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The aim of this study was to map the spatial distribution of enchytraeids and humus forms in a study
area in the Italian Alps by means of a knowledge-based modeling approach. The modeled area is located
around Val di Sole and Val di Rabbi (Trentino, Italy) and includes the forested parts in the range between
1100 m and 1800 m a.s.l. Elevation and slope exposure are considered as environmental covariates.
Models were implemented regarding the spatial distribution of three variables at the landscape scale: 1)
enchytraeids indicating mull humus forms, 2) enchytraeids indicating moder/mor humus forms, 3)
humus forms showing an OH horizon. All three models reveal a consistent trend of an increasing
accumulation of plant residues and humus in organic layers from low to high elevations and from south-
facing to north-facing slopes. Validation and uncertainty analysis of input data confirm these trends,
although some deviations are to be expected (RMSE values from validation sites range from 26.3 to 36.2%
points). Effects of additional potentially influencing variables may lead to uncertainties of the model
predictions especially at positions with particular landforms (e.g. gullies and ridges). In the high
mountains environmental conditions are often quite heterogeneous due to a highly variable topography,
which also affects the species composition of the decomposer community and the occurrence of different
humus forms.

© 2017 Elsevier Masson SAS. All rights reserved.
1. Introduction

Soil organisms are of high relevance for the function of terres-
trial ecosystems, driven by their response to environmental con-
ditions and by a variety of interactions among themselves and with
aboveground organisms [1,2]. With reference to decomposition,
soil organisms can be classified into decomposer community types,
i.e. typical, environmentally controlled species assemblages of
decomposer organisms [3,4].

Enchytraeids are usually colorless worms belonging to the soil
mesofauna (length ca. 2e40 mm) and inhabiting the topsoil [5]. As
key members of the decomposer community enchytraeids strongly
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interact with other species within the soil food web. Thus an
externally induced shift in the decomposer community (e.g. land-
use change, soil acidification, invasion of earthworms) also alters
the composition of the enchytraeid assemblage [6,7]. Hence, the
species composition of the enchytraeid assemblage serves as in-
dicator for the state of the entire decomposition system in the
topsoil. The characteristic decomposer community of a particular
site can be inferred from analyzing the annelid coenosis [8].

Variations in the activity of decomposing soil organisms also
reflect differences in the kind of dead organic matter accumulated
in the topsoil. In forest ecosystems, humus forms are distinguished
by the presence of different organic layers (OL ¼ litter,
OF ¼ fragmented residues, OH ¼ humified residues) and by the
characteristics of the uppermost horizon of the mineral soil [9]. As
the relationship between decay processes and main features of the
organic layers is obvious, humus forms are considered as indicators
for soil ecological activity linked with decomposition [10]. Owing to
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this indicator function, humus forms serve as a valuable site-
specific feature for the investigation of environmental changes in
ecosystems.

As to the annelid coenosis, it has been shown from in-
vestigations in the German lowlands that the occurrence of
enchytraeid species varies according to the humus form, with a
threshold between mull and moder/mor humus forms [8]. Mull
humus forms are characterized by a high activity of soil organisms
incorporating dead organic matter into the mineral soil, whereas
moder/mor humus forms are characterized by the accumulation of
highly decomposed dead organic matter above the mineral soil in
the form of an OH horizon.

The spatial distribution of soil organisms and humus forms gives
information about variations of soil quality including carbon stocks
[11e15] and conditions for plant growth [10,16,17]. Hence, mapping
has potential for tracing effects of climate and land-use changes as
well as for supporting forest management [18]. Spatial modeling of
indicators of decomposition such as humus forms and soil organ-
isms is currently lacking [19], especially in high mountain areas
[20,21], although these areas are known to be particularly affected
by environmental changes [22]. Therefore, the development of such
maps is required specifically for high mountain regions.

With this study, we aim at mapping the spatial distribution of
enchytraeids and forest humus forms depending on the elevation
and slope exposure in a study area located in the Italian Alps.
Correlations between the occurrence of humus forms and the
associated enchytraeid species are supposed to be revealed by
means of a GIS-based modeling approach. In order to assess the
current state of an ecosystem, it is often necessary to analyze pat-
terns of decomposition processes at a scale higher than the local
plot level. The focus of this study is a mountainous, highly topo-
graphically heterogeneous area that is mostly inaccessible due to
the terrain. In this situation, upscaling of local information to the
landscape scale faces challenges due to a relatively low number of
sampling points and a high local variability of environmental pa-
rameters. Therefore, a spatial modeling technique specially
designed to consider these issues is needed. We utilize a
knowledge-based approach applying decision trees and fuzzy logic.
Landscape-scale patterns of humus forms and enchytraeid species
are compared to evaluate whether the composition of the enchy-
traeid assemblage is represented by the humus forms in a high
mountain environment.
Fig. 1. Location of the study area in the Autonomous Prov
2. Material and methods

2.1. Study area

The study area is located in the northern Italian Alps in the
northwestern part of the Autonomous Province of Trento. It covers
about 500 km2 and includesmost parts of the catchment area of Val
di Sole (Fig. 1). The climatic conditions in the study area are
temperate continental to subcontinental [23]. Local climatic con-
ditions vary mainly according to the topography. Different slope
angles and exposures cause high variations of solar radiation [24].
The entire study area embraces a siliceous parent material, domi-
nated by paragneiss, mica schists, phyllites and orthogneiss [21].
Soil classes differ primarily with the elevation: below ca. 1900 m
a.s.l. Haplic Cambisols (Dystric) and Umbric Podzols prevail, above
ca. 1900 m a.s.l. the predominant classes are Entic Podzols, Albic
Podzols and Umbric Podzols [25].

