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Abstract. Trafficking wet soils within and near stream and fect water quality (Buttle, 2011; Ahtiainen, 1992; Laudon et
lake buffers can cause soil disturbances, i.e. rutting and comal., 2009; Schelker et al., 2012). Major threats for surface
paction. This — in turn — can lead to increased surface flowwaters are soil disturbances such as rutting and compaction,
thereby facilitating the leaking of unwanted substances intowhich subsequently lead to soil erosion and increased sedi-
downstream environments. Wet soils in mires, near streamaent loads. This, in turn, increases water turbidity and sedi-
and lakes have particularly low bearing capacity and arement cover of gravelly stream beds (Lisle, 1989), thereby de-
therefore more susceptible to rutting. It is therefore impor-creasing the reproductive success of fresh-water fish (Burk-
tant to model and map the extent of these areas and assodiead and Jelks, 2001; Soulsby et al., 2001) and macroinver-
ated wetness variations. This can now be done with adequatiebrates (Lemly, 1982). In forestry, primary sediment sources
reliability using a high-resolution digital elevation model are logging roads, skidder trails (Sidle et al., 2006), road
(DEM). In this article, we report on several digital terrain crossings (Kreutzweiser and Capell, 2001), and related ditch-
indices to predict soil wetness by wet-area locations. We varing activities (Prevost et al., 1999). In their review, Moore
ied the resolution of these indices to test what scale producest al. (2005) found that heavy forestry machinery traffic
the best possible wet-areas mapping conformance. We founduring forest harvesting changes water flow paths; further-
that topographic wetness inde%y) and the newly devel- more, it increases soil wetness and soil and stream temper-
oped cartographic depth-to-water indéXr{y) were the best  atures. Surface run-off from ruts along slopes and wet soils
soil wetness predictors. While tif§y derivations were sen- also affect water quality and aquatic habitat. For example,
sitive to scale, théty derivations were not and were there- Munthe and Hultberg (2004) reported that rut formation and
fore numerically robust. Since theTyw derivations vary by  damming of a stream increased the local downstream con-
the area threshold for setting stream flow initiation, we foundcentration of methylmercury (MeHg) by 600 % over a period
that the optimal threshold values for permanently wet area®f 3 years. Subsequently, Bishop et al. (2009) estimated that
varied by landform within the Krycklan watershed, e.g. 1- 9—23 % of Hg in fish in Sweden is associated with increased
2 ha for till-derived landforms versus 8-16 ha for a coarse-Hg outputs from clear-cutting. Kronberg (2014) showed that
textured alluvial floodplain. MeHg loads in clear-cut draining streams increased by 14 %.
Forest harvesting, rut formation and site preparation create
conditions favourable for net MeHg production because of
(i) higher soil temperature on sun exposed soils, (ii) fresh or-
1 Introduction ganic litter from the slash that provides an energy rich carbon

