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Summary: Climate change will have effects on many ecosystems, including the top layer of the earth: the soils. Climate-
induced changes in soil properties can lead to changes in soil functions and their importance for soil protection. These
possible changes have been evaluated within the German part of the EU Interreg IVb project “Climate Proof Areas” in
two pilot regions in the Wesermarsch (Germany). The evaluation of eight different soil sub-functions was carried out using
the evaluation method TUSEC-B based on soil information gained from soil maps for present (Status Quo) and climate-
adapted soil properties. Four different climate scenarios for 2050 were considered. The evaluation results of the individual
soil functions have been summarized to an overall evaluation result using the maximum principle. The evaluation results for
the Status Quo show that large areas of the pilot regions are important for soil protection regarding both the individual soil
function evaluation and the summarized evaluation. The adaptation of climate-influenced evaluation parameters results in
an increase of the importance of protection of the soils for some sub-regions and in a decrease for others, depending on the
scenario. The differences in the extent and direction of changing evaluation results mainly depend on changes in soil organic
matter content and groundwater level. They are different for the individual soil functions and regarding the overall evalua-
tion result, but show the influence of climate change on soil functions. On the basis of these results, it is recommended to
consider climate-induced changes in soil functions within spatial planning processes such as area-wide coastal protection or
water management measures (e.g, dike or reservoir construction), to avoid the loss of soils with valuable functions that are
worth protecting;

Zusammenfassung: Der Klimawandel wird sich auf viele Okosysteme, einschlieBlich des Okosystems ,,Boden®, auswit-
ken. Diese klimabedingten Anderungen der Bodeneigenschaften kénnen zu Verinderungen in den Funktionen des Bodens
fihren und dessen Bedeutung fiir den Bodenschutz verindern. Im Rahmen des EU-Interreg IVb-Projektes ,,Climate Proof
Areas® wurden daher in zwei Pilotregionen in der Wesermarsch (Deutschland) diese mdglichen Verdnderungen analysiert
und bewertet. Die Bewertung von acht verschiedenen Bodenteilfunktionen erfolgte mittels der Bewertungsmethode TU-
SEC-B fiir heutige und klimaangepasste Bodeneigenschaften unter der Bertcksichtigung vier verschiedener Klimaszenarien
(2050). Die auf Karteninformationen basierenden Bewertungen der Teilfunktionen wurden abschlieSend in einer Gesamt-
bewertung, basierend auf dem Maximumprinzip, zusammengefasst. Die Ergebnisse der Bewertung fiir den Status Quo
zeigen, dass weite Bereiche der Pilotregionen sowohl hinsichtlich der Einzelfunktionen als auch in Bezug auf die Gesamt-
bewertung fiir den Bodenschutz wichtig sind. Die Anpassung der klimabeeinflussten Parameter an die projizierten Klimabe-
dingungen in 2050 resultiert, je nach Szenatio, sowohl in einer ErhShung als auch in einer Abnahme der Schutzwiirdigkeit
der Béden. Diese Unterschiede in AusmaB3 und Richtung der Verinderungen sind insbesondere auf die Anderung des
Gehaltes an organischer Substanz und des Grundwasserstandes zurlickzufiihren. Sie variieren fiir die Bewertungsergebnisse
der Einzelfunktionen und der Gesamtbewertung, zeigen jedoch den Einfluss des Klimawandels auf die Funktionen eines
Bodens auf. Basierend auf diesen Ergebnissen ist eine Berticksichtigung klimatisch bedingter Verinderungen der Boden-
funktionen innerhalb von Raumplanungsvorhaben (z.B. flichendeckender Kiistenschutz, wasserwirtschaftliche MaBinahmen
(u.a. Deich- oder Polderbau)) zu empfehlen. Nur so ist ein zukiinftiger Verlust von wertvollen Bodenfunktionen und damit
von Béden mit einer hohen Schutzwiirdigkeit zu vermeiden.
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1 Introduction ural, utilization, and archive functions. The most
obvious function is the production function (e.g.,

As the active layer between atmosphere and  production of crops or raw material). Additionally,
lithosphere soils regulate many biological and hy-  soils are the basis of life for animals, plants, and
drological processes. Thus, soils fulfill various eco- humans providing for essential needs such as water,
logical and social functions, differentiated into nat- nutrients and the surface to live on. They regulate
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many processes within the water and nutrient cy-
cle, including the transformation of contaminants.
Preserving the natural and cultural history by keep-
ing information on natural impacts like sediment
transport by flooding or sand storms and anthropo-
genic changes, respectively, soils are also important
historical archives.

