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Abstract: The service life of exposed wooden structures depends on many endogenous and exogenous
factors with moisture being key for fungal degradation. Climate parameters are therefore important
input variables for modelling fungal decay in wood. In recent years, different approaches aimed at
modelling climate-induced dosage on the material climate (i.e., exposure models) and the effect of the
latter on fungal decay (i.e., decay models). Based on maps of Europe, North America or Australia,
the decay hazard can be assigned to zones and used for estimating the relative decay potential of an
arbitrary location. However, especially in topographically divergent regions, the climate-induced
decay hazard can vary strongly within a small area. Within this study, decay hazards were quantified
and mapped for a mountainous region where topography-induced differences in local climate and
corresponding exposure dosage can be expected. The area under investigation was Switzerland.
In addition to the Scheffer Climate Index (SCI), two exposure models were combined with two
decay models and used to quantify the relative moisture- and temperature-induced exposure dose at
75 different weather stations in Switzerland and adjacent regions. The exposure was expressed as
relative dosage with Uppsala (Sweden) as a reference location. Relative dose values were calculated
for locations between weather stations using an ‘inverse distance weighted (IDW)’ interpolation
and displayed in maps for the entire country. A more detailed analysis was undertaken for the
Lötschental area, which is the largest valley on the northern side of the Rhône valley in the canton of
Valais. The relative dose differed strongly within small areas and altitude was well correlated with
the average annual temperature and the resulting relative dose. It became evident that small-scale
mapping with high resolution is needed to fully reflect the impact of topography and other local
conditions on the moisture- and temperature-induced decay risk in wooden components.

Keywords: climate; durability; Scheffer Climate Index (SCI); service life modelling; service
life planning

1. Introduction

The service life of exposed wooden structures depends on many endogenous and exogenous
factors, with moisture being key for fungal degradation. Climate parameters are therefore important
input variables for modelling fungal decay in wood and decay hazard mapping can help to estimate
exposure-related dosage in a quantitative manner [1]. Pioneering work on decay hazard mapping
was carried out by Theodore Scheffer in the early 1970s. Scheffer [2] suggested a climate index to
correlate climatic data with the site-specific potential for biological decay. The hazard potential of
different climates in the USA was estimated by empirically determined decay intensity from field tests
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at four different locations. In this early attempt the focus was on the parameters ‘temperature’ and
‘distribution of rainfall’, which Scheffer described as follows:

Sche f f er Climate Index (SCI) =
Dec∑
Jan

[(T − 35)(D− 3)]/30 [-] (1)

where T is the mean day temperature of the month [◦F], and D is the mean number of days with more
than 0.001 inch of rain per month [-].

The higher the SCI, the higher is the hazard for decay with values between 0.0 for Yuma, Arizona,
and 137.5 for West Palm Beach, Florida, for the continental part of the USA. The SCI has been used
for decay hazard mapping of various countries and regions such as Canada [3], North America [4],
Korea [5,6], China [7], Japan [8], Australia [9], Norway [10], Spain [11], Greece [12], Northern Europe [13]
and Europe [14,15]. Finally, Carll [16] published a revised hazard map for the United States using
climate data from 1971–2000 and showed that climate-induced decay hazard had changed over the
years in some regions.

According to Carll [16], the SCI is a “metric by which relative hazard can be compared between
geographic locations, the SCI is not intended to predict decay propagation rate nor time to failure
in specific constructions”. This particularity is not necessarily a limitation of the approach, but has
been controversially discussed (e.g., [11,17–21]). However, beyond doubt, the SCI is still the most
often used index of its kind for estimating the relative climate-induced decay hazard of geographical
locations [22–26].

Alternatively, other climate indices have been proposed and considered for service life planning
(e.g., [27–30]), but suffered from insufficient fit between macro-climatic data and decay rates [19,24,31,32].