) ) ) ~source for sulfur reducing bacteria, and (iii) anaerobic condi-
Itis well established that forestry, agriculture, transportationsjons due to compaction of the soil following harvesting in
corridors (roads, trails), and other land-use practices can af-
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combination with increased water levels and standing wateDoo deals with flow convergence as well as flow divergence.
pooling in the tracks (EKI6f et al., 2014). Some of the more complex multi-directional flow algorithms
To mitigate against soil disturbances, forest operationamninimise divergence where unrealistic, and give a more nat-
traffic through wet and moist areas and across flow chanural representation of flows along ridges, pits, and flats.
nels should be avoided. Doing so would greatly reduce en- When used in combination with DEM-derived slope lay-
vironmentally and economically costly forest operation “sur- ers, any of the above algorithms can be used to develop soil
prises”. Among these are, e.g. the increasing costs assocwetness indices such as the topographic wetness if@gx (
ated with non-anticipated culvert requirements for streamTarboton, 1997), the topographic position index (TPI; Weiss,
crossings, inappropriate delineations of machine-free zonef001), and the cartographic depth-to-wat@, Murphy et
increases in machine downtime, loss of wood (quality andal., 2007), withTiy; and Dty proving useful for mapping soll
quantity) because of poor wood-landing locations, ineffi- (type, drainage, chemical, and physical properties), soil traf-
cient silvicultural investments (e.g. failed plantations), er-ficability, and species- or community-based vegetation dis-
rors in summer versus winter cutting allocations, and ac-tributions (Murphy et al., 2011; Zinko et al., 2006; Sgrensen
celerated costs regarding harvest block access (Arp, 2009%t al., 2006; Kuglerova et al., 2014). In this regard, some of
Until now, areas that are sensitive to soil disturbances haveéhe above flow-accumulation algorithms perform better than
not yet been mapped at resolutions sufficient to be includedathers. For example, Kopecky and Cizkova (2010) preferred
in forestry planning operations. But, with new and reli- FD8 for vegetation mapping, while Sgrensen et al. (2006)
able high-resolution flow-channel and wet-area mapping andoncluded that using ® improved soil wetness mapping.
follow-up field inspections, best-management practices catMurphy et al. (2009, 2011) found th&ty -based wetness
be enhanced with added financial and economic benefits, tmaps improved from D8 to &, and these improvements
guide machine traffic away from wet areas through on-boardvere scale dependent, whilery maps showed better and
navigation. In addition, this could be done in compliance fairly scale-independent correlations for various soil proper-
with ties, including soil and vegetation type and drainage class.
) . ) Soil wetness maps intended to guide forest planning and
1. The new policy from the Swedish forest industry sug- rejated operational decision making need to be as reliable as
gesting that “driving on forest soils should be planned yqssiple at metre-by-metre resolution across large areas. For
according to soil conditions, surface waters, and culturalip 5t reason, this study analyses and compares lidar-derived
heritage”. In this .policy, rutting i.s acceptab!e or unac- ., TP| andDrw maps, and seven other DEM-derived soil
ceptable depending on the environmental implicationsyyetness indicators (topographic landform, flatness, puddles,
for each s@e. Any rutting in contact with or near streams ;¢ slopes, aspect, profile, and plan curvature) in terms of
and lakes is unacceptable (Berg et al., 2010). their applicability, accuracy, and conformance in emulating
actual soil wetness along streams and lakes for Swedish con-
ditions. The areas selected for this article are located within
the well-studied Krycklan catchment (Fig. 1). The lidar-
derived mapping results for this area are analysed in terms
3. Increased needs for systematic soil and water conservaRf in-the-field wetness determinations along transects that
tion planning and related biodiversity impact-mitigation straddle wetlanc_is and so_|l drainage classgs across forested
efforts (Sass et al., 2012). valleys, floodplains, moraines, and upland tills.

2. The EU Water Framework Directive, intended to estab-
lish a common framework for the sustainable and inte-
grated management of all waters.

The aim of this study, therefore, is to further advance and

test the accuracy of flow-channel and soil wetness map2 Methods

ping as it is currently aided by the increasing availability

of lidar (Light Detection and Ranging) data for generating 2.1  Soil wetness transects

bare-earth digital elevation models (DEMSs). In turn, these

models can be used to map flow direction, flow accumula-For the soil wetness survey, we did not measure soil wet-
tion, and flow channel networks with increasing reliability at ness but mapped indicators along line transects on three
high-metre to sub-metre resolution. Several algorithms to dareas within the well-studied Krycklan catchment (Laudon
this are now available, notably D8 (Jenson and Dominguegt al., 2013) (Fig. 1). The field survey was conducted 10—
1988; O’'Callaghan and Mark, 1984), Rho8 (Fairfield and 14 October 2011. During that period, discharge measured at
Leymarie, 1991), DEMON (Costa-Cabral and Burges, 1994),site C7 (Laudon et al., 2013) was 0.84 (Standard deviation,
FD8 (Quinn et al., 1991; Freeman, 1991)dD(Tarboton, = SD=0.13) mm day?, which matched the long-term average
1997), ADRA (Lindsay, 2003), and M&-algorithm (Seib-  of 0.84 (SD=1.53) mm day for the period 1981-2013. In

ert and McGlynn, 2007). Each of these algorithms have theirArea 1, eight 800-850 m transects were placed perpendicu-
advantages and disadvantages (Pike et al., 2009). For eXar to a number of ridges. The landscape is glaciated and till
ample, D8 produces converging flow patterns only, whileis dominating the soils, apart from a flat wetland located to
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Figure 1. Locator map for Areas 1, 2, and 3 with the Krycklan catchment with its Quaternary deposits. The black lines show the location of
the study transects.