“The capacity (of soil) to function” is the sim-
plest definition for soil quality, as stated by the Soil
Science Society of America (SSSA 1995). Improving
soil quality and reversing soil degradation are major
topics in the context of soil protection and solu-
tion approaches have been changing continuously
(CARTER et al. 1997, WARKENTIN 1995). Until 1976,
when the Food and Agricultural Organization of
the United Nations published the “Framework
for Land Evaluation” (FAO 1976), soil evalua-
tion focused on agricultural productivity. With
the Framework, which was revised in 2007 (FAO
2007), the evaluation process has been widened to
include alternative land uses such as forestry and
nature conservation to enhance the protection of
the environment. On the legal basis, Germany en-
acted the German Federal Soil Protection Act in
1998 as a basic legal principle for soil function pro-
tection and restoration (BBodSchG 1998). With this
introduction into national law, increasing attention
was paid to the multi-functionality of soils on na-
tional and international level (LEHMANN and STAHR
2010). Different international institutions started to
consider the wide range of functions the soil un-
dertakes within the ecosystems (EC 2002, 2000;
KARLEN et al. 1997). Additionally, the evaluation of
soil functions as a basis for soil protection measures
within spatial planning processes became more im-
portant and should be implemented in the land use
negotiating process in future (Bouma 2001).

During the past years, with a thorough dis-
cussion about climate change and its impact on
ecosystems, the general interest in assessing the
vulnerability of soil development and soil func-
tioning has further increased. Changes in climatic
conditions, especially in temperature and precipita-
tion, can change soil properties and finally the soil
functions (e.g., EEA 2008; IfB 2008; ROUNSEVELL
et al. 1999). For example, higher temperatures, as
projected for the future, can lead to increasing soil
organic matter decomposition, and hence changes
in soil hydraulic and physical properties (KARDOL
et al. 2010). As a result, the water storage capacity
and the productivity of soils might decrease, and
the vulnerability and importance of individual soil
functions might change. Due to the complexity and

interaction of climate-induced changes in the water
and heat balance of soils, however, contrary chang-
es in soil functions can occur which are mostly
combined with related changes in land use and in
the soil microorganism population. Investigations
performed in North Germany by SPRINGOB et al.
(2001) showed that the mean content of organic
carbon of different Ap horizons strongly increased
with precipitation. VERZANDVOORT and KUIKMAN
(2009), who discussed the influence of climate
change on soils in their report, also described the
positive and negative effects on soils and the im-
portant role of soils within climate adaptation strat-
egies. To evaluate shifts in soil functions of a site, it
is therefore necessary to understand which and how
soil properties can change and how these changes
can be incorporated into the evaluation process.

Since the start of the discussion on imple-
menting soil protection issues in spatial planning
concepts, different evaluation methods for differ-
ent scales and different focal points have been de-
veloped. More than 80 evaluation methods, based
on different data bases, planning scales, and se-
lections of evaluated functions, exist in Germany
(e.g., PLANUNGSGRUPPE OKOLOGIE UND
UMWELT GMBH 2003). For spatial planning pur-
poses, an evaluation approach needs to be clearly
structured, applicable to different planning levels,
and comprehensive regarding the soil functions
which can be evaluated. Additionally, an aggrega-
tion of evaluation results for individual soil func-
tions is often required to rate their ecological value.
In most cases the size of the area as well as the
available soil data and information are the factors
limiting the choice of methods.

Thus, the aim of the present work is to inves-
tigate whether and in which direction a projected
climate change can induce changes in soil functions
and whether this can be identified by using an ap-
propriate evaluation method. We used the TUSEC
(Technique for Soil Evaluation and Categorization
for Natural and Anthropogenic Soils) approach
(LEHMANN et al. 2008) to evaluate the soil functions
on the effect of climate change in two water board
areas in the administrative district Wesermarsch
(Northern Germany). This recently developed
evaluation method considers most of the soil func-
tions defined by the BBodSchG (1998) and has a
clear evaluation procedure. It was tested for natural
and anthropogenic soils at different sites in South
Germany, Austria, Italy, Slovenia, and Switzerland
(JENNY et al. 2006). TUSEC has been developed for
soil evaluation of natural and anthropogenic soils
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in the temperate zone and comprises two evalua-
tion levels which differ in the required evaluation
parameters and the possible evaluation scale (see
3.1). Due to the parameters taken as a basis for the
evaluation process it is possible to consider climate-
induced changes in soil properties. Based on four
different scenarios of climate-induced changes,
we changed five evaluation parameters to evaluate
the future worthiness of soils in the project area
and compared the results with the evaluation re-
sults of the present climate situation. We think this
procedure will be useful to avoid losing valuable
and protectable soils in future and can be used in
spatial planning processes, for example, following
the discussion and development process within
the German part of the EU Interreg IVb project
“Climate Proof Areas” (CLIMATE PROOF AREAS
2011), which this study is part of.

2 Study area

The study area is located in the northern part
of Germany and comprises the water board ar-
eas Butjadingen (north, ~216 km?) and Stadland
(south, ~ 113 km?), which belong to the admin-
istrative district Wesermarsch (Lower Saxony)
(Fig. 1). Dominated by the North Sea, the climate
is humid with moderate temperatures (~8 °C, mean
annual temperature) and precipitation (~710 mm,
mean annual precipitation) (MUHR 2007). The soils
of the entire Wesermarsch region are mainly marsh
(nearly 75%) and peat (nearly 15%) soils (SEVERIN
2008). Only 0.5% of the district area are sandy soils
(LANDKREIS WESERMARSCH 2003). The devel-
opment of these marsh and peat soils is closely re-
lated to the Holocene sea transgression and regres-
sion phases. Transgressions led to sedimentation
of fine material in shallower and still water areas
as well as sedimentation of coarser material close
to the shore. Peat growth and the development of
fens set in during regressions with concurrent high
groundwater levels. Nowadays, the region is cut off
from the sea by dikes. The groundwater influence
is still present, but regulated by drainage mainly in
winter time and by watering during summer. With
increasing human activities and improved melio-
ration techniques anthropogenic soils have been
developed.