Within the European research project WoodExter, an attempt was made to utilize a decay model
for generating a decay hazard map of Europe [33]. Based on laboratory test results, the parameters
relative humidity (RH) and temperature (T) were used to predict mass loss (MLF) caused by decay fungi.
The physiological needs of brown rot fungi were studied by Viitanen and co-workers [34–36]. Based
on their findings, a so-called set-back model was developed using RH and T as input variables. Decay
development was modelled as two processes: an activation process and a mass loss process [33,37].
A parameter, α, was defined as a relative measure of the state of the fungus with respect to its state at
the initiation of the mass loss process. It is initially 0 and grows gradually to a limit of 1, at which the
mass loss process is initiated. Both processes have been modelled and the MLF in Scots pine sapwood
(Pinus sylvestris) after ten years of above-ground exposure was predicted and mapped for Europe.

Dose–response models for predicting fungal decay in above-ground situations were developed
based on long-term field test data by different authors [20,32,38]. They all used wood moisture content
(MCw) and temperature (Tw) as input variables and a five-step decay rating according to EN 252 [39]
between sound (0) and failure (4) to specify different limit states. The models differed with respect to
the range of MCw and Tw in which a daily dose was allowed to occur, but had in common that no dose
occurs when at least one dose component was 0. In previous steps, MCw and Tw can be calculated with
the help of empirical or numerical exposure models based on weather data such as precipitation, air
temperature (T) and RH (e.g., [13,15]). Consequently, linking an exposure model with a decay model
allows for the prediction of the decay hazard within a wooden component and thus, its expected
service life for a given design and material under given use conditions [40]. Furthermore, the decay
hazard for an arbitrary location can be calculated and expressed as annual dose, i.e., the cumulated
daily dose during one normal year. The first decay hazard maps for Europe based on combined
exposure and decay models were presented by Brischke et al. [14] and Frühwald Hansson et al. [41].
Both showed that differences in the relative decay hazard exist within Europe, but were dependent on
the models applied. In general, most severe exposure was expected in the oceanic influenced regions
of coastal UK, Ireland, and Norway, whereby the cold and dry regions of the Nordic countries as well
as the arid Mediterranean regions revealed the lowest decay potential. However, besides these general
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tendencies, numerous regional ‘hot and cold spots’ were observed. Consequently, drawing borders
between different decay hazard zones within Europe appeared difficult, since the climate-induced
influences may change locally very much. Furthermore, model-specific differences occurred, especially
for dry sites, where higher doses were found when using a more moisture-sensitive decay model. It is
therefore hypothesized that local deviations from the general hazard distribution and its gradients
within the continent can be attributed to landscape features such as lakes, rivers, and mountains.

This study is therefore focusing on the effect of topography on the moisture- and
temperature-induced decay hazard of timber structures. We aimed at quantifying and mapping
the decay hazard for a mountainous region where topography-induced differences in local climate and
corresponding exposure dosage were expected. The area under investigation was Switzerland and
different combinations of exposure and decay models were applied.

2. Materials and Methods

2.1. Investigation Areas and Data Source

The area under investigation was the entire country territory of Switzerland (Figure 1a), and for a
detailed analysis the Lötschental area (Figure 1b), which is the largest valley on the northern side of
the Rhône Valley in the canton of Valais. It lies in the Bernese Alps, with the Lonza River running
down the length of the valley from its source within the Long Glacier.
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Two exposure models were combined with two decay models and used to quantify the relative
moisture- and temperature-induced exposure dose at 75 different weather stations in Switzerland and
adjacent regions representing an altitude range between 103 and 3580 m. In addition, the Scheffer
Climate Index (SCI, [2]) was determined for each location. Meteorological data were taken from the
Meteonorm database [44] and typical years were calculated based on averaged month-values.

For analyzing differences in decay hazard in the Lötschental area, weather data were used from
276 locations in grit patterns of 2.5 × 2.5 km, 5.0 × 5.0 km, and 7.5 × 7.5 km. The altitude in the
Lötschental area was between 623 and 3967 m.