the northeast. The direction of the ice flow from northwest manent water standing on the soil surface. Here, (i) one can-
to southeast can be seen on the DEM by the orientation ohot walk dry-footed in low shoes, (ii) soils are organic (often
the crag and tails and drumlins. In Area 2, twelve transectdens), (iii) conifers occur only occasionally. On “moist soils”
were placed on a long ridge-to-valley hillslope. Till covers the groundwater table is on average at less than 1 m depth.
the hillslope, decreasing in thickness towards the top accordHere, (i) one can walk dry-footed in low shoes, provided one
ing to the Quaternary deposits map (1:100 000, Geologicatan step on tussocks in the wetter parts; (ii) wetland mosses
Survey of Sweden, Uppsala, Sweden). Area 2 also includes ée.g. Sphagnunsp.) dominate local depressions (pits), and
mire at the bottom of the hill. In Area 3, eight 500 m transectstrees often show a coarse root system above ground (ger-
were placed to cross the valley and floodplain of the Kryck- mination point above soil); (iii) ditches are common; and
lan stream. The upper east side of this valley is dominated byiv) soils range from organic (generally fens) to mineral (gen-
a moraine. The floodplain is filled with ice-river alluvium, erally humus-podsols). On “mesic-moist soils” the ground-
containing mostly sand, gravel and boulders. The stream cutvater table is on average at less than 1 m depth. Here, (i) one
through the ice-river sediments forming ravines that becomecan walk dry-footed in low shoes over the entire vegetation
deeper towards the south. area, except after heavy rain or snowmelt; (ii) areas with
The geographical positions for each soil wetness classvetland mosses (e.&phagnunsp., Polytrichum commune,
transition along the transect lines were determined usindPolytrichastrum formosum, Polytrichastrum longisejuare
hand-held GPS, with an accuracy @f10m in 95% of the = common,; (iii) trees show a coarse root system aboveground
measurements. Soil wetness was mapped according to thigermination point above soil); (iv) soils podsolic (humo-
instructions for the Swedish Survey of Forest Soils (Anon,ferric to humic podsols); and (v) the mineral soil is covered
2013). Specifically, temporal variations from dry to wet by a thick peaty mor (thicker than on mesic soils). On “mesic
were to be ignored in favour of determining the underly- soils” the groundwater table is on average at 1-2 m depth.
ing soil wetness regime and the related soil wetness classeslere, (i) one can walk dry-footed in low shoes over the area
i.e. wet, moist, mesic-moist, mesic, and dry soil, for full even after heavy rains/snowmelt; (ii) the bottom layer con-
definitions sednttp://www-markinfo.slu.se/eng/soildes/fukt/ sists mainly of dryland mosses (eBleurozium schreberi,
skfuktl.html The process involved estimating the depth to Hylocomium splendens, Dicranum scopariuri)) ferric
the average water table level during the vegetation periodpodsols with a thin (4—10 cm) humus layer (mor) are com-
in reference to the elevation rise away from open water feamon; and (iv) the bleached horizon is grey-white and well
tures (lakes, streams), wetlands, ditches, and wet obligatorgelineated against the rust-yellow, rust-red, or brownish rust-
(hydric) vegetation. The five moisture classes were defineded B horizon (the darker the colour, the wetter the soil). On
as follows: on “wet soils” the groundwater table forms per- “dry soils” the groundwater table is deeper than 2m. Here,
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(i) dry soils are found on eskers, hills, marked crowns andring to the mean elevations within a rectangle of 3, 5x 5,
ridge crests; (ii) the soils tend to be coarse in texture and in7 x 7, and 9x 9 cells. Negative differences locate local pud-
clude lithosol, boulder soil, and iron podsol formations, gen-dles. Toe slopes were DEM-derived by creating a 0, 1 raster,
erally covered with a thin humus blanket on a thin bleachedwith toe-slope cells marked as 1 and all other cells marked
horizon; and (iii) there can be significant bedrock exposure.as 0. This was done twice by smoothing the 2 m DEM
According to the survey protocol, the depth to the groundwa-across 3x 3 cells and % 9 cells, and selecting those cells
ter was not measured but was estimated based on reading théth a slope change of 11-20 degrees.

terrain in reference to the nearest open water locations such The topographic position index (TPI) compares the ele-

as streams, pools, and ponds. vation of a cell to the mean elevation to the surrounding
cells in a specified area. Positive values represent ridges

2.2 Lidar acquisition and digital elevation model and negative TPI values represent valleys, while flat areas
(DEM) have a value near zero. TPI is scale dependent and was

determined from the 2m DEM using a cell moving win-
Since 2009, Lantmaéteriet, the Swedish Mapping, Cadasdow average of 17, 30, and 50 cells. Topographic land-
tral and Land Registration Authority, is generating high- form classes (TLF) were generated by classifying the TPI
resolution elevation scans using lidar technology (Light De-as follows (Weiss, 2001): 1 — ridge (SP1); 2 — upper
tection and Ranging) for all of Sweden, with a point density slope (0.5< SD<1 ); 3 — middle slope {0.5<SD< 0.5,
of 0.5-1 points per # an averagey point error of 0.4m  slope> 5°); 4 —flat slope {0.5< SD < 0.5, slope<5°); 5 —
(SWEREF 99 TM), and a vertical accuracy of 0.1 m (RH lower slopes{1.0<SD< —0.5); 6 —valley (SD< —1). The
2000). The scanning of the study area was conducted duringumerically higher landform classes refer to lower slopes
optimal conditions: after leaf fall and before snow cover, 11-or valleys and would therefore be wetter than the numeri-
14 October 2010. A 2 mx 2 m bare-ground digital elevation cally lower landform classes (ridges, upper slopes). The to-
model (or 2m DEM for short), with an average elevation er- pographic wetness indextif,) (Beven and Kirkby, 1979)
ror of 0.5 m, was generated from the ground elevation returnsvas calculated using TauDEM 5.08y, was defined as
of the lidar signals. This was done through triangulated ir-
regular network (TIN) interpolation. The resulting DEM was Ty = In(a/tang), Q)
hydrographically corrected by automatically breaching road-
side impoundments and by removing DEM-wide depressiorwhere a is the Bo specific catchment area (contributing area