The focus of this study was on the forested mid-elevation areas
(between 1100 and 1800 m a.s.l.), which cover the slopes on both
sides of the valleys. Norway spruce (Picea abies) and European larch
(Larix decidua) are the prevailing tree species constituting these
forests.

2.2. Experimental design

On the basis of previous research [26] and with the help of ex-
perts with local knowledge, six study sites (N1, N2, N3, S6, S7 and
S8, ca. 25 m2 each) were selected. They were located at three
different elevations (on north and south exposed slopes respec-
tively) and represented typical site conditions within the investi-
gated slope areas. The main characteristics of these study sites are
summarized in Table 1. Although the dominant humus forms
differed between the sites, we often found a mosaic-like pattern of
humus forms. This was manifested by the occurrence of humus
forms with an OH horizon and a weak structure of the mineral soil
(without biogenic features) right beside humus forms without OH
horizon but with awell-structured A horizon inhabited by endogeic
earthworms. The study sites were all located inside the coniferous
forest. Norway spruce (Picea abies) prevailed at the north-exposed
sites, whereas European larch (Larix decidua) was dominant at the
south-exposed sites. In order to solidly detect the effects of eleva-
tion, we performed an intensive sampling at the lowest and highest
study sites including six plots each (N1, N3, S6, S8). At the mid-
ince of Trento (Italy) (modified from Egli et al. [26]).



Table 1
Dominant humus forms and profiles at the investigation sites (N1-N3: northern slope exposure, S6-S8: southern slope exposure) (elevations according to Egli et al. [26]).

Site Elevation (m a.s.l.) Dominant humus form according to German classification [27] Dominant humus form according to Swiss classification [28] Typical humus
profile

N1 1180 Mullartiger Moder H�emimoder/Eumoder/Dysmoder/Dysmull OL-OF-(OH-)AE
N2 1390 Typischer Moder Dysmoder OL-OF-OH-AE
N3 1620 Typischer Moder Dysmoder OL-OF-OH-E
S6 1185 Mullartiger Moder Eum�esoamphi/Dysmull OL-OF-(OH-)A
S7 1400 Mullartiger Moder H�emimoder OL-OF-(OH-)AE
S8 1660 Mullartiger Moder/Typischer Moder H�emimoder OL-OF-(OH-)AE
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elevation sites N2 and S7 three plots were sampled, respectively.
Samples for this study were taken between June and August 2013.

At each plot (n¼ 30 in total) humus forms were described in the
field at topsoil profiles with a width of 50e100 cm using classifi-
cations and determination keys from Germany [27] and
Switzerland [28]. Soil samples for the extraction of enchytraeids
were acquired in the immediate vicinity of the profiles using a soil
corer of 5 cm in diameter. Samples were taken from the uppermost
15 cm of the soil starting at the top of the organic layer. As one of
the samples at study site S6 could not be analyzed, a total of 29
plots remained.

Six additional validation sites V1-V6 were sampled with a
reduced number of plots (three validation sites at different eleva-
tions on a north- and south-exposed slope, respectively). Samples
for validation were taken in September 2015.

All samples for the investigation of enchytraeids were trans-
ported to the IFAB laboratory, where enchytraeids were extracted.
The enchytraeid species were identified according to Schmelz and
Collado [29]. Annelids from other families than Enchytraeidae but
belonging to the same size class were recoveredwith the extraction
as well. Thus we use the term ‘microannelids’ when we refer to all
species determined. Species counting and determination were
conducted at IFAB laboratory using dissecting and light micro-
scopes. Additional laboratory analyzes for the final determination
of humus forms were conducted at Functional ecology laboratory
(University of Neuchâtel).
2.3. Data analysis

Because of the relatively low number of study sites, simplified
representations of both the composition of the enchytraeid com-
munity and of humus forms were necessary. To evaluate the co-
occurrence of enchytraeid species with different humus forms,
the life form (H-type) of enchytraeids and other microannelids was
applied. The concept of life form types indicates the typical habitat
of species in the sequence of humus forms (represented by the four
classes Mull, Mullmoder, Moder and Mor) together with their
vertical distribution in the humus horizons [30]. The life forms of
three species are presented as examples in Fig. 2. For the purpose of
modeling, enchytraeid species were categorized as mull indicators
or moder indicators based on expert knowledge. Species known to
Fig. 2. Life forms (H-type) of three selected enchytraeid species (modified from Graefe and
MO ¼ Moder, RO ¼ Mor (“Rohhumus”). The cells representing the typical habitat of the spe
(life form including MU), b) moder indicators (life form including MO or RO), c) no indicat
occur in mull but not in moder/mor were classified as mull in-
dicators (e.g. Fridericia bulboides); species known to occur in
moder/mor but not in mull were classified as moder indicators (e.g.
Cognettia sphagnetorum); and species known to occur primarily in
the intermediate humus form mullmoder or both in mull and
moder were disregarded (e.g. Enchytronia parva), since they
explicitly indicate neither mull nor moder/mor conditions. Table 2
specifies the enchytraeid species considered for modeling together
with their mull and moder affinities.