2.2. Exposure Models

Two different exposure models were used to predict the wood moisture content MCwood in a
reference wooden component, i.e., a horizontal board (cross section 22 × 90 mm2) made from Norway
spruce (Picea abies) without any water trapping (see also [32]). Exposure model 1 (EM 1), as described
by Niklewski et al. [13], refers to a depth of 11 mm (mid thickness of the board). MCw was calculated
based on RH and T as follows:

MCw(RH, T) = 10.17 + 0.122RH − 0.275T [%] (2)

where MCw is the wood moisture content [%], RH is the relative humidity [%], and T is the air
temperature [◦C]. Rain was only implicitly considered by setting the RH to 100 % during rain.

The second empirical exposure model (EM 2) was based on the test results reported by Tveit [45]
and Van den Bulcke et al. [46] and is described in detail by Frühwald et al. [41]. Moisture content, MCw,
depends on RH and is calculated as follows:

MCw(RH) = 0.7RH3
− 0.8RH2 + 0.42RH + 0.0077 [%] (3)

where MCw is the wood moisture content [%], and RH is the relative humidity [%].
The MCw, in equilibrium with RH, was estimated on the basis of the average value of RH for two

full days. This is assumed to account for a certain delay corresponding to diffusion of water into the
wood. Additionally, MCw is increased by rain events. For each 24-h period it is assumed that rain
occurs if the accumulated rain is at least 4 mm. A rain period is then defined as an uninterrupted
sequence of 24-h periods with rain. The duration of a rain period is denoted tr. A drying period is
defined as the time after a rain period during which the MCw returns to equilibrium with ambient
RH. The duration td of the drying period depends on the length tr of the rain period. Based on
measurements on plywood (Van den Bulcke et al. 2009), the drying duration can be estimated as:

td ≈ a·tr [%] (4)

where a is an empirical parameter of the order 2–3. Here, a = 2.5 was used.
Undoubtedly, this rough value does not give completely exact results. However, more exact results

were not necessary, as the daily rain accumulated during 24 h was used in the model, disregarding
when during that 24 h period the rain period occurred. For each day i with rain, the daily average
MCw,1 (ti) was calculated according to Equation (5) where kr is the relative increase of MCw due to rain.
According to data by Van den Bulcke et al. [46], kr is in the range of 0.3 to 1.5 for different plywood
samples using hardwood and softwood species, and different lengths of rain events. In general, the
longer the rain event, the higher is the observed MCw increase. In the present paper kr = 0.8 was used.

MCw,1(ti) = MCw,01(ti)·(1 + kr) [%] (5)
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At the end of each rain period tr and td = a·tr were determined as well as the difference ∆MCw,1r
between RH- and rain-induced MCw, shown in Equation (6). Here, te denoted the last day of the
rain period.

∆MCw,1r = MCw,1(te) −MCw,01(te) = kr·MCw,01(te) [%] (6)

For day k after a rain period, the MCw was determined as:

MCw,1(tk) = max [(MCw,1(tk − 1) −
k
td

∆MCw,1r), MCw,01(tk)] [%] (7)

Note that as soon as a new day with rain occurred, the MCw was again determined by Equation (5).

2.3. Scheffer Climate Index (SCI)

The Scheffer Climate Index was determined according to the following equation.

Sche f f er Climate Index (SCI) =
Dec∑
Jan

[(T − 2)(D− 3)]/16.7 [-] (8)

where T is the mean day temperature of the month [◦C], and D is the mean number of days with
more than 0.25 mm of rain per month [-]. Note: Negative monthly values were set as zero to avoid
negative SCI values. With this climate index, Scheffer [2] distinguished three climate zones in the USA,
according to SCI < 35, 35 ≤ SCI < 65 and SCI ≥ 65. The higher the SCI, the higher the decay hazard.

2.4. Decay Models

Decay models describe the degradation of wood due to fungal decay. The SCI can be seen as a
simplistic decay model with output in terms of relative decay hazard. More sophisticated models
aim to describe the output in physical quantities such as mass loss or decay rate [13]. In this paper,
two so-called dose–response models from Isaksson et al. [32] were used and combined with the
above-mentioned exposure models: the logistic model (LM) and the simplified logistic model (SLM).