artefacts. per unit contour length) and is the Doo slope, in radians
(Tarboton, 1997). Flow in flat areas was calculated according
2.3 DEM processing to Garbrecht and Martz (1997). That means that a High

indicates areas were much water accumulates and the slope
All DEM processing was done with ArcGIS 9.3 modelling is low. In contrast, steep slopes drain water and are therefore
tools and TauDEM 5.0. The 2m DEM was used to derivedrier as indicated by lowfiy,. Since estimating slope and
the following terrain attributes in raster format: flow direc- thereforeTyy, is strongly scale dependent (Bléschl and Siva-
tion, aspect, curvature, plan curvature, cartographic depth-topalan, 1995), it was necessary to repeatfijederivation by
water (Dtw), flat areas, landform, puddles, toeslope, topo-smoothing the 2 m DEM using moving windows with 2, 4, 6,
graphic position index (TPI), and topographic wetness index10, 14, 24, 50, and 100 m diameters. Doing so generated 2,
(Tiw1). These indices were evaluated at resolutions varyingd, 6, 10, 14, 24, 50, and 100 m spad&g grids, which were
from 2 to 100 m. Aspect was calculated on a 2, 4, 8, 16, andhen interpolated back to 2 m resolution by way of bilinear
32 m resampled DEM, using bilinear interpolation. Since theinterpolation.
aspect is given in degrees with both 0 and 360 degrees facing The cartographic depth-to-watePD{y) index refers to
north, aspect was computed in radians and then sine tranghe least-cost depth or elevation difference (in metres) to
formed to range from-1 to 1. Curvature was derived from the nearest open water locations such as the DEM-derived
the 2m DEM in the direction of slope gradient (profile cur- streams, lakes, pools, ponds, or shoreline wherg is set
vature) and perpendicular to the gradient (plan curvature)to be 0. This index (Murphy et al., 2009, 2011) was derived
Profile curvature affects the acceleration and deceleration ofrom the 2m DEM as follows: first the DEM was filled and
flow, while the plan curvature affects the convergence and dithe flow direction and FA data layers were generated using
vergence of the flow. Both curvature types were derived usinghe D8 method (Jenson and Domingue, 1988; O'Callaghan
windows spanning 3, 7, and 9 cells. A flatness index was deand Mark, 1984). The resulting FA raster was used to de-
rived from the 2 m DEM using the zonal statistics function to rive the topographically defined flow channel networks with
determine the standard deviation of elevations within aradiu€.5, 1, 2, 2.5, 4, 5, 8, 10, and 16 ha flow initiation thresh-
of 10, 20, and 30 m. A low standard deviation indicates a flatolds. Dty was then determined for each of the resulting flow
area. Puddles within the DEM were identified by subtractingnetworks by determining the least elevational differences be-
the 2m DEM from a smoothed DEM, with smoothing refer- tween each DEM cell and its nearest stream cell according to
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the least-elevation path between these cells. Mathematically, ©  Puddes
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Umea. The statistical tests were done using the recently de- ogTPi17@ g py R ReYloum=0.71
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veloped orthogonal projections to latent structures method s - " P“sdfgp“dd‘”O.O ” " "
(OPLS; Eriksson et al., 2006a, b). This method, which is ’ ’ ’ palt] ’ ’ ’

similar to principal component analysis, separates the vari- _ _
ations of the predictors (the DEM-derived soil wetness pre-Figure 2. OPLS loading plots for Area 1, 2, and 3 and their DEM-
dictors) into two parts: one part that is predictive of the field- 4¢"ved terrain indices regarding soil wetness prediction. Variables
. . . . . in black/grey text have a higher/lower influence on soil wetness pre-
determined soil wetness estimates and is plotted against théa . . . -
. . . » - iction, respectively. Variables that cluster closely within the same
horizontalx axis (denoted “pqg[1]”), and one part that is not

. 1 . o neighbourhood along the far sides of thaxis are the more robust
and is plotted along the vertical axis (the non-predictive g \yetness predictors across DEM scales and landforms. For ref-

axis, denoted poso[1]"). In the resulting plot, the variables  erence, the OPLS projection for soil wetness moisture class (black
with pqg[1] loadings that score high or low on the predic- dot) is also shown.