Different hydrological conditions, land man-
agement as well as the specific pedogenctic factors
and processes led to a wide range of marsh and peat
soils in our study area. It is dominated by marsh

soils with mainly Gleyic Fluvisols (calcaric) (45.7%),
Gleysols (clayic) (25.1%), and Haplic Gleysols
(15.8%). About 8.5% of the area is covered with
peat soils like Sapric Histosols or Histosols with
clayic, organic, or anthropogenic layers (Fig. 1).

Land use in the Wesermarsch region is charac-
terized by agriculture (80% of the area). Especially
due to the soil conditions, 90% of the agricultural
land is under grassland farming.

Coastal protection and drainage of the main
land is vital for this area because of the flat relief
with some parts of it being below mean sea level
and its location close to the sea. For hundreds of
years, the Wesermarsch and many other regions
in the German coastal areas have been drained by
ditches and pumping stations in the winter time.
Due to water scarcity in the summer months the
ditches have also been used for watering the arable
fields and cattle with surface water from the Weser
River. Nowadays, the water management system is
negatively influenced by the increasing salt concen-
tration in the irrigation water caused by the deep-
ening of the Weser River (GFL/BIOCONSULT/
KUFOG 20006). Projected higher storm tides and
sea level rise may also increase the amount of
salt water flowing upstream the river to the tid-
al gates used for watering (Beckum, Strohausen)
(GRABEMANN et al. 2005). Additionally, changes
in climatic conditions such as less precipitation in
summer and therefore a higher watering demand,
may aggravate the salt water problem and cause
follow-up problems which have to be solved by
coastal protection and water management.

3 Materials and methods
3.1 TUSEC and the overall evaluation approach

To evaluate the soil functions in our proj-
ect area, we chose TUSEC (Technique for Soil
Evaluation and Categorization for Natural and
Anthropogenic Soils), a method which has been
developed to evaluate soil functions for soils un-
der temperate climate, comprising TUSEC-A and
TUSEC-B (beta-version) (LEHMANN et al. 2008).
Compared to the A-procedure which is based on
detailed pedological characteristics of the area,
the B-procedure can be used for an orienting
evaluation in larger areas. It is based on second-
ary data (e.g., pedological, topographical, or his-
torical map information) and can be applied for
scales of 1:25,000 and smallet. Because of the ori-
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Soil map Wesermarsch (BUK 50)
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Fig. 1: Location and soils (WRB classification) of the study area (north: Butjadingen; south: Stadland)
Source: based on data of Nds. Bodeninformationssystem NIBIS with permission of LBEG, Hannover; NIBIS® Kartenserver

(2010) and TK 25 (© LGN)
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enting character the evaluation results should be
verified by field data analyses and site inspections
later on. The used soil data are mainly values aver-
aged to a depth of one meter. Only the informa-
tion about the organic matter content is topsoil-
related. To evaluate the soil functions in the ru-
ral areas Butjadingen and Stadland for the pres-
ent situation (Status Quo) and for 2050, we used
the B-procedure of the TUSEC approach. Table 1

shows the soil functions, defined by the BBobScHG
(1998), and sub-functions which were evaluated
using the TUSEC-B method. Each sub-function
is described by evaluation criteria and parameters,
respectively, generated from map information. For
example, the importance of the evaluated site for
soil protection regarding the habitat and basis of
human life is evaluated by the evidence of point
or diffuse source contamination by old deposits or

Tab. 1: TUSEC-B (beta-version): soil functions, sub-functions, and the corresponding evaluation criteria and parameters

(in italics: supplementation/deviation of manual specifications)

soil function

soil sub-
function

evaluation criteria

parameters (manual)

parameters (adapted)

habitat and basis of life

medium for
decomposition, balance
and restoration of
substances (filtering,
buffering, substance-
converting properties)

part of the ecosystem

archive function

production function

habitat and
basis of life for
humans

habitat and
basis of life for
animals and
plants

filter and buffer
for heavy metals

chemical reactor

part of the water
balance

archive of
natural history

archive of
cultural history

food and
biomass
production

classification of
contamination

anthropogenic
influence, extreme
site conditions

derived parameters

derived parameters

derived parameters

rareness
(soils with special
characteristics, if

area < 0,1 % of the

investigation area)

derived parameters

derived parameters

current and historical land

use, soil contamination

groundwater table,
available water capacity
(awc) (derived from
texture, organic matter

content, information about

consolidation),

current and historical
land use, soil conditions
(treatment)

clay content,
organic matter content

(through texture, soil type),

pH

organic matter content,
thickness of topsoil

water conductivity (derived

from texture, skeletal

material (or similar material),

anthropogenic source,
profile development,

consolidation, stratification),

awc (see above)

fossil soils,

bogs,

soils from rare material,
soils with periglacial
characteristics,

soils with extreme gleyic

characteristics

soils with important

artefacts, soils with a special

land use history

organic matter content,

mean annual temperature

potential brownfield
sites: old deposit, disused
military site

percentage of soil sealing,
anthropogenic soil
material,

awc (derived from
organic matter content,
texture (#cl. decomposition
degree for peat), bulk density),
upper groundwater table

clay content, texture,
organic matter content,
pH/carbonate content

organic matter content,
thickness of topsoil

water conductivity
(derived from /leachate
rate, bulk density, texture
(éncl. decomposition degree

