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Regarding the radioactive fission product Cs-137, particularly forest soils are hot spots of long-term
contamination. Previous studies have indicated that monitoring should take account of the exceptional
role of humus for Cs-137 mobility and bioavailability to effectively evaluate contamination patterns and
to enhance future protection strategies in forests. As official programmes in Bavaria lack such consider-
ations, a new monitoring project has been established together with the Bavarian State Ministry of the
Environment and Public Health, focussing on humus-controlling landscape parameters (relief, vegetation
etc.) as crucial core criteria. Comprising a total of 48 sites, the project provides a solid base for future
research. Both the site selection process and first results are presented here.

1. Introduction

As a result of the Chernobyl nuclear accident
in 1986, vast amounts of the toxic radioactive
contaminant Cs-137 (half life: 30.17 yrs) have
been deposited across Europe. Because of its
pronounced similarity in ionic diameter and hy-
dration energy, the monovalent alkali metal ce-
sium is an effective chemical substitute for the
essential nutrient potassium (Kruyts et al. 2000,
Shaw and Bell 1994, Schaller et al. 1993, van
Voris et al. 1990). In general, its plant avail-

ability in soils negatively correlates with clay
content and positively with organic matter con-
tent (de Koning et al. 2007, Kruyts et al. 2000,
Maes et al. 1999, Hird et al. 1996, Comans et
al. 1991, Andolina and Guillitte 1990, Sweeck
et al. 1990, van Voris et al. 1990, Cremers et
al. 1988). Hence, organic layers represent an
important and persistent Cs-137 sink and
source within the dynamic system of matter
cycles (Shcheglov et al. 2001). Particularly in
forest ecosystems, the complex interaction of
poorly decomposable litter, low pH values, in-



24 Jennifer Winkelbauer, Jérg Volkel and Matthias Leopold

DIE ERDE

sufficient potassium supply and reduced activ-
ity of soil organisms encourages the develop-
ment of massive organic layers resulting in an
effective physicochemical barrier against down-
ward cesium dislocation into mineral soil ho-
rizons (Konopleva et al. 2009, Zhiyanski et al.
2008, Kruyts and Delvaux 2002, Volkel 2002,
Shcheglov et al. 2001, Vélkel 1998, Andolina
and Guillitte 1990). Moreover, other than in ag-
ricultural soils (periodical ploughing), the trans-
location of cesium in forest soils exclusively
depends on natural processes. Hence, forest soils
feature a completely different long-term con-
tamination potential. Compared to an average of
approx. 37 Bq kg in agricultural soils (Bayeri-
sches Landesamt fiir Umwelt 2006a), strikingly
high activity levels are still prevalent in the or-
ganic layers of forest soils, particularly in Of-
and Oh-horizons of low mountain and alpine re-
gions with activities typically ranging between
1,000 and 4,000 Bq kg in Bavaria, Germany
(Vélkel and Leopold 2006, Vilkel 2002, Pie-
trzak-Flis et al. 1996, Kammerer et al. 1994).
This results in persistently high Cs-137 activities
in certain fungi and game species (esp. Xero-
comus badius and Sus scrofa, Bayerisches
Landesamt fiir Umwelt 2006b) due to the specific
interrelation of metabolic/dietary characteristics
and soil contamination depths (Hohmann and
Huckschlag 2005, Stemmer et al. 2005, Putyr-
skaya et al. 2003, Steiner et al. 2002, Riihm et
al. 1998, Kammerer et al. 1994).

2. Objectives

The preceding facts demonstrate that the specif-
ic distribution of total Cs-137 contents in forest
soils, represented as activity per mass (Bq kg!) or
area (Bq m?), significantly depends on the com-
position of its organic layers and thus on the en-
vironmental landscape parameters which influ-
ence their accumulation and decomposition. The
necessity of incorporating the aspect of land-
scape ecology into long-term radiocesium mon-

itoring approaches has been confirmed by nu-
merous publications dealing with radiocesium
mapping and surveying, among others by Dubois
et al. (2004) and Bossew (2003). Sampling ap-
proaches based on landscape classifications are
found to by far outweigh grid distribution based
sampling or the exclusive selection of long-term
stability sites in this context (Bossew 2003). The
International Atomic Energy Agency (IAEO)
supports this position and criticises the overall
insufficient consideration in state-of-the-art
monitoring approaches (Bossew 2003). Partic-
ularly with regard to suspected global warming
and its potential effects on soil-to-plant trans-
fer of nutrients, the dynamics of radionuclides
in forest soils are supposed to be of growing
interest in future (Dowdall et al. 2008).