tive axis are highly positively or negatively correlated to soil

wetness (Fig. 2). SIMCA-R also calculates the influence of

eachX variable in the model, called the variable importance 2.4.3 Confusion matrix

in projection (VIP). Variables with VIR 1 are the most rele-

vant for predicting the variable of interest); In Fig. 2, vari-  The overall conformance abryw < 1 m relative to the wet
ables with VIP> 1 appear in black text, and grey otherwise. and moist soils within Areas 1, 2, and 3 was further tested by
Variables with dots that remain closely clustered across allway of a confusion matrix. This was done using fddy
three study areas and also fall along the far sides of thés performance groups: (i) true positivés) when theDtw <

are strongly correlated with soil wetness across scales anélm correctly identified a wet area; (ii) true negativig
landforms. If the dots for the same variable do not cluster,when Dtw > 1 m correctly identified a dry area; (iii) false
then that variable is sensitive to scale, and only those dots ipositive (Fp) or Type | error, i.e. wherDtyw < 1 m predicts
the closer neighbourhood of the far sides of thexis would ~ wet soils when the soils are actually dry; and (iv) false nega-
achieve the VIP- 1 status. If the dot locations vary strongly tive (Fy), or type Il error, i.e.Dtw > 1 m predicts dry soils
from Area 1 to Area 2 and 3, those locations will be strongly when the soils are actually wet. These tests were applied to
influenced by landform type. the Dtw determinations as these vary by thew-defining
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flow networks, using the flow-initiation thresholds from 0.5 Hillshaded DEM — I S
to 16 ha. The accuracyA¢c), or efficiency, of each of the I ’ & -
Dtw < 1 or>1m locations was assessed by way of

_ (Tp+1N)
(Te+Tn+ Fp+ Fn)

Acc 3
Also used was the Matthews correlation coefficieMtce)

for which a value of 1 indicates a perfect fit, a 0 yields a
results that is no better than random prediction, aidin-
dicates a perfect negative correlatidiicc was calculated as

_ Tp x Ty — Fp x FN
VTp+ Fp)(Tp+ FN) IN+ FR)(IN+ FN)

Equations (2) and (3) were also used to determinedipe

and Mcc values for the currently used 1:12500 property
map for Sweden in reference to the field determined soil wet-
ness values. This map contains all officially recognized sur-Figure 3. Topographic wetness indef, right) derived from the

face water and Wetland featuresy |nclud|ng m”res 2, 24, and 100 m DEMs (left, hill Shaded), fora part of Area 1. Also
shown on the right: lakes, streams, and wetlands (cross-hatched,

red), previously mapped at 1:12 500.

Mcc 4)

100 m DEM

3 Results

The OPLS model quantified the influence of each variableCells with low Ty, values are well-drained dry areas and
on rendering reliable map predictions about soil wetness byare displayed as brown on the map. The overlayigf on
scale and across Areas 1, 2, and 3 as shown in Fig. 2. Amonthe streams and associated wetlands previously mapped at
the variables, Fig. 2 indicates th&trw has a consistently 1:12500m scale (red crosshatch) shows thgt — when
strong influence on predicting soil wetness. In detail, all thederived from the 2m DEM - does not correspond with the
Dty dots for Areas 1, 2, and 3 cluster closely within the wet-area distributions. Howeveky, when derived from the
same neighbourhood along the negative portion of the pre>=24 mDEMs produced good agreements for each of the
dictive soil wetness axis (pq[1]). In contrast, tiig, dots  three areas (Figs. 2 and 3). This is further demonstrated in
do not form a tight cluster but cut across the positive sideFig. 4 by the correspondence between the mapfadval-
of the horizontal axis, with prediction performance &y, ues and the field-determined soil wetness along the tran-
calculated at 24 m resolutiorfify 24) for Areas 1 and 3, and sect lines. The corresponding OPLS-derived optimal flow-
Tw) 50 for Area 2. In addition7yy, calculated at 2m resolu- initiation thresholds forDmy-predicted soil wetness varied
tion (i.e. Tiy 2) scored low on the predictive axis and high on from 0.5 to 2 and 5ha for Areas 1, 2, and 3, respectively
the orthogonal axispyso[1]), thereby indicating that high- (Fig. 2a—c).
resolution DEMSs are not suitable f@{y,-based soil wetness Applying the Acc and Mcc accuracy metrics to thBrw-
determinations. This is also illustrated in Fig. 3. suggested wet soil locations across the combined study areas
The TPI and TLF variables both showed their best soil produced best-overall values of 87.1% and 0.52 with flow-
wetness prediction performance across the three areas whémitiation thresholds of 2 and 1ha, respectively (Table 1).
derived from the 50 m DEM (Fig. 2), but these indices were By study area, the best-attainé¢tc and Mcc values var-
not as good soil wetness predictorsiagy or the bestTyy, ied from 87 to 92% and from 0.46 to 0.70. These ranges
predictors. The flatness index was a good predictor for wetwidened from 72 to 92 % and from 0.15 to 0.72 by varying
areas in Area 1, but did not correspond with the soil wetnesghe Dtw-determining flow-initiation thresholds from 0.5 to
determinations in Area 2 and 3. Toe slopes, aspect, puddle4,6 ha. Across this threshold rang;c andMcc values were
curvature, and plan curvature all ranked low along the predicmore affected by study area than by resolution, wiikc
tive horizontal axis but high on the orthogonal axis in Fig. 2, and Mcc generally decreasing from the 1 to the 16 ha flow-
indicating that these variables are also not good soil wetnesanitiation threshold, while the opposite occurred for Area 3.
predictors. This was also reflected by the across-area standard devia-
Figure 3 illustrates the effect of scale on usifig, as tions of theAcc andMcc estimates by flow-initiation thresh-
DEM-based soil wetnesBy predictor for Area 1 at 2, 24, old: least for 1 to 2 ha for Areas 1 and 2, and least for 8 to
and 100 m resolution. In detail, cells with higky, values 16 ha for Area 3. The somewhat decreasig: and Mcc
have large contributing drainage areas and low slopes. Thegeerformance forDtw using the flow-initiation threshold of
areas are wetlands and are displayed in blue on the maf.5ha is likely due to two reasons: (i) extending the flow
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Figure 4. Soil wetness transects (coloured lines) for Areas 1, 2, and 3 on top of the 24 m DEM-dggivethps (left panel). The hill-shaded