Jor peat)),

awc (see above)

plots with characteristic
soil profiles, permanent
investigation sites,
percentage of soil type area of
total area (<1%), rare soils
(here: peat soils, Gleyic
Regosols, Histic Gleysols
(thionic))

here: wharfs, dikes
(percentage of area of total
area)*

organic matter content,
mean annual temperature

* Categories: >10% = 1; >5% - <10% = 2; >2,5% - <5% = 3; >0% - 2,5% = 4; 0% =
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military sites. And-, if-, or- etc. “decision trees” are
used to evaluate the sub-function at five evaluation
levels, with level 1 representing a very high impor-
tance for soil protection and level 5 representing
a very low importance for soil protection. Hence,
a point-source contaminated site will be classified
as “very low important for soil protection” regard-
ing the function as habitat and basis of human life
(structure: “if site is not contaminated = 1; if site is
contaminated with point-source pollution (restora-
tion not necessary) = 4; if site is contaminated with
point-source pollution (restoration necessary) = 5).
Notwithstanding the specifications in the manual
we adapted some parameters due to the available
data base (see 3.2), e.g., adding the leaching rate
as one parameter to characterize the water balance
function (Tab. 1). More information on the evalua-
tion method and a precise description are given in
the manual (LEHMANN et al. 2008).

To keep the evaluation structure of the TUSEC
approach, also the soil sub-functions without cli-
mate-sensitive evaluation parameters were evaluat-
ed and integrated into the overall evaluation result.

TUSEC does not provide a guideline for sum-
marizing the individual evaluation results of eve-
ry soil function into an overall evaluation result,
which is often required by spatial planners. To
obtain such an overall evaluation result, the maxi-
mum principle was applied in this study, meaning
that functions which were evaluated with a very
high importance for soil protection, dominate the
overall result of the evaluated plot. As opposed to
an average determination, lower important func-
tions are not considered and therefore, a very high
worthiness of protection of the individual evalua-
tion is retained.

To summarize the individual evaluation results
(eight soil sub-functions) the following classifica-
tion was used:

individual evaluation result:  overall evaluation result:
>2xlor4x?2
>2x2
1x20r=22x3
>2x4

otherwise

O B~ LN -

with
1 = very high importance for soil protection
2 = high importance for soil protection
3 = medium importance for soil protection

4 = low importance for soil protection
5 = very low importance for soil protection.

3.2 Data “Status Quo”

For the soil function evaluation with TUSEC-B
we used available information about soil type, land
cover, potential brownfield sites, plots with char-
acteristic, regional soil profiles, and permanent
investigation sites gained from special maps (soil
information system) provided by the State office
for Mining, Energy, and Geology (LBEG) of Lower
Saxony (Germany).We used the soil type units of
the BUK 50 (soil overview map 1:50,000) as evalua-
tion units and the data stored in the digital BUK50
data base. The BUK 50 is a soil overview map gen-
erated from secondary information (geology, to-
pography, land use etc.) and is based on information
from representative soil profiles for each map unit.
In addition to information on pedology, geology,
hydrogeology, and land cover, the soil information
system provides derivative maps based on the BUK
50. Therefore, additional information on leaching
rates was available (Tab. 1: adapted parameters).

Information about historical coastal protection
constructions, such as dikes and wharfs, was ob-
tained from the Lower Saxony State office for pres-
ervation of historical monuments (NLfD). These
data are assumed to represent the present situation
of soil and site properties, named “Status Quo”.

3.3 Climate change scenarios for 2050

Within the evaluation process, the influence of
four climate change scenarios on soil functions was
analyzed (Tab. 2). The influence of land use altera-
tion on soil properties, as a result of climatic or de-
mographical changes, was not considered because
of the rural planning scheme discussed within the
“Climate Proof Area” project. It was stated that,
from today’s point of view, the focus will be on the
effort to sustain the characteristic landscape, espe-
cially the proportion of agricultural land (AHLHORN
et al. 2011). Thetefore, and also because of the land
use-independent evaluation procedure, land use
changes were not included within the evaluation
process.

All scenarios are based on the climate change
assumptions determined within the “Climate
Proof Area” project for the region Wesermarsch
(BormaNN et al. 2009). The following changes
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Tab. 2: Assumed changes of climate-affected parameters considered within the evaluation process
sc;(r;;l;io temperature [°C] leac};t/"c); rate ground[zvrf:]er level orgilgi:t:]z:tter deco[rllg‘)les]ition
[level, %]

I +1,5 +4 +5 -1 level (15) +1 level

II +1,5 +4 +5 +1 level (15) -

111 +15 - - +1 level (15) -

v +1,5 - - -1 level (15) +1 level

in climate elements were projected based on the
emission scenario A1B (IPCC 2000, 2007) and on
WETTREG data (Spekar et al. 2007):

temperatute: +1-15°C
precipitation (winter): app. + 25%
precipitation (summer): app. - 15%
evapotranspiration (annual): app. + 5-7%.