As one of the determining factors for humus forms and main
criterion for the discrimination of mull-like and moder/mor-like
humus forms, the occurrence of an OH horizon was used for
modeling. Percentage values of humus forms showing an OH ho-
rizon were attributed to every plot. We applied a percentage of
100% to plots with a continuous OH horizon, a percentage of 50% to
plots with a discontinuous OH horizon and a percentage of 0% to
plots without OH horizon.

For modeling sample data on enchytraeids and humus forms
were aggregated from all sampling plots per investigation site. This
aggregation was accomplished by weighting the plot data accord-
ing to the prevalence of the respective soil cover types at the
investigation site (Table S1).

As variables influencing humus forms, the topographical pa-
rameters elevation and slope exposure were examined. Elevation
values were transferred from a digital elevation model with a grid
width of 10 m [21] (provided by Museo Tridentino di Scienze Nat-
urali). Data on slope exposure were derived from the digital
elevation model with the help of the aspect tool in ArcGIS [31].
2.4. Modeling

A methodological framework specifically designed to spatially
predict indicators for decomposition processes was applied [20].
Modeling was based on binary decision trees built with the CART
algorithm [32] using the statistical software R [33] and the R
package rpart [34]. From these trees, bell-shaped or S-/Z-shaped
fuzzy membership functions were derived referring to the concept
of fuzzy logic [35e37]. Fuzzy logic was used because it enables
elements to show a partial membership of a set (in contrast to
Boolean logic). Hence, complex relationships between the land-
scape and soil can be modeled in a continuous way. Many
Schmelz [30]). Humus forms are indicated as follows: MU ¼ Mull, MOM ¼ Mullmoder,
cies are colored in grey. For modeling, species were characterized as a) mull indicators
ors (life form including MU and MO).



Table 2
Microannelid species found in the samples and their classification as indicators of
mull or moder humus forms in the model.

Species Indicator class

Enchytraeidae
Achaeta danica Nielsen & Christensen, 1959 Moder
Achaeta sp. (dzwi)a Mull
Bryodrilus ehlersi Ude, 1892 Moder
Buchholzia appendiculata (Buchholz, 1862) Mull
Buchholzia simplex Nielsen & Christensen, 1963 Mull
Cognettia sphagnetorum (Vejdovský, 1878) Moder
Enchytraeus buchholzi Vejdovský, 1879 Mull
Enchytraeus norvegicus Abrahamsen, 1969 e

Enchytronia christenseni D�ozsa-Farkas, 1970 Mull
Enchytronia parva Nielsen & Christensen, 1959 e

Enchytronia sp. (holo)a Mull
Euenchytraeus bisetosus Bretscher, 1906 Moder
Fridericia auritoides Schmelz, 2003 Mull
Fridericia benti Schmelz, 2002 Mull
Fridericia bisetosa (Levinsen, 1884) Mull
Fridericia bulboides Nielsen & Christensen, 1959 Mull
Fridericia christeri Rota & Healy, 1999 Mull
Fridericia connata Bretscher, 1902 Mull
Fridericia miraflores Sesma & D�ozsa-Farkas, 1993 Mull
Fridericia paroniana Issel, 1904 Mull
Fridericia ratzeli (Eisen, 1872) Mull
Fridericia stephensoni Moszy�nski, 1933 Mull
Fridericia waldenstroemi Rota & Healy, 1999 Mull
Fridericia sp. juv. Mull
Hemifridericia parva Nielsen & Christensen, 1959 Mull
Henlea nasuta (Eisen, 1878) Mull
Henlea perpusilla Friend, 1911 Mull
Marionina clavata Nielsen & Christensen, 1961 Moder
Mesenchytraeus glandulosus (Levinsen, 1884) e

Mesenchytraeus pelicensis Issel, 1905 Moder
Polychaeta
Hrabeiella periglandulata Pizl & Chalupský, 1984 e

a Species not yet formally described.
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important soil properties are usually expressed as classified vari-
ables (e.g. soil types, humus forms, presence of an OH horizon).
When using fuzzy logic an allocation of sharp boundaries between
different soil properties, whose spatial positions are quite uncer-
tain, is not required [38].

Prior to the construction of decision trees, values of elevation
and slope exposure were aggregated from all sampling plots per
investigation site. The exposure value 0� Nwas assigned to the sites
at north-exposed slopes, the value 180� N was assigned to the sites
at south-exposed slopes. For the three different elevation ranges
the values 1200 m, 1400 m and 1630 m a.s.l. were used. These
aggregations were necessary for avoiding unrealistic tree splits
when the combined effects of elevation and slope exposure were
analyzed.

The fuzzy membership functions described the distribution of
enchytraeid indicator classes and the occurrence of humus forms
showing an OH horizon in dependence on the elevation and the
slope exposure, respectively. The parametrization of the functions
utilized a multi-step procedure to incorporate the effects of both
explanatory variables [20]: 1) construction of membership func-
tions depending on the variable with lower explanatory power, 2)
construction of weighting functions depending on the variablewith
higher explanatory power, 3) combination of the effects of both
variables by applying the weighting functions from step 2 to the
membership functions from step 1. Prediction maps were compiled
with the ArcGIS extension tool ArcSIE [39].

The areas for modeling included all coniferous forests inside the
study area, which are located between 1100 m and 1800 m a.s.l.
(corresponding to the valley sides of Val di Sole, Val di Rabbi and
adjacent valleys) and on siliceous bedrock.