2m DEM is overlain by the cartographic depth-to-watBrr(y) classes ranging from 0 (dark blue) to 1 m (light blue), with flow channels
mapped using a 1 ha flow initiation threshold (right panel). The lower panels show close-ups for Areas 1 (1 ha flow initiation) and Area 3
(10 ha flow initiation).

Table 1. Accuracy Acc, %) and Matthews correlation coefficiengc) calculated for Areas 1, 2, and 3 by determining flow-

initiation threshold, also showing the averages and standard deviations across the areas and the flow-initiation thresholds. The best results ar
highlighted in bold. For comparison, numbers for the Swedish Property map (1:12500) are also given. The comparison between map data
and ground truth were done on a cell by cell basis (area=B903 cells, area 2 = 3218 cells, and arear8= 2268).

0.5ha 1ha 2ha 25ha 4ha 5ha 8ha 10ha 16ha Average SD Map (1:12500)

Area 1 848 88.6 86.9 85.9 82 815 813 814 777 83.3 3.43 93.4
Area 2 817 839 893 892 882 879 879 885 88 87.2 2.59 90.1
Acc (%) Area3 722 775 846 846 882 89 914915 915 85.6 6.79 90.7
SD 66 56 24 24 36 41 51 5.2 7.2 19 22 18
Whole area 80.3 84.187.1 867 857 857 863 865 848 85.2 2.08 91.2
Area 1 0.66 0.70 0.60 056 039 037 035 035 0.15 0.46 0.18 0.68
Area 2 0.42 039 052 051 044 042 042 046 042 0.44 0.05 0.57
Mcc Area 3 0.29 0.34 0.40 0.36 0.38 0.40046 046 0.46 0.39 0.06 0.28
SD 0.19 0.20 0.10 0.11 0.03 0.03 0.05 0.06 0.17 0.03 0.07 0.21
Whole area 0.50 0.52 0.51 0.48 038 037 038 038 0.27 0.42 0.09 0.61

network to smaller and smaller reaches is directly limited byhillslope. This can, however, be remediated by extending the

DEM resolution; and (ii) with decreasing flow initiation, flow Dtw-based wetland delineations towarfigw > 1 m. For

channels become drier for longer periods during each year. the Area 3 transects across the vall®y,y improved Acc
Figure 5 illustrates differences between the wet areas o§lightly, but improvedMcc strongly. GenerallyMcc is a

the Swedish properties map and they map: many small  better measure of model performance th&as (Girard and

previously unmapped wet to moist areas along the transect€ohn, 2011).

conformed to the latter. Specifically, tiiEny map improved

Mcc for Area 1 (Table 1). For Area 2, both maps produced

similar Acc and Mcc values, but theDtw < 1 m criterion

did not fully capture the extent of wetlands below the long
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Figure 5. Field-mapped soil wetness superimposed on today’s most high-resolution map (property map 1:12500). The wet areas of the
Swedish property map are marked in beige (left) and are superimposed byihe: 1 m map (right; 1 ha flow initiation).