All scenarios assume the same increase in tem-
perature, but partially differ regarding changes in
leachate rate, groundwater level, organic matter
content, and level of organic matter decomposi-
tion (Tab. 2). Scenarios I and II, and scenarios 111
and IV, respectively, are equal regarding leach-
ate rate and groundwater level. Their main differ-
ence is an increase or decrease in organic matter
content or decomposition level of organic matter.
The organic matter content and the decomposition
level are described by short symbols according to
the Bodenkundliche Kartieranleitung (AD-HOC-
AG BODEN 2005). The organic matter content is
divided into eight categories (hO to h7) and each
category refers to a range of mass percentage of or-
ganic matter (e.g., h2 is equivalent to 1 — <2 mass-
%). The classification of the decomposition level of
organic matter is based on the visible plant struc-
ture within the turf and comprises five categories
from z1 (very low) to z5 (very high) (AD-HOC-AG
BODEN 2005).

It is well known that microbial activity increas-
es with increasing temperature, resulting concur-
rently in decreasing organic matter contents (e.g.,
Hormann 1993; IFB 2008; Karpor et al. 2010;
PowLseN 2005). To quantify the loss of organic mat-
ter we used the information on temperature depend-
ence of soil organic matter decomposition given by
KirscHBAUM (1995). From the laboratory-based data
he deduced a decrease of C,,, of ~10% at a mean

annual temperature of 5 °C and of ~3% at a mean
annual temperature of 30 °C upon a temperature
increasing by 1 °C. By applying these calculations
to our investigation area with a mean annual tem-
perature of approximately 8 °C, the Cy, content will
decrease by approx. 9%, which means a decrease of
15% of the initial soil organic matter (SOM) content.
To consider the influence of soil moisture, we ad-
ditionally assumed an increase in SOM in scenario
II due to reduced soil microbial activity caused by
higher soil moisture (SPRINGOB et al. 2001). Within
the evaluation procedure, an increase or decrease in
organic matter content and organic matter decom-
position by one level each is equivalent to a change
by one category (according to the Bodenkundliche
Kartieranleitung (AD-HOC-AG BODEN 2005)),
which approximately corresponds to a change by
15% of the initial SOM content.

The hypothesized higher leachate rate in
2050 compared to today is based on findings of
OsTERKAMP et al. (2001) who assumed an increase
in precipitation by 10% in the coastal Weser region
and therefore higher groundwater recharge in this
flat area. Simulating the groundwater and soil wa-
ter balance HorrmAaNN et al. (2005) calculated an in-
crease in groundwater recharge in this region. Thus,
we assumed an increase in leachate rate of 4% (pre-
cipitation (+10%) minus evapotranspiration (6%), see
above).

The assumption of an increase in groundwater
levels is based on projected increasing precipitation
and leachate rates. BRAMMER and BRINKMANN (1990)
predicted higher groundwater levels in coastal soils
due to sea level rise. SCHIRMER (2000) also assumed a
rising groundwater level in the Lower Weser region.
Furthermore, HOFFMANN et al. (2005) simulated the
changes in the groundwater surface distance for two
coastal investigation areas in the Lower Weser re-
gion which are near or within our study area. They



228

ERDKUNDE

Vol. 66 - No. 3

identified a decrease in the groundwater surface dis-
tance of 5 cm and 22 cm due to sea level rise and
higher groundwater recharge. For the total inves-
tigation area (comprising large parts of the region
Wesermarsch), they predicted a rising groundwater
level. Based on these simulation results and on the as-
sumption that less water might be pumped out of the
area, c.g., due to higher pumping costs, we assumed
a maximum groundwater level increase of 5 cm until
2050 for scenarios I and II. In scenarios 111 and 1V,
we hypothesized that the water management will not
change and that the drainage capacity will be still
sufficient to maintain the present groundwater level.

4 Results
4.1 Soil function evaluation “Status Quo”

On the basis of today’s soil properties most
parts of the study area are of very high (50.7%) and
high importance (21.2%) for soil protection (Fig. 2).
These areas are dominated by Histosols and Gleyic
Fluvisols (calcaric) which are widely spread in the
region. The lowest importance for soil protection,
comprising 1.5% of the atea, is represented by two
Gleysol (clayic) plots, while the rest of the region
(26.6%) is of medium importance.

The overall evaluation result is mainly influ-
enced by the evaluation results of the individual hab-
itat functions (not shown). Nearly the entire region
is worth protecting (highly and very highly protect-
able) regarding its functioning as the basis of human
life (96.5%) and as the habitat and basis of life for
animals and plants (99.9%). The Gleyic Fluvisols
(calcaric) and Salic Fluvisols are very good filter and
buffer for heavy metals and therefore highly protect-
able. Furthermore, the Gleyic Fluvisols (calcaric) are
of high importance for soil protection as part of the
water balance, because they have a comparatively
higher available water capacity and are of high impor-
tance for food and biomass production. Especially,
the Histosols in the study atea are of very high/high
importance regarding their function as chemical re-
actor, but are barely worth protecting regarding their
filter and buffer capacity for heavy metals, which
also applies to the Haplic Gleysols, Gleysols (clayic),
and the Gleyic Anthrosols in the area.