2.5. Model assessment

The models of the spatial distribution of enchytraeid indicator
classes and the occurrence of humus forms showing an OH horizon
are compared by calculating a similarity index (1). At every location
(x,y), dx,y is the difference of the percentage of moder indicators and
the percentage of mull indicators, normalized to the interval [0,1],
and hx,y is the percentage of humus forms showing an OH horizon
(also represented in the interval [0,1]).

SIx;y ¼ dx;yhx;y
dx;y

2 þ hx;y
2 � dx;yhx;y

(1)

In case of similar values dx,y and hx,y the index displays high
values up to 1. If both values are dissimilar, the index shows low
values down to 0.

The assessment of the model performance was accomplished in
terms of different subjects: 1) the goodness of fit of the model; 2)
the validity of the model structure (using a resampling approach)
and of the prediction results (analyzing independent validation
sites); 3) the uncertainty of the input data from the study sites; 4)
the uncertainty of themodel predictions regarding the applicability
of the model for varying landform types.

The goodness of fit of themodel and the prediction results at the
validation sites were evaluated by calculating the mean error (ME)
(2) and the root mean squared error (RMSE) (3) where n is the
number of samples, yi are the observed values and ŷi are the related
values predicted by the model:

ME ¼ 1
n

Xn
i¼1

jyi � byij (2)

RMSE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
n

Xn
i¼1

ðyi � byiÞ2
vuut (3)

Resampling was used to test the validity of the internal model
structure. For each modeled variable (OH horizon, Mull indicators,
Moder indicators) 27 models were built on the basis of a reduced
number of sample plots per study site (2/3 of the original samples
at every site) (Table S2).

Input data from the study sites are subject to uncertainties, as
the ecology of the humus layers generally shows a high small-scale
variability. Therefore, the effects of modified input site data sets on
the model structure and results were studied using exemplary
deviations of 20% points from the observed values. For all of the
modeled variables (OH horizon, Mull indicators, Moder indicators)
the observed percentage values were both diminished (simulating
an overestimation in the model) and increased (simulating an un-
derestimation in the model) by 20% points at each plot (as far as
possible, up to 0% or 100%). The value of 20% points was chosen
based on the magnitude of deviations of the observed values at the
validation sites as compared to the corresponding study sites
(Table 3, Table 4).

With reference to the predicted values, uncertainties are also
caused as landform types different from those at the study sites
might show deviations of soil ecological parameters from the
modeled trends along gradients of elevation and slope exposure. In
order to identify the relevant areas, two prominent topographic
factors were examined: the LS factor (describing conditions for
erosion by means of the slope length and steepness) and the
Topographic Wetness Index (TWI) [40,41]. At the study sites both
parameters attain intermediate values (the LS factor ranges



Table 3
Data basis for modeling. Percentages of microannelid indicator classes and humus forms with an OH horizon have been aggregated from all sampling plots per investigation
site. See Table S1 for data of sampling plots, Table S3 and Table S4 for raw data of microannelid species and humus profiles.

Site Number of
sampling plots

Percentage of mull indicators to all microannelid
individuals (%)

Percentage of moder indicators to all microannelid
individuals (%)

Percentage of humus forms showing an
OH horizon (%)

N1 6 15.07 44.93 18.33
N2 3 5.17 90.73 66.67
N3 6 20.53 73.55 90.00
S6 6a 95.06 0.00 6.67
S7 3 62.12 5.31 50.00
S8 6 63.39 8.06 46.67

a At study site S6, the investigation of the enchytraeid indicator classes comprised only five samples.

Table 4
Validation sites: topographic position and percentage values (observed and predicted) of modeled parameters.

Site Elevation (m a.s.l.) Slope exposure Observed value (%) Predicted value (%) Deviation (% points)

OH horizon
(ME ¼ 22.1% points, RMSE ¼ 26.3% points)
V1 1270 north 50.0 31.5 18.5
V2 1480 north 50.0 73.6 - 23.6
V3 1650 north 50.0 74.5 - 24.4
V4 1240 south 0.0 14.9 - 14.9
V5 1420 south 0.0 49.3 - 49.3
V6 1730 south 50.0 48.3 1.7
Mull indicators
(ME ¼ 26.1% points, RMSE ¼ 36.2% points)
V1 1270 north 90.2 9.9 80.3
V2 1480 north 0.0 14.5 - 14.5
V3 1650 north 0.0 21.4 - 21.4
V4 1240 south 88.3 76.2 12.1
V5 1420 south 87.5 63.6 23.9
V6 1730 south 60.9 56.6 4.3
Moder indicators
(ME ¼ 23.4% points, RMSE ¼ 30.1% points)
V1 1270 north 6.3 67.4 - 61.1
V2 1480 north 93.1 78.1 15.0
V3 1650 north 99.0 84.1 14.9
V4 1240 south 0.0 7.2 - 7.2
V5 1420 south 0.0 8.5 - 8.5
V6 1730 south 38.0 4.5 33.5
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between 9 and 13, the TWI ranges between 4 and 6.5). A measure of
uncertainty was calculated by comparing the LS and TWI values of
each position in the study area to those at the study sites: if the
parameter values were similar to those at the study sites, a low
uncertainty was attributed to the predictions (in this situation an
uncertainty value close to 0 applies); if the parameter values
deviated from those at the study sites, the uncertainty increased up
to amaximum of 1.We indexed the uncertainty in proportion to the
deviation of the parameter values from those at the study sites,
applying Gaussian-shaped curves according to the uncertainty
setting of Zhu et al. [42].
3. Results

