW maps for the study-plot experiment (Figure 6) predicted that only the area at the very bottom of the hillslopes acted as discharge areas. Yet, ruts (≥20 cm deep wheel tracks) were formed some 75–100 m uphill at 294 Rotflaka Myran (Figure 7), and 26–50 m at 296 Trågalidberget, indicating that the DTW maps cannot be used for predicting rutting. However, they can be used to identify the areas where rutting can lead to deleterious sediment transports in adjacent streams and ditches. Ruts in the grey areas on the map in Figure 5 pose a smaller risk for increased sediment transport than ruts in the blue and green areas where the connectivity to the stream is high, and the soils are wetter and richer in organic matter which makes them more susceptible to soil disturbance (Section 3.2). The DTW maps provide the foresters with information on where off-road traffic should be avoided or soil reinforcement must be made, for instance by applying slash or logging mats. Since logging residues constitutes a significant source for forest biofuel, we further suggest that the maps can be used to balance the use of slash for soil and surface water protection and bioenergy harvest. From a surface-water perspective aiming at protecting the near-stream zone from soil disturbance, harvest of slash can be conducted on the soils that are indicated to be dry on the DTW maps which in our case corresponded to 75% of the productive forest area (Figure 5). Note, however, that extra consideration to avoid soil disturbance might be needed also within the grey areas on the maps for example to protect cultural heritage or recreational values.



Apart from protecting the blue and green areas from soil disturbance, it would be useful to also include the area which temporarily will act as discharge area after final felling. However, today we find it difficult to use the DTW maps for predicting the expansion of the discharge areas following final felling, mainly due to the difficulty in finding or estimating accurate K-values for forest soils. The large variability in the length of the ruts at 296 Trågalidberget probably mirrors the variation in soil types within the site, and consequently the variation in K-values.





4. Conclusions


The field survey showed that there was a large temporal and spatial variability in the stream network. It is important to consider this variability when planning forestry operations. Wet area maps (DTW maps) using different flow initiation thresholds can be used to map discharge areas around stream networks for different flow situations representative of different seasons. Our calculations show that due to the lack of, and the poor quality of K-values, it is not possible today to model the expansion of discharge areas following clear-cutting. Thus, the DTW maps cannot be used to predict rutting in general but they can target those areas in need of most protection from a surface-water perspective. The maps can be used in forestry planning to: identify zones sensitive to traffic and soil disturbance, suggest site-specific forest buffer zones around the perennial stream network, and plan routes for the forestry machinery. We argue that the DTW map for the base-flow stream network (green in Figure 5) can be used to design hydrologically adapted forest buffer zones, variable in width, along perennial streams as suggested by Kuglerova [56]. We further argue that the area within the DTW maps for high-flow situations (Blue in Figure 5) can be used to indicate areas sensitive to soil disturbance, for instance, that caused by off-road forestry traffic and soil scarification. Thus, the transport of deleterious sediment to adjacent streams may be avoided.
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