Plots representing Salic Fluvisols, Histic Gleysols
(thionic), Histosol (fen), and Gleyic Regosols are at-
chives of natural history and therefore of very high
importance for soil protection. Because of the set-
tlement history in the study area, i.e. wharf and dike

constructions, and the differently weighted area per-
centages of these constructions within the evaluation
units, the soils are mainly of medium importance for
cultural history.

4.2 Soil function evaluation “Status Quo — 2050”

Adapting the evaluation parameters to the as-
sumed climate-induced changes in 2050, the worthi-
ness of protection regarding the overall evaluation
result changed differently depending on the applied
scenario (Fig. 3, Tab. 3). The smallest changes are
ascertained by scenario IV with 77.1% of the area
without any differences between the Status Quo
and 2050. The remaining scenarios are very similar
regarding the proportion of “no changes” (62.6—
63.7%). The biggest differences in the importance for
soil protection (overall result) are based on scenario
IT which leads to an enhancement of the soil worthi-
ness in 2050 by two evaluation levels. In general, the
changes in the overall evaluation result are mostly
in the positive direction. This is true for scenarios
IT and III showing an increase of the importance
of soil protection of 37% and 36.6%, respectively.
The evaluation of scenario I results in a more posi-
tive development of the soil functions (23.5%), but
shows also negative changes (12.7%). Scenario IV is
the only scenario which leads primarily to a negative
development of the overall evaluation result (21.3%).

The analysis of the individual soil function
evaluation results shows a higher increase of the im-
portance for some soil functions as compared to the
overall evaluation result (max. plus four evaluation
levels).

Most changes in the importance of soil protec-
tion are due to changes in soil organic matter. This
is shown in scenarios 11 and I1I in which the com-
paratively high proportion of a positive development
of the “chemical reactor function” is caused by SOM
changes. The same is true for the production func-
tion of the evaluated soils. An increase in organic
matter content results in a positive change while a
decrease leads to a negative development of the soil
functioning. The importance of soils as a habitat and
basis of life for animals and plants is only slightly
influenced by the assumed climatic changes, but
is mainly positive for scenarios I and II. This can
be explained by the definition of this soil function,
which is targeted on the importance of extremely dry
and wet locations. Because of the assumed higher
groundwater levels, the soil moisture increases and
therewith the rareness of the location for plants and
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Tab. 3: TUSEC-B: Differences between the results of the individual soil function evaluation for the Status Quo and 2050
presented for each scenario (area percentage of evaluation level). No differences between Status Quo and 2050 for LIFE1,

ARCI1, and ARC2 (not shown)

I IT scenario differences  differences  differences  differences  differences  differences
IIr 1v LIFE2 STOFIT1 STOFIT3 STOFIT4 PROD1 overall result
proportion -1 0.1 0.1 0.5 0.5 6.6 0.7 0.2 0 36.6 0.6 11.9 0
[%e] 0.5 0.5 0.1 0.1 0 0 0 0.2 0.6 36.6 0.9 21.3
proportion -2 0 0 0 0 0 0 0 0 0 0 0.8 0
&2 0 0 0 0 0 0 0 0 0 0 0 0
proportion 1 52.5 52.5 4.2 0.9 9.8 36.5 0 0.1 0 26.9 10.4 20.0
[%0] 0 0 0.9 4.2 34.0 18.3 0.1 0 26.9 0 35.0 1.6
proportion 2 0 0 0 0 0 0.3 0 0 0 0 13.1 17.0
(o] 0 0 0 05 | 88 0 0 0 0 0 1.6 0
proportion 3 0 0 0 0 0 0 0 33.5 0 0 0 0
(Vo] 0 0 0 0 0 0 | 35 0 0 0 0 0
proportion 4 0 0 0 0 0 0 2.0 2.0 0 0 0 0
[%6] 0 0 0 0 0 0 2.0 2.0 0 0 0 0
proportion 0 47.4 47.4 95.3 98.6 83.5 62.5 97.8 64.4 63.4 72.6 63.7 63.1
[%6] 99.5 99.5 99.1 95.2 57.3 81.7 64.4 97.8 72.6 63.4 62.6 77.1

Notes: LIFE1: habitat and basis of life for humans; LIFE2: habitat and basis of life for animals and plants; STOFIT1: water balance function;
STOFIT3: filter & buffer for heavy metals; STOFIT4: chemical reactor; PROD1: production function; ARCI: archive for natural history; ARC2:

archive for cultural history

animals. Small, more or less positive changes (plus
1 evaluation level) were identified for the water bal-
ance function and the filter and buffer function for
heavy metals in 2050.

Due to the evaluation criteria regarding the habi-
tat and basis of human life and both archive func-
tions, which do not comprise climate-induced pa-
rameters, there are no changes when comparing the
present and the 2050 situations.