3.1. Data analysis

At the south-exposed study sites we found high percentages of
mull-indicating enchytraeids, whereas percentages of both moder-
indicating enchytraeids and of forest humus forms showing an OH
horizon are low (Table 3, Table S1). The highest percentage of mull
indicators (ca. 95.1%) was found at the study site S6, located at low
elevation. This coincides with the absence of moder indicators and
with the low occurrence of humus forms with OH horizon (ca.
6.7%). Comparing the study sites S7 and S8 (at middle and high
elevations) with study site S6 (at low elevation), we found a lower
percentage of mull indicators (ca. 62.1% and 63.4%) along with
higher percentages of moder indicators (ca. 5.3% and 8.1%) and
humus forms showing an OH horizon (ca. 50.0% and 46.7%).

The north-exposed study sites show generally lower percent-
ages of mull indicators and higher percentages of both moder in-
dicators and forest humus forms with OH horizon than the south-
exposed sites (Table 3, Table S1). The highest percentage of moder
indicators was found at the study site N2 (ca. 90.7%), whereas the
highest percentage of humus forms with OH horizon occurs at site
N3 (ca. 90.0%). The results at station N1 appear ambiguous: a
relatively high percentage of moder indicators (ca. 44.9%) coincides
with a relatively low percentage of humus forms with OH horizon
(ca. 18.3%).
3.2. Spatial modeling of enchytraeids

Decision trees revealing variations in the distribution of mull-
and moder-indicating enchytraeids related to elevation and slope
exposure have been accomplished by recursive partitioning of the
sample set. They reflect the observations at the study sites as
described above with the slope exposure being the more decisive
factor for the spatial distribution of enchytraeids (first-level split in
decision trees) in comparisonwith the elevation (second-level split
in decision trees) (Fig. 3, Fig. 4).

Fuzzy membership functions are derived by deploying the re-
sults from these trees and fuzzifying them along the elevation
gradient to two submodels for contrasting slope exposures



Fig. 3. Decision tree for the distribution model of enchytraeids indicating mull humus forms. The upper value inside the tree nodes represents the projected percentage of mull
indicators in relation to all enchytraeids at this elevation and slope exposure, the lower value n indicates the number of related samples.

Fig. 4. Decision tree for the distribution model of enchytraeids indicating moder humus forms. The upper value inside the tree nodes represents the projected percentage of moder
indicators in relation to all enchytraeids at this elevation and slope exposure, the lower value n indicates the number of related samples.
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(corresponding to the left and right subtrees in Figs. 3 and 4). The
occurrence of mull indicators on south-exposed slopes is modeled
with a Z-shape function, as it decreases with increasing elevation.
The parametrization is realized by fitting the general function rule
based on the decision tree using the values 0.9506 at 1200 m
(occurrence at site S6), 0.7352 at 1300 m (overall occurrence taken
as approximation at the split value) and 0.6276 at 1515 m (mean
occurrence at sites S7 and S8). Below 1200m the function is fixed at
(
sij;k;a ¼ 0:9506 if zij;a � 1200;

sij;k;a ¼ 0:9506 * exp
���

zij;a � 1200
�
= 1072:83

�0:418208lnð0:5Þ�
(
sij;k;a ¼ 0:2053 * exp

���
zij;a � 1630

�
= 317:15

�0:511492lnð0:5Þ� if

sij;k;a ¼ 0:2053 if zij;a > 1630
the value 0.9506 because this was the maximum percentage of
mull indicators found at south-exposed slopes and there were no
investigation sites located further downhill. This leads to function
(4) for south-exposed slopes. For north-exposed slopes an S-shape
function is derived from the decision tree analogously, resulting in
function (5). The fuzzy membership sij,k,a of a modeled variable k
depends on the value zij,a of a single environmental variable a at
location (i,j).
if zij;a > 1200
(4)

zij;a � 1630;
(5)
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The occurrence of moder indicators is modeled with the func-
tion (6) for north-exposed slopes (derived in the same way as
functions (4) and (5)). As in the decision tree there is no further split
for south-exposed slopes (Fig. 4), a constant function is applied for
these slopes (sij,k,a ¼ 0.04457).
(
sij;k;a ¼ 0:4493 if zij;a � 1200;

sij;k;a ¼ 1 � 0:5507 * exp
���

zij;a � 1200
�
= 130:458

�0:550436lnð0:5Þ� if zij;a > 1200
(6)
Integrating the models for south- and north-exposed sites is
realized both for mull and moder indicators utilizing weighting
Fig. 5. Prediction of the areas of dominance of
functions depending on the local slope exposure x. The model for
northern slope exposures is weighted with 0:5 *cos

�
x * p

180

�
þ 0:5,

the model for southern slope exposures with
�0:5 *cos

�
x * p

180

�
þ 0:5. Cosine functions are utilized in order to

reflect the similarity of the slope exposure x in comparison with
south and north exposure with regard to sunlight.