Doses were accumulated at a rate which is determined based on the daily average material climate
(MCw, Tw), the maximum dose being one per day which represents optimal conditions for decay.
The daily dose at day i, here denoted di, is a function of two components: the wood temperature-induced
dose, dT, and the moisture-induced dose dMC, calculated from the daily average temperature T and the
daily average moisture content MCw, respectively. Both components are required to be above zero
for a dose to be produced. The total dose was the cumulative sum of daily doses from day 1 to n
according to:

d(t) =
n∑

i=1

di(dMC(MCw), dt(Tw)) [d] (9)

The end of the specimens’ service life occurred when the accumulated dose d(t) exceeded the
critical dose dcrit and the service life was defined by the corresponding amount of days n. The critical
dose dcrit was defined by the dose which corresponds to a certain level of decay, in this case decay
rating 1, 2, 3 or 4 [39].

2.4.1. Logistic Dose–Response Model LM

A total daily dose, which impacts on the wood, was assumed to be a function of dMC and dT.
Starting from the literature data, the cardinal points of the parameters Tw and MCw for fungal decay
were sought and used to set up polynomial base functions for both dose components (Equations (10)
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and (11)). The total dose di was then calculated as a function of dMC and dT according to Equation (12),
where dT was weighted by a factor a.

dMC(MCw) =

{
0 i f MCw < 25%

e·MCw
5
− f ·MCw

4 + g·MCw
3
− h·MCw

2 + i·MCw − j i f MCw ≥ 25%
(10)

dT(Tw) =

{
0 i f Tw,min < 0 ◦C or i f Tw,max > 40 ◦C

k · Tw
4 + l · Tw

3
−m · Tw

2 + n · Tw i f Tw,min ≥ 0 ◦C or i f Tw,max < 40 ◦C
(11)

D = (a·dT[Tw] + dMC[MCw])·(a + 1)−1i f dMC > 0 and dT > 0 (12)

where D is the dose [d], dT is the temperature-induced dose component [-], dMC is the moisture-induced
dose component [d], MCw is the wood moisture content [%], Tw is the daily average wood temperature
[◦C], Tw,min is the minimum wood temperature for the day considered [◦C], Tw,max is the maximum
wood temperature for the day considered [◦C], a is the temperature weighting factor, and e, f, g, h, I, j, k,
l, m, n are variables.

The best fit for this model against the available data was obtained with the parameters listed in
Table 1 and the final logistic model function according to Equation [13].

Table 1. ParameterAtion [13].

Parameters

a 3.2 j 4.98
e 6.75·10−10 k −1.8·10−6

f 3.50·10−7 l 9.57·10−5

g 7.18·10−5 m −1.55·10−3

h 7.22·10−3 n 0.0417
i 0.34

The total dose over a certain time period is given by Equation [13] and the decay rating is given
by the dose–response function:

DR(D(n) = 4·EXP(−EXP(1.7716− (0.0032·D(n)))) [%] (13)

where DR is the decay rating according to EN 252 [39], and D(n) is the total dose for n days of exposure.

2.4.2. Simplified Logistic Dose–Response Model SLM

Again, the limit state function was based on a dose–response model, where the dose is given
as a function of MCw and Tw, but here the dose D was assumed to be the product of the two dose
components dMC and dT. The second simplification refers to dMC and dT, which were expressed as a
square function and a linear function, respectively [31].

D = dMC(MCw)·dT(Tw) [%] (14)

dMC(MCw) =

{
(MCw/30)2 i f MCw ≤ 30 %
1 i f MCw > 30 %

(15)

dT(Tw) =


0 i f Tw < 0◦C

Tw/30 i f 0◦C ≤ Tw ≤ 30

1 i f Tw > 30◦C

◦C (16)
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where D is the dose [d], dT is the temperature-induced dose component [-], dMC is the moisture-induced
dose component [d], MCw is the wood moisture content [%], Tw is the daily average wood
temperature [◦C].

In contrast to the LM, this simplified approach gave non-zero dose values for MCw below 25%
and allowed the moisture dose to give values also for low MCw to be able to specify the “distance to
the risk”, but also the uncertainty in MCw measurements and the potential moisture gradients within
one wooden component.