To identify soil type-related patterns in the fu-
ture change of soil quality, we determined the area
percentage of the soil types in relation to the differ-
ences in the evaluation level (present — 2050). Table
4 summarizes the results for each scenario and gives
the area percentage of the soil types regarding the
proportion of the evaluation level and the appear-
ance in the area, respectively. For example, only
Gleyic Fluvisols (calcaric) show a two-level down-
grading in the worthiness of protection. Therefore,
this soil type comprises 100% of the evaluation level
which represents only 5.18% of the total appearance
in the study area.

Considering the soil type-related changes no
clear pattern is observable. It is worth mentioning
that the worthiness of protection of nearly 99% of
the Gleyic Anthrosols areas increases with increas-

ing organic matter content (scenarios 11 and III).
The soil protection value of the Calcic Gleysols in
the south-western part of Butjadingen (see Fig. 1 and
3) probably increases with rising groundwater levels
(scenarios I and II).

5 Discussion and conclusions

This study on the impact of climate change on
soil functions shows that the worthiness of protec-
tion of soil functions will be influenced by climate-
induced changes in soil properties.

Depending on the assumed future climatic de-
velopment and the chosen scenario these changes
can be positive or negative and vary regarding the
extent of change. Although our study is based only
on an orientating evaluation method, it enabled us to
identify parameters which, alone or in combination,
change the future importance of soils for protection.

The most important parameter causing soil
function changes appears to be the organic mat-
ter content. This is in line with the conclusions of
VERZANDVOORT and KuikmaN (2009), who high-
lighted the key role of organic matter regarding soil
properties influenced by climatic changes. Organic
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Tab. 4: TUSEC-B: Differences between the overall evaluation results for the Status Quo and 2050 presented for each sce-

nario (area percentage of soil types)

scenario I scenario IT
differences . [ O.f [74] of : [%] O.f [74] of g
soil type evaluation appearance soil type evaluation appearance in
[level] .
level in the area level the area
2 Gleylc.Fluvlsol 100 518
(calcaric)
-1 Gleysol (clayic) 100 47.61
Gleylc‘Fluwsol 31.49 18.57 Gley1c'Fluv1sol 42.51 18.57
(calcaric) (calcaric)
1 Gleysol (clayic) 14.90 6.18 Gleysol (clayic) 55.61 44.26
Haplic Gleysol 3.01 2.38 Haplic Gleysol 1.88 2.38
Haplic Gleysol 20.36 16.86 Haplic Gleysol 15.70 16.86
Gleylc.Fluvlsol 66.89 1914 Gleylc.Fluwsol 5158 1914
2 (calcaric) (calcaric)
. Gleyic
Gleyic 12.75 41.15 Anthrosol 2357 7866
Anthrosol .
Gleysol (clayic) 9.15 6.18
Haplic Gleysol 18.72 75.58 Haplic Gleysol 20.22 80.76
Gley1c‘FluV1sol 44.65 62.28 Gleylc.Fluwsol 45.12 62.28
(calcaric) (calcaric)
Salic Fluvisol 0.34 100 Salic Fluvisol 0.34 100
Gleysol (clayic) 18.18 46.20 Gleysol (clayic) 19.71 49.56
Gleyic Gleyic
Anthrosol 374 58.85 Anthrosol 0.09 1.34
Sapric Histosol 6.84 100 Sapric Histosol 6.91 100
(bog) (bog)
0 Sapric Histosol Sapric Histosol
(fen) 3.58 100 ) 3.62 100
Histosol (bog) Histosol (bog)
with Salic 2.05 100 with Salic 2.07 100
Fluvisol layer Fluvisol layer
Histosol (fen) Histosol (fen)
with Histic with Histic
Gleysol 1.07 100 (T 1.08 100
(thionic) layer (thionic) layer
H1s.t1c.Gleysol 0.45 100 H1§t1c.Gleysol 0.46 100
(thionic) (thionic)
Gleyic Regosol 0.38 100 Gleyic Regosol 0.38 100
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scenario III

scenario I'V

[%0] of [“6] of [“0] of [%0] of
soil type evaluation appearance in soil type evaluation  appearance
level the area level in the area

Gleyic Fluvisol Gleyic Fluvisol 44.00 20.54

. 100 1.97 (calcaric)
(calcaric)

Gleysol (clayic) 56.00 47.61

Gleyic Fluvisol 49.25 37.72 Gleysol (clayic) 100 6.18
(calcaric)
Gleysol (clayic) 31.72 44.26
Haplic Gleysol 7.61 16.86
Gleyic Anthrosol 11.43 98.66
Gleysol (clayic) 100 6.18
Haplic Gleysol 20.99 83.14 Haplic Gleysol 20.48 100
Gleylc~Fluv1sol 44.06 60.32 Gleylc.Fluvlsol 4708 79.46
(calcaric) (calcaric)
Salic Fluvisol 0.35 100 Salic Fluvisol 0.28 100
Gleysol (clayic) 19.87 49.56 Gleysol (clayic) 15.03 46.20
Gleyic Gleyic
Anthrosol 0.09 1.34 Anthrosol 225 100
Sapric Histosol 6.97 100 Sapric Histosol 565 100
(bog) (bog)
Sapric Histosol 3.65 100 Sapric Histosol 296 100
(fen) (fen)
Histosol (bog) Histosol (bog)
with Salic 2.09 100 with Salic 1.69 100
Fluvisol layer Fluvisol layer
Histosol (fen) Histosol (fen)
with Histic with Histic
Gleysol 1.09 100 ] 0.88 100
(thionic) layer (thionic) layer
H1§t1c.Gleysol 0.46 100 H1§t1c'Gleysol 0.37 100
(thionic) (thionic)
Gleyic Regosol 0.39 100 Gleyic Regosol 0.31 100