The model results deliver predictions of the spatial distributions
of mull and moder indicators in the study area. An evaluation of the
predicted percentage values as emergent areas of dominance of
mull- and moder-indicating enchytraeids.
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mull- and moder-indicating enchytraeids exhibits again a major
relationship to the slope exposure and a minor relationship to the
elevation, which ismore pronounced at southern exposures (Fig. 5).
3.3. Spatial modeling of humus forms

Decision tree analysis and an ensuing fuzzification procedure
examining the dependence of the distribution of forest humus
forms showing an OH horizon on the factors elevation and slope
exposure have been carried out similarly to those for enchytraeids.
Unlike in the model of enchytraeids, elevation rather than slope
exposure appears as the superior factor accounting for changes in
the presence of an OH horizon (first-level split in the related de-
cision tree) (Fig. 6).

The transformation to fuzzy membership functions (fuzzifica-
tion along the slope exposure from 0� to 360� with reference to
north exposure) yields the constant function sij,k,a ¼ 0.125 for ele-
vations below 1300 m a.s.l. and the bell-shape-function (7) for el-
evations above 1300 m a.s.l.

sij;k;a ¼ 1 � 0:5166 * exp
���

zij;a � 180
�
=161

�2 lnð0:5Þ� (7)

For assembly of the submodels for these two elevation ranges,
they are weighted depending on the local elevation value y for el-
evations between 1200 m and 1400 m a.s.l. (due to a lack of data at
these elevations). The model for elevations below 1300 m a.s.l. is
weighted with expðjðy � 1200Þ=100j3 lnð0:5ÞÞ, whereas the model
for elevations above 1300 m a.s.l. is weighted with
expðjðy � 1400Þ=100j3 lnð0:5ÞÞ.

A prediction map that depicts the spatial distribution of forest
humus forms showing an OH horizon is obtained from the total
model (Fig. 7). Corresponding with the domain of the fuzzy
membership functions, the predicted percentage values range be-
tween 12.5% and 78.3%. The lowest values are to be found at low
elevations. At high elevations (above 1300 m a.s.l.) the percentages
of forest humus forms with OH horizon depend on the slope
exposure: intermediate percentages around 50% are predicted at
slopes with southern exposures, high percentages up to 78.3% arise
at slopes with northern exposures.
Fig. 6. Decision tree for the distribution of forest humus forms showing an OH horizon. The
with OH horizon in relation to all humus forms at this elevation and slope exposure, the lo
3.4. Model assessment

The comparison of the models of the spatial distribution of
enchytraeid indicator classes and the occurrence of humus forms
with an OH horizon revealed a high similarity in most parts of the
study area. The distribution of enchytraeid species and the occur-
rence of OH horizons coincide generally better at north-facing than
at south-facing slopes, with the exception of sites at low elevations
where the overall lowest similarity values are found at north-facing
slopes (Fig. S1).

The model shows a good fit to the observations: The RMSE
values are 7.0% points both for the model of humus forms with an
OH horizon and for the model of mull-indicating enchytraeids. For
moder-indicating enchytraeids the RMSE value is 8.0% points. The
model residuals at the study sites are between 0 and 12.3% points
for all three models. They are neither correlated among each other
nor spatially autocorrelated.

Validation of the model structure shows a generally consistent
model behavior when using different resampled data sets. This is
reflected by a relatively low variability of the model results.
Resampling shows RMSE values up to 11.34% points for mull-
indicating enchytraeids. The highest variability occurs at high ele-
vations and south-exposed slopes (Fig. S2). For moder-indicating
enchytraeids the maximum RMSE value is 16.46% points, which is
found at low elevations on north-exposed slopes (Fig. S3). The
resampled model results for humus forms with an OH horizon
show RMSE values up to 19.39% points. They are highest at high
elevations on south-exposed slopes and at middle elevations on
north-exposed slopes (Fig. S4).

The assessment of the model results generally shows deviations
of the predicted values from the observed values at the validation
sites in the range of 5e25% points (Table 4). We found high de-
viations especially in the model addressing the distribution of hu-
mus forms with an OH horizon (up to 49.3% points at site V5) but
also in the models of enchytraeids (especially at site V1: 80.3%
points for mull indicators and 61.1% points for moder indicators).
Because of the highest deviation at site V1 and the relatively high
deviation at site V5 the RMSE is highest in the model of mull in-
dicators (36.2% points). In the model of moder indicators the RMSE
equals 30.1% points, whereas in the model of humus forms with an
OH horizon it amounts to 26.3% points.
upper value inside the tree nodes represents the projected percentage of humus forms
wer value n indicates the number of related samples.



Fig. 7. Prediction of the spatial distribution of forest humus forms showing an OH horizon.
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The results from uncertainty analysis of input data reveal a
consistency regarding the structures of the decision trees for the
majority of modifications of the data (Table 5). However, in some
cases the structure of a tree changes, i.e. node splits are added,
eliminated or modified (new splitting criteria). The absolute mean
deviations in the predicted values range between 0.20 and 10.38%
points, the absolute maximum deviation amounts to 29.99% points
(when increasing the percentage of humus forms with an OH ho-
rizon by 20% points at station S8).

The uncertainties of the model predictions when considering
landform types different from those at the study sites are derived
from the values of the LS factor and the TWI. As the study sites,
providing the data basis for modeling, are located on quite smooth
slopes, the highest uncertainties appear at positions in gullies or on
ridges. These topographical structures are clearly recognizable in
the map illustrating the uncertainties of the model results (Fig. 8).
4. Discussion

4.1. Spatial distribution of enchytraeids and humus forms

Processes of organicmatter decomposition are influenced by the
activity of decomposer organisms [2,43,44]. Decomposition pro-
cesses in turn affect the state of the topsoil; thus decomposition
and the topsoil in its role as habitat of the decomposer organisms
are interdependent. The state of the topsoil itself depends on the
basic soil-forming factors climate, organisms, topography, parent
material and time [45]. In our study area topography and vegetation
aremost important, as climatic differences are principally mediated
by the topography and the parent material is relatively homoge-
neous (section 2.1). The factor time is of minor relevance for
decomposition processes because decomposer organisms adapt
relatively fast to environmental changes [46e49].