In the case of Bavaria, only 8 special radionu-
clide long-term monitoring sites have been con-
tinuously maintained by the Bavarian Environ-
ment Agency since 1990 (Schilling et al. 2005).
Although reflecting different deposition re-
gimes and ecological backgrounds, both the
number and distribution of these sites is criti-
cal with regard to an elaborate representation of
the entire 2.56 mill. ha of forest in Bavaria.
Against this background, a new comprehensive
survey network has been established in cooper-
ation with the Bavarian State Ministry of the En-
vironment and Public Health, to further enhance
the value of long-term governmental radiopro-
tection strategies in forest ecosystems.

Comprehensive studies on this issue have been
carried out by Volkel (2002, 1998, 1995) and
summarised in a default guideline which defines
both the required site distribution strategy as
well as sampling standards for such a monitor-
ing (Vélkel and Leopold 2006). The guideline’s
aim is to facilitate the comparable determina-
tion of the general variability and vertical dis-
tribution of Cs-137 activities (Bq kg'; Bq m?)
in forest soils of all different landscape types
(natural/seminatural) of Bavaria by an identical
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Fig. I Study area: a) Digital elevation model of Bavaria based on NASA SRTM data (spatial resolution:
90 x 90 m); b) Distribution of Bavarian state forest stands (source: Bavarian State Forestry 2007)
Untersuchungsgebiet: a) Digitales Hohenmodell von Bayern basierend auf NASA-SRTM-
Daten (Auflosung: 90 x 90 m); b) Verbreitung der bayerischen Staatswdlder (Quelle: Bayeri-

sche Staatsforsten 2007)

sampling procedure. The distribution strategy
defines the number of required monitoring sites
in general as well as the distribution across sev-
eral stand, inclination and altitude types. The
sampling standards define a completely novel ap-
proach for a horizon-based site sampling in case
of a renewed nuclear accident (site dimension,
characterisation/classification of organic layer
thicknesses, number of samples, extraction,
preparation, recording, sampling depths). By as-
suring a systematic sampling of different humus
thicknesses, this procedure will not only be ca-
pable of rendering the average pollution within
the several landscapes but, moreover, will be
able to identify the prevailing Cs-137 variety as
well as characteristic hot spots. Although
designed expecially for forest ecosystems of
Bavaria, this basic approach can be transferred
to any particular environment of interest, mak-

ing it a very valuable tool for radio-ecological
monitoring in forest ecosystems worldwide.

The concept presented in this paper primarily trans-
fers these standards into a practical GIS-based site
selection routine. Besides the detailed description
of the fundamental selection process, a short char-
acterisation of the installed monitoring sites and
first results on the general Cs-137 distribution pat-
tern across Bavarian forest soils are presented here.
The resulting monitoring inventory offers the
unique possibility of elaborately surveying the Cs-
137 contamination throughout the entire Bavarian
state territory. Further tasks will be to characterise
and quantify future contamination risks in subse-
quent investigations by comprehensively evaluating
the observed Cs-137 contamination patterns via
geostatistical analysis with regard to the underly-
ing site specific ecological and edaphic parameters.
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Selection criteria

Ecological criteria
acc. to default guideline

(Vélkel & Leopold 2006)

'Core criteria
criteria

1. Natural region | 4. Site dimension

(geology, clim-

ate etc.) 5. Homogeneity

2. Topography 6. Stand area
(altitude,relief)

3. Stand type

7. No disturbance
by turbation
processes

\8. Accessibility

Supplementary )

Additional criteria

9. Information supply

10. Proximity to existing
environmental programs

11. State stand
12. Even distribution pattern

13. Information on district
authorities

/

,4'/"

Fig. 2 Selection criteria. — Left: Scientific criteria as listed in the default guideline of Vélkel and Leopold

(2006), included because of their ecological relevance in influencing either humus variability or the
contamination risk of certain species. The criteria which have the strongest influence on humus
variability are considered as core criteria (natural region, topography/altitude, forest stand type/
composition). Right: Additional set of organisational and technical criteria, introduced in order to
improve the actual monitoring implementation (general performance, information value) / Auswahl-
kriterien. — Linke Seite: Kriterien auf wissenschaftlicher Grundlage der Handlungsvorgabe
nach Volkel und Leopold (2006), die vornehmlich aufgrund ihrer landschafts-/radioékologi-
schen Relevanz hinsichtlich der Humusvariabilitdit, aber auch hinsichtlich des Kontaminations-
risikos diverser Arten beriicksichtigt werden. Die Kriterien mit dem grofiten Einfluss auf die
Humusvariabilitit werden als sogenannte Kernkriterien bezeichnet (Naturrdumliche Einheit,
Topographie/Hohenlage, Bestandsart/-zusammensetzung). Rechte Seite: Zusdtzliche Gruppe
an organisatorischen und technischen Kriterien, die die tatsdchliche Umsetzung des Monito-
ringprogramms erleichtern sollen (Durchfiihrung im Allgemeinen, Informationsgehalt).