234

ERDKUNDE

Vol. 66 - No. 3

matter is a major factor influencing, for instance, the
water storage capacity, the nutrient balance (chemi-
cal reactor), and the bonding capacity for harmful
substances. The biological, chemical and physical
properties of soils are especially influenced by the
amount of organic matter (BALDOCK and SKJEMSTAD
1999). Therefore, also the intensity of changes in the
evaluation results depends on the initial amount of
organic matter. The climatic impact is smaller on
soils with lower organic matter contents. Possible
reasons could be (i) an organic matter threshold
from which changes are not relevant anymore or (ii)
the quality of the information about organic matter
content which is only given by classification level and
not by exact data. For instance, soils with soil organ-
ic matter content reaching the upper limit can stay
within the classification level, although the organic
matter content decreases by 15%. Another cause can
be (iii) the fact that organic soils are not explicitly
considered within the TUSEC method, because soil
components are generally considered with respect to
the mineral part. There is no doubt, however, that
climate change will influence the organic matter
content of soils (e.g., IFB 2008; Kamp et al. 2008)
and possibly the related soil functions, as shown by
the result of this study. This knowledge leads to the
question of whether soil organic matter will increase
or decrease and will result in an improvement or
impairment of the soil functions. In our view, this
question cannot be answered definitively because
of the complex interaction of parameters influenc-
ing the soil organic matter content, like temperature,
water content, and microbial composition. For ex-
ample, microbial activity increases with temperature
rise, but can also decrease with an increase in soil wa-
ter content. Therefore, it is necessary to consider the
site-specific conditions when estimating the future
amount of soil organic matter and the development
of soil functions (KorLsg 2008). Additionally, further
research on the interaction of influencing parame-
ters is required, which is also claimed by ENGEL and
MULLER (2009) in their report on the influence of cli-
mate change on soils in Lower Saxony. This impor-
tant information enables climate-induced changes in
organic matter content to be specified on regional
and local scales and soil function evaluation results
to be concretized.

The second important parameter causing soil
function changes seems to be the groundwater level
which directly influences the soil moisture and indi-
rectly influences the accumulation or decomposition
of organic matter. An increasing groundwater level
but constant soil temperature will result in a decreas-

ing microbial activity. This leads to a higher organic
matter content and increases, for example, the pro-
ductivity and water storage capacity of soils to some
extent. However, high groundwater levels can also
result in decreasing soil productivity due to water log-
ging. Depending on whether the water management
or the natural water regimes will change in future in
the evaluated area or part of the area, the importance
of protection can change. Especially water manage-
ment changes, whose impact can be more or less pre-
dicted, have to be taken into account when discuss-
ing climate-induced changes in soil properties and
functions. If there are no changes in groundwater
regulation and the present groundwater level is kept,
water-related changes in soil properties can also be
neglected as well as soil movement processes (water
erosion) in the flat study area.

In general, our research shows that it is possible
to incorporate climate change into the evaluation
process of soil functions. The used evaluation meth-
od TUSEC-B allows us to evaluate soil functions of
larger areas and to see the results in a wider spatial
context. It was possible to evaluate the soil func-
tions in our project region which comprises an area
of ~329 km? TUSEC-B provides an overview of the
general worthiness of protection of the soils in the
region and can be used in planning processes. The
orienting character of the approach enabled specific
areas suitable for planning purposes to be identified,
but they need to be verified by field investigations.
Also the currentness of data used for the Status Quo
evaluation should be revised. We assumed that the
basic data reflect the present properties of the soils,
but the data have not been updated recently and
might not be representative of the Status Quo.

Summarizing the individual evaluation results
to an overall result, we applied the maximum prin-
ciple and defined five classification levels. Using dif-
ferent categories with different weightings would
lead to different evaluation results depending on the
data base, the spatial planning level as well as on the
question of whether individual evaluation criteria
are relevant to the problem.

Nevertheless, the implementation of spatial
planning measures, which are mostly long-term and
area- consuming projects, should take into account
that soils which are less worth protecting today can
be of higher worthiness in future. For example, the
localization of future spatial water management
measures, as discussed within the German “Climate
Proof Area” project, could be combined with the
results of this soil function evaluation by planning
water storage constructions or other adapted water
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management measurements in future less vulner-
able and important areas for soil protection. After
choosing specific places based on the soil function
evaluation, systematic soil type identification is
necessary to verify the input data of the evaluation
process.

Furthermore, soil function evaluation methods
need to be parameterized in more detail to simplify
their implementation in spatial planning and to en-
hance their applicability, which was also mentioned
by LEHMANN and StaHRr (2010). They stated that the
concept of soil functions need further adaptation to
spatial planning and land use aspects. Additionally,
more studies are needed to investigate the future de-
velopment of soil functions based on different evalu-
ation methods.
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