Table 5
Results of uncertainty analysis of input data. Values represent the deviations of the
predicted values in percentage points as compared to the unmodified models.
Underlined values indicate an alteration in the structure of the underlying decision
tree (Figs. 3, 4, 6).

Modified site

N1 N2 N3 S6 S7 S8

OH horizon
Increase by 20% points
Mean 1.59 4.23 1.96 1.59 5.26 10.38
SD 3.33 3.75 1.80 3.33 3.57 12.48
Maximum 10.00 10.11 5.03 10.00 10.00 29.99
Minimum 0.00 0.00 0.00 0.00 0.00 �19.92

Decrease by 20% points
Mean �1.46 1.98 �3.32 �0.53 �5.13 �5.13
SD 3.05 11.56 3.26 1.11 3.58 3.58
Maximum 0.00 20.00 0.00 0.00 0.00 0.00
Minimum �9.17 �29.92 �9.91 �3.34 �10.01 �10.01

Mull indicators
Increase by 20% points
Mean �0.20 2.27 4.46 0.24 5.33 4.29
SD 6.23 3.16 6.00 1.07 6.83 4.72
Maximum 26.73 11.92 20.00 4.94 18.47 12.13
Minimum �11.96 �0.27 �2.24 �1.05 �6.94 �6.94

Decrease by 20% points
Mean �1.65 �0.58 �5.00 �0.94 �4.98 �4.98
SD 2.30 0.79 5.89 4.35 3.81 3.81
Maximum 0.40 0.03 6.73 4.52 0.01 0.01
Minimum �7.59 �2.82 �19.36 �20.00 �11.90 �11.90

Moder indicators
Increase by 20% points
Mean 0.87 1.77 3.70 1.93 5.99 5.87
SD 3.61 1.60 3.35 3.10 5.22 8.01
Maximum 20.00 4.69 10.00 15.54 16.35 23.60
Minimum �3.06 �0.28 �1.04 �0.24 �4.46 �3.68

Decrease by 20% points
Mean �0.98 �3.98 �3.98 -a �0.97 �1.48
SD 3.57 3.58 3.58 -a 0.63 0.96
Maximum 2.17 0.15 0.15 -a 0.00 0.00
Minimum �20.01 �10.90 �10.90 -a �1.77 �2.69

a No moder indicators were found at study site S6.
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In this study, we examined the composition of the enchytraeid
assemblage by proxy of the decomposer community on the one
hand and the characteristics of humus forms as manifestations of
dead organic matter at different stages of decomposition on the
other hand. The occurrence of enchytraeids depends on factors
such as soil pH, soil moisture, soil texture and soil organic matter
content [30,50e52]. The connections between decomposer or-
ganisms like enchytraeids and humus forms are well known, also
from investigations at the landscape scale [53,54]. The results of our
study reveal a strong relationship between the occurrence of
particular enchytraeid species and the spatial distribution of forest
humus forms also under climatic conditions of the Alps. This rela-
tionship is obvious in all parts of the modeled areas except for
north-facing slopes at low elevations (Figs. 5 and 7, see also Fig. S1).
The discrepancy between humus forms and enchytraeid indicator
species in these places originates from the observations at study
site N1. From our field experience this might be due to a small-scale
spatial mosaic pattern of varying conditions in the topsoil. Another
explanation could be the fact that the applied classification of life
form types is based on observations from the German lowlands [30]
and might not be completely transferable to the Alpine
environment.

It has been previously shown that elevation and slope exposure
have a major influence on the spatial distribution of forest humus
forms and enchytraeids in the high mountains [12,55,56]. Our re-
sults confirm these findings and are in line with former in-
vestigations of humus forms and soil organic matter in the study
area [21,57,58]. The sample data reveal a certain degree of local
spatial heterogeneity of decomposition processes at all study sites
(Table S1). In high mountain environments, this local-scale vari-
ability of humus forms is connected to micro-topography and
ground vegetation patterns [59,60]. The spatial model we pre-
sented emphasizes the landscape-scale patterns by yielding pre-
dictions for the entire slope areas of the study area. The application
of fuzzy logic facilitates the representation of local spatial vari-
ability, as the percentage values reflect predicted mean values at an
area of 10 � 10 m2.

In general, predicted percentages of moder/mor-indicating
enchytraeids and related forest humus forms with an OH horizon
increase from low to high elevations and from southern to northern
exposures. At sites with high elevations and on north-exposed
slopes, low temperatures apparently hinder the activity of those
decomposers intermixing the topsoil and incorporating plant res-
idues and humic substances into the mineral soil [61].

Models of the spatial distribution of soil properties based on
landscape attributes have been formalized in the context of digital
soil mapping [62e65]. Fuzzy logic-based approaches have been
applied for modeling in several studies [20,38,66e69]. To our
knowledge, this is the first time that the landscape-scale relation-
ship between soil organisms and humus forms has been evaluated
on the basis of spatial modeling. This study shows that in our study
area the composition of the decomposer community can be
approximated from the humus form. As a result, our findings
contribute to demonstrating the ecological significance of humus
forms in high mountain environments. Mapping of humus forms
thus has great potential to be used for detecting environmental
changes and understanding their impacts on high mountain
ecosystems.