4 Discussion In contrast toliy;, Dtw-based soil wetness mapping does
not require DEM smoothing, and the amount of detail so re-
This study showed that the wet areas can be identified angealed is mainly limited by DEM accuracy and resolution
mapped by way of DEM — derived data layers. The gener-(Murphy et al., 2007, 2009, 2011). Figure 2 demonstrates
ally close agreement between the field-determined locationghat the Dty-based wet-area delineations remain close to
of wet soils and their correspondir@y and Drw values  the horizontal axis of the OPLS projections, and are there-
confirm the underlying assumptions that water movementgore not only less sensitive to DEM scale but also remain
across the study areas are driven by gravity and that topograirly robust by stream flow initiation. Hence, by varying the
raphy controls the resulting water pathways. For the boreathreshold for stream flow initiation, spatial and temporal vari-
forest landscape, these assumptions are consistent with depility of the stream network and adjacent wet soils can also
Iineating the enduring soil drainage and wetland distributionsbe modelled, with Setting lower and |arger threshold values
(Rodhe and Seibert, 1999). for wet and dry seasons, respectively. For example, a 4 ha
For the T determinations, several methods of calculat- flow-initiation threshold tends to reflect end-of-summer flow
ing flow accumulation exist, from the simple D8 algorithm gnd soil wetness. In comparisoP;rw maps based on 1m
(O'Callaghan and Mark, 1984) to the more complex 8D  DEMs and setting 1-2 ha flow initiation thresholds are use-
(Seibert and McGlynn, 2007). Here, we used Tarboton'sfy| (i) for planning or locating road—stream channel cross-
Doo method (Tarboton, 1997) since Sgrensen et al. (2006ngs except for sandy landforms such as, e.g. floodplains and
) showed that this method gave the best results for predictglacial outwash (Campbell et al., 2013); and (ii) for estimat-
ing soil wetness. Which particuldiy) numbers indicate wet  ing the distribution of wet-area obligatory species (Hiltz et
soils, however, vary by landscape, climate, and scale (Zinkaa|., 2012; White et al., 2012). Lowering the flow-initiation
et al., 2005; Western et al., 1999; Grabs et al., 2009; Guntthreshold further to 0.5 and 0.25 ha would emulate soil wet-
ner et al., 2004). The DEM scale is particularly problem- ness and soil trafficability during wet summer weather and
atic for the7iy-affecting slope derivation: with coarse DEM  the snowmelt season (Murphy et al., 2011). Going from flat
grids, flow channels and local depressions are not properlyo montane areas may also require a downward change in the
delineated; with fine DEM grids, locdl variations are  flow initiation threshold from 4 ha, as a reported by Jaeger et
too strong to separate wetlands from uplands (Sgrensen angl. (2007). In arid regions, flow initiations and related depth-
Seibert, 2007) Figures 2 and 3 demonstrate that the scale 48-water mappmg may increase to 1000 ha or more during
to which theT slope should be calculated depends on thedry and drought seasons.
landscape: in Area 1 and 3, the terrain was undulating and a |n reference to the case study area, setting an appropriate
24 m DEM gave the best results. For Area 2, the 50 m DEMflow-initiation threshold for the DEM-derived flow accumu-
Twi derivation gave the best results along the hill slope. Sincgation pattern depends, in part, (i) on the surface expressions
the best, derivations require DEM smoothing for all three of the landscape or landform as these vary from hummocky
areas (Figs. 2 and iy is not the best method for mapping to flat, and (i) on substrate permeabilities as these vary from
small-scale variations of wet areas along wetlands, streamgast to slow (Jutras and Arp, 2011, 2013). In terms of the
and lakes. undulating terrain covered by compacted glacial till about 5—
10 m deep in Areas 1 and 2 (Seibert et al., 2009), saturated
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hydraulic conductivities would decrease rapidly with depth works are of interest in themselves as these determine where
(Nyberg et al., 2001), as is mostly the case on till depositstrails should avoid ephemeral streams, or where to use brush
across Scandinavia and elsewhere (Nyberg, 1995; Beven andats to avoid soil compaction and subsequent sub-surface
Germann, 2013). As a result, (i) 90 % of lateral water move-flow blocking. (For practitioner accounts dbry-derived
ments on compacted tills would occur within the top 50 cm benefits within the forestry, lay-out for oil and gas extrac-
(Bishop et al., 2011), and (ii) the soil portions of these till tion, and park management, seip://watershed.for.unb.ca/
deposits would saturate quickly during wet weather and wetmedia/)
seasons. Hence, subsurface flow would remain shallow and Elsewhere, Dtw-generated data layers already proved
converge quickly into down-slope flow channels, each withuseful in systematic wetland border delineations and wet-
low flow accumulation requirements. In Area 3, the terrain land classification (Murphy et al., 2007; White et al., 2012).
has high hydraulic conductivities (Koch et al., 2011), since it Similarly, Dtw-derived maps can be useful to forecast up-
cuts across ice-river alluvium, which is mostly composed of slope flooding and associated soil wetness distribution once
sand, gravel, and boulders, and the adjacent slopes are distreams are blocked by, e.g. roads, trails, beaver dams, and
sected by steep and deep ravines. Here, (i) water would draitogs falling across streams. In terms of vegetation indexing,
quickly and deeply (Aneblom and Persson, 1979), (ii) moreHiltz et al. (2012) was able to relate a plot-based indexing of
flow accumulation drainage area would be required for wa-vegetation soil-moisture regime preferences tadoBTw).
ter to re-appear within the surface channels, and (iii) only theTo that effect, Zinko et al. (2005) and Kuglerova et al. (2014)
areas immediately next to the water-filled channels would refound a strong relationship between plant species richness,
main wet. As a resultbtyw maps with flow-initiation thresh-  groundwater levels, and local groundwater discharge areas.
olds from 8 to 16 ha were the most accurate for this area The highest resolution bare-earth DEMs produce the best
(Table 1). Dty results across natural landscapes. However, where