The total dose over a certain time period is given by Equation (9) and the decay rating is given by
the dose–response function:

DR(D(n)) = 4· exp(− exp(1.9612− (0.0037·D(n))))[-] (17)

where DR is the decay rating according to EN 252 (2015), and D(n) is the total dose for n days
of exposure.

2.5. Decay Hazard Mapping

All 70 Swiss weather stations available via the Meteonorm database [44] were used as well as
data from the nearby locations Freiburg (DE), Innsbruck (A), Bolzano (I), Milano (I) and Mâcon (F) for
interpolating dose values of the entire territory of Switzerland. The Swedish city of Uppsala served as
reference location as previously reported (e.g., [14]). Maps were generated using ArcGIS 10.2 (Esri,
Switzerland) based on daily values derived from hourly values in the database. For each model
combination (i.e., EM1/LM, EM1/SLM, EM2/LM, and EM2/SLM) annual dose values were calculated
and related to the annual dose for Uppsala. In the different maps, the relative dose was displayed.

Each location was captured in the WGS84 system with help of its coordinates and displayed as
dot. The relative dose for any location between the weather stations was calculated using the ‘inverse
distance weighted (IDW)’ interpolation method. Relative dose values were assigned to twelve classes
between zero and three, each with a class size of 0.25. A more detailed analysis was carried out for the
Lötschental area with in total 276 locations. The latter were selected systematically to achieve data
point grits with different resolution.

3. Results and Discussion

3.1. Switzerland

The annual precipitation, the average temperature and the average relative humidity (RH) have
been mapped and are shown in Figure 2. Annual precipitation varied between 554 (Sion and Bolzano)
and 2680 mm (St. Gallen), but in large areas it was between 950 and 1380 mm (Figure 2a). The average
temperature was between −6.7 ◦C at Jungfraujoch and 12.9 ◦C in Bolzano; often it was between
and 10 ◦C (Figure 2b). In contrast to annual precipitation and annual average temperature, the
annual average RH showed a clear gradient from North to South with an overall range between 62%
(Evolene-Villaz) and 79% (Wynau, Figure 2c).

The Scheffer Climate Index (SCI) in Switzerland varied between 0.00 at Jungfraujoch and Pian
Rosa at an altitude of 3580 and 3488 m, respectively, and 73.2 in Altdorf (449 m). The latter is also the
only location within the highest hazard zone as defined originally by Scheffer [2]: least favourable
conditions for decay (SCI < 35), intermediate conditions (35 ≤ SCI ≤ 65) and conditions most conductive
for decay (SCI > 65). The relative SCI is shown in Figure 3, with the Swedish city of Uppsala being the
reference location at an absolute SCI of 46.3. The relative SCI in Switzerland can be below 0.25 at very
high altitudes and above 2.00. Thus, the SCI range within the country is rather high, but extremes are
mainly attributed to low temperatures in mountainous areas. Niklewski et al. [15] reported SCI values
varying between 17.5 and 70 all over Europe, but with higher values up to 100 in Ireland, North-West
Spain and the Southern Balkan. In a study by Brischke et al. [14], the index ranged between 81.0 in
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Southwest France and 3.9 in Northern Norway, and 5.6 in Romania, respectively. Compared to the
entire European continent, the climate-induced hazard within Switzerland varies a lot.
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The variation of the site-specific and climate-induced decay hazard in Switzerland became also
evident from mapping the annual temperature- and moisture-induced dose which is illustrated in
Figure 4 for different combinations of exposure and decay models.
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and logistic dose–response decay models (LM and SLM). (a): EM1 combined with SLM, (b): EM 2
combined with SLM, and (c): EM 2 combined with LM. Reference location: Uppsala, Sweden.
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Solely, the EM 1 combined with LM did not allow to distinguish between different locations
since the annual dose was ‘zero’ in each place, since the EM 1 led to wood MC almost always below
25%, which is the lower threshold for a moisture-induced dose dMC according to LM. Wood MC
> 25% was reached only in winter when temperature was below the freezing point and thus no
temperature-induced dose dT occurred. Since the model combination EM 1/LM could not differentiate
site-specific decay hazards, it was not further considered within this study.