4.2. Model limitations

Humus forms were distinguished regarding the presence of an
OH horizon, in congruity with the discernment of enchytraeid
species indicating mull and moder/mor. Although common humus
form classifications provide a variety of subtypes [27,28,70], in this
study we desisted from a further distinction due to the relatively
low number of study sites. These simplifications do not allow the
distinction of subtypes of humus forms or life forms of enchytraeids
indicating different intermediate stages between the two classes
mull and moder/mor, but enable the modeling of different degrees
of similarity to both of these classes. Regarding seasonal dynamics,
which might affect the abundance of enchytraeids, an interference
with the model results presented in this study is unlikely because
the composition of the enchytraeid assemblage does not vary much
within the time span of sampling (June to September).

The validity of the model predictions is generally limited to
areas between 1100 m and 1800 m a.s.l. that are located inside the
coniferous forest. As for the results of the validation (from resam-
pling and validation sites), they are ambiguous. The resampling
procedure reveals low variation in the model results, thus the
structure of the models is rather consistent. The analysis of the
validation sites shows relatively high RMSE values, whereas the
deviations of the observed values from the modeled values are
relatively small (mostly up to ca. 25% points). The highest de-
viations are found at the sites V1 and V5. At site V1 this might
originate from a small-scale mosaic of varying topsoil conditions. At
site V5 the development of mull conditions might be promoted in
comparison with S7 by gaps in the tree canopy, which potentially
allows for a better thermal absorption of the topsoil.

The uncertainty analyses of input data show that effects of data
modifications are attenuated in the model predictions, as there are
only a few cases where the structure of the decision tree is
moderately changed. This implies that the predictions do not



Fig. 8. Uncertainties of the predictions related to LS factor and TWI.
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deviate tremendously from model results presented in our study
evenwhen assuming that the observations at the study sites do not
reflect the exact percentage values of humus forms with an OH
horizon and enchytraeid indicator classes. In general, these ana-
lyses confirm the predicted trends related to elevation and slope
exposure.

The model results are also subject to uncertainties induced by
both the selection of covariates and the set of values of the cova-
riates at the study sites. Our study considered two basic topo-
graphic attributes (elevation, slope exposure) as influencing factors.
Regarding these attributes, the uncertainties are expected to be the
higher themore elevation and slope exposure of any site differ from
the study sites (at east- and west-facing slopes or, for example, at
1300 m, midway between the study sites at 1200 m and 1400 m).
The analysis of uncertainties referring to the landform type ac-
counts for possible additional topographical influences on
decomposition processes induced by erosion and accumulation (LS
factor) or the distribution of water within the soil (TWI). In order to
enhance the model a larger data basis is necessary, integrating for
example sample sites with concave and convex landforms. Addi-
tionally, the integration of further possible influencing factors such
as litter amount and composition (e.g. a data layer differentiating
various forest units) could improve the model results. The consid-
eration of irregular events affecting decomposition (e.g. dry/wet
periods, windthrow, human influences) requires modeling on the
basis of long-term data sets as well.

Future research should also address the effects of the model
scale on the results. The investigations of this study refer to su-
perordinate patterns of decomposition processes at the landscape
scale, including the slopes of several Alpine valleys. However,
decomposition processes show a considerable small-scale vari-
ability [59]. Thus we encourage investigations also at the slope
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scale, which should consider subordinate influencing variables (e.g.
forest units, areas of erosion or accumulation), and at the local scale
(e.g. 100 m2), where the micro-topography and local differences in
the ground vegetation should be regarded.

5. Conclusion

The spatial distributions of enchytraeids and forest humus
forms in a study area in the Italian Alps have been analyzed by
means of a knowledge-based modeling approach, accommodating
a relatively small amount of data samples and a high spatial het-
erogeneity of environmental variables. The predictions obtained
from these models distinctly show the effects of slope exposure on
different conditions for decomposition, which are characterized by
the occurrence of different decomposer communities and forest
humus forms. The highest percentages of forest humus forms with
OH horizon occur at the uppermost north-exposed places inside
themodeled area (up to 1800m a.s.l.), where also a high dominance
of moder-indicating enchytraeids over mull-indicating enchy-
traeids occurs. Those areas dominated by mull indicators are
located at the lowest south-exposed sites of the modeled area
(down to 1100 m a.s.l.). The models emphasize the coincidence of
OH horizons with the related species of enchytraeids. This implies a
high potential not only of humus forms and enchytraeids to be used
for the prediction of decomposition patterns, but also of humus
forms to serve as indicator of the enchytraeid assemblage, at least
in our study area.

Although the modeling approach takes into account both the
relatively small amount of sample data and the small-scale vari-
ability of environmental conditions in the study area, the pre-
dictions are subject to uncertainties, which in some places can be
high. However, the model allows the prediction of the overall
trends in the distribution of forest humus forms and enchytraeids
because the selected study sites seem to be representative. In most
cases these trends were stable when modifying sample data in the
context of uncertainty analyses. Uncertainties are usually to be
expected in places where other environmental factors than eleva-
tion and slope exposure influence decomposition processes greatly
(e.g. at landforms such as gullies and ridges).
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