Many of the transect-determined wet areas along streamsoads cross streams, it is necessary to ensure natural flow
and more diffuse areas along valley bottoms of this caseconnections across roads. This can be done by breaching the
study were not marked on Sweden’s current property mapDEM (i) at all known culvert and bridge locations, and/or
But, with the Dtw methodology, these areas could be (ii) at potential road blocks and related ditch diversions.
mapped (Fig. 5) with an overall mapping improvement for Where there are flow-path uncertainties, or where the streams
Areas 1 and 3 (Table 1). For Area 2, tigw < 1 m crite- braid, flow accumulation algorithms other than D8 can be
rion would need to be extended faryw > 1 m to capture all  used to generate themy-determining flow channel network.
of the wetland areas. In some cases, using a flatness indé¥here the land is drained by way or subterranean infras-
(e.g. White et al., 2012: mean elevational standard deviatioriructure, it becomes important to “burn” this infrastructure
< 0.1m within 30 m neighbourhood of each grid cell) can into the bare-earth DEM to prescribed depths. Seepage loca-
also be used to extend therw-located wetland areas to- tions and springs that occur outside upslope topographic con-
wards the actual wetland borders. For the Swedish contextrol (e.g. artesian wells; seepage emerging from permeable
however, large wetlands are already well mapped, but usindgpedrock) can also be incorporated into they-generating
these delineations in combination wibhy, as in Fig. 5,im-  algorithm by adding these locations as additiobaly = 0
proves the high-resolution delineation of all the smaller wetdefining locations.
areas next to streams and lakes.

It is suggested that th®T-derived soil wetness maps
can be used to reduce environmentally and economicallys Concluding remarks
costly off-road traffic surprises such as unacceptable rutting.
For example, a recerdty advance dealt with mapping po- Dtw andTy, are both useful soil wetness predictors. How-
tential and actual soil disturbance impacts for the purposeever, Ty soil wetness delineations are sensitive to scale and
of off-road soil trafficability assessment (Campbell et al., landscape variations, and are limited in providing soil wet-
2013). Additional forestry benefits refer to improving har- ness detail at less than their optimal resolution of 24 m. In
vest scheduling (summer versus fall versus winter), in-fieldcontrast,Dtw is fairly scale-independent in predicting wet
harvest navigation, selecting tree seedlings by species foareas and produces a resolution-consistent wet-area delin-
within-block planting dry versus moist and wet sites, opti- eation accuracy of at leadicc = 80 % andMcc = 0.40. In
mising block access routes, and guiding in-block harvestingaddition, Dtw can be further optimised by choosing appro-
and wood-forwarding trails (Arp, 2009). Further operational priate flow-initiation thresholds according to seasons (includ-
benefits refer to knowing how to lay-out the harvest and skid-ing climatic region) and landforms. Doing so would enable a
ding trails depending on current or forecasted weather consystematic reduction of false positive and false negative wet-
ditions by changing th®ty index by flow-initiation thresh-  area determinations. In conclusiabryw maps have the po-
old (Vega-Nieva et al., 2009), i.e. when and where to har-tential to form the next generation of high-resolution wet-
vest and/or to scarify depending on the prevailing weatherarea maps, and the process of doing that would find many
and soil conditions. Th&my-determining flow-channel net- applications in forestry and elsewhere.
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