3. Study Area

Bavaria is located in the southeast of Germany
and is characteristically confined by the high
mountain ranges of the Alps towards the Repub-
lic of Austria to the South and by the low moun-
tain ranges of the Bavarian Forest towards the
East (Chech Republic). These two mountain
ranges together with the escarpment landscape
of the Swabian Alb form distinctive contrasts
to the lowland and basin character along the
main drainage line of the Danube river valley

(Fig. la). The topic of Cs-137 contamination
of forest soils plays a very important role in this
area for two main reasons. On the one hand, in
1986 Bavaria experienced the highest radionu-
clide deposition far beyond the rest of Germa-
ny. On the other hand, Bavaria is the one Ger-
man state with the highest percentage of forest-
ed areas. A total of 2.56 mill. ha is covered with
forests, 30.1 % of which are state forests
(Fig. 1b; Bayerische Landesanstalt fiir Wald
und Forstwirtschaft 2004). It is on these that the
study is primarily focussed.
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Fig. 3 Naturalregions of Bavariaaccording to Meynen etal. (1962). The names ofthe regions are givenin 7able 1

(Numbers 010-411).

/' Naturrdumliche Einheiten in Bayern nach Meynen et al. (1962). Die

zugehorigen Bezeichnungen der Einheiten konnen Tabelle 1 entnommen werden (Nr. 010-411).

4. Materials and Methods
4.1 Pre-selection
4.1.1 Selection criteria
Originally, the site selection was based on a

specifically designed default guideline for
the monitoring of Cs-137 in forest soils by

Vélkel and Leopold (2006) as explained in
Section 2. The data sets used for site selec-
tion hence primarily focus on the humus-con-
trolling parameters landscape type, stand
composition, inclination and altitude. At the
same time, the approach requires a comprehen-
sive survey design additionally considering var-
ious organisational criteria, which prepare and
facilitate future tasks of implementation and
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Tab 1 Specific ecological characteristics of the 95 natural regions as defined by Meynen et al. (1962).

Natural region Altitude m a.s.1. Altitude classes

) . St. Class Class Class
o
92

Altitude parameters were derived from SRTM data including the percentage of each of the three
specified altitude classes with respect to the total area of the region; the percentage of state stand
area is also related to the region’s total area; mean annual precipitation values according to Meynen
et al. (1962). / Ausgewdhlte landschaftsékologische Parameter der 95 naturrdumlichen

Precipitation
(mm/a)