Generally, the SLM led to less pronounced differences in decay hazard compared to the LM, since
only the latter requires wood MC above 25% to account for a moisture-induced dosage, what can be
achieved when using the EM 2 and accounting for rain events. In contrast, the SLM accounts for a
moisture-induced dose already below 25%, but differences in wood MC in the hygroscopic range, i.e.,
without any impact of rain events, play only a minor role for wood that is freely exposed to the weather.

A dose gradient became apparent for all three model combinations, but was differently prominent
(Figure 4). The strongest gradient was observed for EM 2/LM followed by EM 2/SLM and EM 1/SLM.
However, all three maps showed that the Tessin region in the central South of Switzerland showed a
higher relative dose, which was against the general southward gradient, but can still be explained
by the average temperature which increased southwards in the Tessin region (Figure 2b). Similarly,
the average air temperature increased from North to South as shown in Figure 2b, but also ‘hot
and cold spots’ became evident where the relative dose was remarkably higher or lower on a small
scale compared to adjacent regions. The latter might be induced by differences in altitude and thus
the topography.

The climate characteristics precipitation, air temperature and RH as well as the altitude were
therefore correlated with the climate-induced dosage. The obtained degrees of determination R2

for a linear fitting curve are summarized for all model combinations and the relative SCI in Table 2.
Neither precipitation nor RH were correlated with any of the dose parameters, but altitude and average
temperature were. The combinations between exposure models and the SLM-based dosage were
highly correlated (R2 = 0.8302 − 0.9953), but also SCI and EM 2/LM were well correlated with both
altitude and temperature (R2 = 0.4778 − 0.6893). Altitude, which in turn was highly correlated with the
average temperature (R2 = 0.9456), served generally as good indicator for the climate-induced dose.

Table 2. Degree of determination R2 for linear correlations between the relative doses based on different
model combinations and the parameters altitude, precipitation, average relative humidity, and average
annual temperature.

Relative Dose [-]

Parameter EM 1/SLM EM 2/LM EM 2/SLM SCI 1

Altitude 0.9953 0.5169 0.8527 0.6893
Precipitation 0.0313 0.0664 0.0005 0.0121

Avg. RH 0.1396 0.3677 0.2317 0.1523
Avg. temperature 0.9547 0.4778 0.8302 0.6671

1 Relative Scheffer Climate Index.

Mapping SCI (Figure 3) and the relative dose based on EM 2/LM (Figure 4) revealed the highest
similarity, which might be due to the same input parameters, i.e., temperature, precipitation, and RH,
but became only partly evident from an attempt to correlate both measures (R2 = 0.6453). However,
as previously reported by different authors [11,20,22,47], both attempts can be used to predict the
performance of wood exposed outdoors under situations referring to the European use class 3.2 [48],
which refers to wood exposed to weather, but without permanent contact with soil or water. Here, an
accumulation of water in wood shall be expected, although it is spatially limited.
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On country level, it became evident that topography—here mainly expressed as altitude—has
a major impact on the climate-induced decay hazard of different locations in Switzerland. It was
therefore assumed that those become even more pronounced in mountainous regions on a smaller scale.

3.2. Lötschental

The relative dose was mapped for the Lötschental area in different resolutions. For this purpose,
locations were selected in a uniform grid pattern of 7.5 × 7.5 km, 5.0 × 5.0 km, and 2.5 × 2.5 km as
shown for EM 2/SLM in Figure 5 and for EM 2/LM in Figure 6. We changed the previously used 12
relative dose classes of 0.25 (e.g., Figure 4) to 15 classes of 0.1 to better illustrate small-scale differences
of the decay hazard.Forests 2019, 10, x FOR PEER REVIEW 11 of 16 
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Figure 6. Relative annual dose in Lötschental based on exposure model EM 2 and the logistic
decay model LM at different resolutions, reference location: Uppsala, Sweden. (a): 7.5 × 7.5 km,
(b): 5.0 × 5.0 km, (c): 2.5 × 2.5 km.

The maximum span of relative decay dose within the Lötschental area increased only slightly
with increasing resolution, but dosage was assigned to locations more accurately on a small scale.
In particular, the borders between the Long Glacier and the Rhône valley became apparent as well as
the Lötschental which follows the Lonza River. With increasing resolution of the maps, the impact of
topography on the decay hazard became better visualized. Furthermore, systematic errors became
evident when calculating the site-specific dose on the basis of interpolated climate data. The more
distinct the topography was, i.e., the higher the differences in altitude, the bigger the error. The latter
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can be seen, for instance, at the glacier top for which a maximum dose has been assigned only at the
highest resolution of 2.5 × 2.5 km.

For a reliable service life prediction of wooden components, it is essential to quantify the
climate-induced hazard as accurately as possible [1]. Therefore, different climate levels can be
distinguished as follows: macro-, meso-, local, and micro-level. Recently, Emmerich and Brischke [49]
showed that at least the latter is influenced by topography, forest cover, and other features that have an
impact on characteristic weather parameters such as rain, wind, and solar irradiation. In different, partly
ongoing studies, the effect of building design, vegetation and adjacent buildings on moistening and
re-drying of wooden building components is examined and quantitatively assessed [40,50]. However,
the effect of topography itself can be accounted for through high-resolution mapping of decay doses as
exemplarily shown in this study. Alternatively, the site-specific dose can be calculated on the basis of
meteorological data bases and existing models to predict exposure dose and resulting decay.

Interestingly, topography-related differences in decay dose became more apparent with increasing
resolution for the model combination EM 2/SLM compared to EM 2/LM, which contradicts previous
findings on country level (see Figure 4) where the use of the LM led to higher differences in relative
decay dosage, but can be explained by different scales used for the analysis, i.e., ≤0.1 to >1.4–1.5 in the
Lötschental area (Figures 5 and 6, but <0.25 to >2.75–3.0 for Switzerland (Figure 4).

The overall suitability of a decay prediction model, or a combination of an exposure model and a
decay model, respectively, is defined by its predictive power [1]. Therefore, both decay and exposure
models require validation, as for instance done by Brischke et al. [51], but this was not an objective
of the current study. Nevertheless, from this study it became obvious that small deviations from the
researched location can lead to remarkably deviating dose values when estimating the climate-induced
decay hazard. Consequently, high resolution decay dose mapping is considered a powerful tool not
only for service life prediction itself, but also for model development and validation.

4. Conclusions

Decay hazard mapping is a helpful tool for service life planning with wood and wood products.
It became evident that small-scale mapping with high resolution is needed to fully reflect the impact
of topography and other local conditions on the moisture- and temperature-induced decay risk in
wooden components.

The findings from this study led us to the following conclusions:

• A more detailed analysis of a region with prominent differences in topography, here Switzerland,
shows their impact on decay dosage as determined on macro climate data. The higher the
differences in topography, and the smaller the area on which they occur, the higher the resolution
required for decay hazard mapping to adequately consider the local climate.

• Small-scale differences of climate-induced decay dose can be significant and may lead to a
reduction of service lives up to a factor of 1.5, as shown for the mountainous region at Lötschental
at distances of less than 40 km.

• The combination of exposure and decay models determines to what extent topography-affected
climate parameters, i.e., mainly temperature, lead to deviations of decay dose on small scale.
The closer meshed the grid of climate data points is for dose modelling, the more accurate the
decay hazard can be predicted.

• Future work should concentrate on the validation and optimization of service life prediction
models. Based on the findings from this study the response in terms of fungal decay in wood on
local and micro-climatic conditions is model specific. Hence, field test data need to be considered
for validation which reflect also climatic differences on a spatial small scale. High resolution
hazard mapping should be done also for other regions to further improve the understanding
of impact factors such as topography, water bodies, and the concentration of settlements in
urban areas.
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• Furthermore, in this study the moisture-induced risk has been modelled material independent,
but for service life prediction, the material-specific moisture performance needs to be considered
as well; e.g., in terms of the moisture exclusion efficiency of differently treated and modified wood.
However, the climate-induced decay hazard remains unaffected by the material of choice; solely,
the material resistance may change.
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