010 | Hinterer Bregenzer Wald 729 | 2066 | 1372 358 0 8 19 1800 = >2500
011 | Allgduer Hochalpen 763 | 2583 | 1586 479 0 88 12 9 1700 = >2500
012 | Oberstorfer Becken 724 | 1336 | 973 155 0 95 5 0 1500 1800
013 = Wettersteingebirge 724 | 2933 | 1696 562 0 15 85 87 1300 = >2500
014 = Karwendelgebirge 746 | 2320 | 1485 430 0 33 67 78 1400 2200
015 | Loferer u. Leoganger Alpen 657 | 1606 | 1084 251 0 37 63 63 1600 2200
016 | Berchtesgadener Alpen 453 | 2587 @ 1464 580 0 38 61 28 1400 = >2500
020 | Vorderer Bregenzer Wald 475 1807 @ 1125 367 0 58 42 8 1600 = >2500
021 | Vilser Gebirge 730 | 1814 | 1232 289 0 24 76 11 1400 2100
022 = Ammergebirge 628 | 2150 | 1336 410 0 27 73 51 1400 2200
023 | Niederwerdenfelser Land 637 | 1676 | 1066 253 0 48 52 46 1200 1700
024 | Kocheler Berge 597 | 2042 | 1285 399 0 47 53 35 1600 2300
025 | Mangfallgebirge 460 1873 1141 393 0 38 62 43 1500 | >2500
026 = Kufsteiner Becken 458 618 505 34 88 12 0 1 1300 1400
027 | Chiemgauer Alpen 454 1844 1107 373 0 62 37 61 1200 = >2500
031 = Bodenseebecken 390 | 471 428 22 100 0 0 1 750 1400
033 | Westallgauer Hiigelland 416 1025 685 156 16 84 0 2 1000 1800
034 | Adelegg 680 | 1246 963 159 0 86 14 12 1500 2000
035 | TIller-Vorberge 622 | 1251 921 174 0 95 5 7 1100 2100
036 | Lech-Vorberge 655 | 1069 854 113 0 100 0 5 1000 1500
037 | Ammer-Loisach-Hiigelland 526 | 993 757 133 0 100 0 7 850 1600
038 | Inn-Chiemsee-Hiigelland 414 932 668 147 31 69 0 3 850 1600
039 | Salzach-Hiigelland 364 | 830 586 129 57 43 0 4 950 1700
041 | RiB-Aitrach-Platten 604 | 805 695 53 0 100 0 5 800 1600
044 | Unteres Illertal 460 771 609 87 21 79 0 3 700 1100
045 | Donauried 380 491 436 32 100 0 0 3 630 700
046 | Iller-Lech-Schotterplatten 403 925 662 150 26 74 0 11 650 1200
047 = Lech-Wertach-Ebenen 390 | 766 574 107 32 68 0 0 600 1000
048 | Aindlinger Terrassentreppe 380 554 466 50 90 10 0 10 670 770
050 | Fiirstenfeldbrucker Hiigelland 510 | 749 629 69 0 100 0 5 800 1000
051 | Miinchener Ebene 399 | 759 580 104 37 63 0 13 680 1300
052 | Isen-Sempt-Hiigelland 406 651 531 69 37 63 0 4 680 950
053 | Alzplatte 393 659 523 75 50 50 0 0 850 1400
054 | Unteres Inntal 258 501 392 56 100 0 0 11 720 870
060 | Isar-Inn-Hiigelland 302 564 | 433 76 94 6 0 1 700 880
061 | Unteres Isartal 336 | 464 389 32 100 0 0 4 670 700
062 | Donau-Isar-Hiigelland 330 | 589 459 75 83 17 0 3 590 800
063 ' Donaumoos 343 | 436 389 27 100 0 0 1 620 680
064 = Dungau 295 | 410 347 29 100 0 0 590 850
070 = Oberpfilzisches Hiigelland 313 733 529 118 89 11 0 17 590 1000
071 | Obermainisches Hiigelland 265 597 425 93 96 4 0 9 640 1000
080 = Nordliche Frankenalb 280 @ 655 468 108 68 32 0 9 660 >950
081 | Mittlere Frankenalb 326 | 654 | 489 94 62 38 0 8 560 >900
082 | Siidliche Frankenalb 325 666 = 496 98 55 45 0 12 600 > 850
096 = Albuch und Hartsfeld 482 645 568 45 2 98 0 45 900 1050
097 | Lonetal-Flachenalb 439 543 488 29 86 14 0 5 670 750
098 | Riesalb 399 | 622 509 64 53 47 0 9 650 720
102 | Vorland d. stl. Schwiébischen Alb 428 536 | 482 30 95 5 0 0 680 920

sampling (site dimension, accessibility etc.).  The concept of landscape regionalisation is a key
Figure 2 summarises all relevant criteria. element of the selection process. As the defined
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Einheiten nach Meynen et al. (1962). Alle Héhenangaben, einschliefilich des prozentualen Fldchenan-
teils der drei im Vorfeld definierten Hohenklassen innerhalb einer naturrdumlichen Einheit, wurden auf
Basis von SRTM-Datensdtzen ermittelt; der prozentuale Fldchenanteil an Staatsforsten bezieht sich
ebenfalls auf die Gesamtfliche der entsprechenden naturrdumlichen Einheit; die mittleren Jahresnie-
derschlagssummen wurden Meynen et al. (1962) entnommen.

Natural region Altitude m a.s.L. Altitude classes ?tate Precipitation
forest (mm/a)
Class ( labq Cl’le area .
- S - 1 (%) )

103 | Ries 398 538 467 99 1 0 0 580 720
110 | Vorland d. siidl. Frankenalb 382 681 523 92 8 0 2 630 750
111 | Vorland d. mittl. Frankenalb 361 578 465 61 98 2 0 3 650 820
112 Vorland d. nordl. Frankenalb 247 459 351 60 100 0 0 8 650 870
113 Mittelfrénkisches Becken 229 548 389 92 98 2 0 14 560 790
114 | Frankenhghe 292 562 427 78 89 11 0 9 600 830
115  Steigerwald 224 504 364 81 100 0 0 15 570 790
116 | HaBberge 225 522 374 86 100 0 0 28 620 720
117 | Ttz-Baunach-Hiigelland 223 495 357 78 100 0 0 9 580 800
127 | Hohenloher und Haller Ebene 293 525 409 66 100 0 0 1 660 870
129 | Tauberland 224 452 337 65 100 0 0 2 570 750
130 | Ochsenfurter u. Gollachgau 186 427 307 70 100 0 0 1 550 670
131 | Windsheimer Bucht 292 435 364 42 100 0 0 0 570 670
132 | Marktheidenfelder Platte 158 398 278 70 100 0 0 8 600 660
133 | Mittleres Maintal 147 358 251 59 100 0 0 0 545 600
134 | Géauplatten im Maindreieck 184 344 264 47 100 0 0 1 550 620
135 | Wern-Lauer-Platte 159 426 291 77 100 0 0 5 530 690
136 | Schweinfurter Becken 179 323 254 40 100 0 0 0 540 600
137 | Steigerwald Vorland 187 400 284 57 100 0 0 2 530 850
138 | Grabfeldgau 224 537 381 90 99 1 0 4 600 730
139 | Hesselbacher Waldland 219 431 325 61 100 0 0 9 600 730
140 | Siidrhon 157 711 405 145 97 3 0 17 520 1000
141 | Sandsteinspessart 118 597 357 138 96 4 0 29 600 1090
142 | Vorderer Spessart 115 436 274 91 100 0 0 3 640 1000
143 | Sandsteinodenwald 117 552 333 125 97 3 0 0 700 900
231 | Rheinheimer Hiigelland 117 236 173 32 100 0 0 0 650 750
232 | Untermainebene 95 215 153 32 100 0 0 0 520 650
233 | Ronneburger Hiigelland 124 274 198 43 100 0 0 0 590 800
253 | Vorder-u. Kuppenrhén 262 715 488 130 70 30 0 19

254 | Lange Rhon 393 931 662 154 7 93 0 11

390 | Sidl Vorland d. Thiir. Waldes 320 531 426 61 95 5 0 42 600 930
392 | Nordwestlicher Frankenwald 337 801 564 131 16 84 0 26 550 1150
393 | Miinchberger Hochfliche 357 739 551 107 8 92 0 1 550 1050
394 | Hohes Fichtelgebirge 413 | 1042 727 177 1 98 0 44 600 1250
395 | Selb-Wunsiedler Hochfldche 441 708 573 77 4 96 0 12 580 1000
396 | Naab-Wondreb-Senke 436 607 522 49 36 64 0 16 580 900
400 | Hinterer Oberpfilzer Wald 382 937 670 154 4 96 0 33 600 980
401 | Vorderer Oberpfilzer Wald 361 776 567 119 41 59 0 8 650 850
402 | Cham-Further Senke 354 657 482 76 94 6 0 1 670 900
403  Hinterer Bayerischer Wald 441 @ 1441 927 282 1 79 20 19 900 1850
404 | Regensenke 362 907 632 157 33 67 0 2 700 1200
405 | Vorderer Bayerischer Wald 339 | 1114 732 217 6 91 3 15 950 1450
406 | Falkensteiner Vorwald 310 751 529 127 65 35 0 2 650 1200
407 | Lallinger Winkel 311 617 460 87 94 6 0 1 850 1200
408 | Passauer Abteiland u. Neuburger Wald 252 1014 626 204 67 33 0 5 800 1200
409 | Wegscheider Hochfléche 476 952 708 131 0 100 0 2 900 1150
411 | Mittelvogtlind. Kuppenland 415 671 543 74 12 88 0 1 580 750

units share the same set of abiotic parameters,  the spatial variability of humus types and should
they provide a general base for approximating each be represented by their own set of monitor-
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ing sites (Vélkel and Leopold 2006). Several ap-
proaches can be used for this purpose. One of
them is the concept of natural regions (Fig. 3)
as defined by the German landscape classifica-
tion of Meynen et al. (1962), for which the stud-
ies of Volkel (2002) and Volkel and Leopold
(2006) demonstrate a correlation in terms of
cesium variability. The categorisation focuses
particularly on geological, geomorphological
and climatological differences. The typical alti-
tude and precipitation ranges for the 95 subdivi-
sions demonstrate the huge ecological landscape
variety in Bavaria, stretching from less variable

lowland units to low and high mountain regions
with prominent variations of altitude and precip-
itation (7ab. I). This again stresses the impor-
tance of an initial regionalisation.

To tackle the intrinsic problem of generalisation,
however, the crucial landscape parameters of
relief and forest stand properties have to be in-
vestigated separately. As humus thickness and
variability increase with increasing altitude and
precipitation, lowland regions (< 500 m) get two
and low mountain and high mountain regions
(> 500 m) four sites each in order to depict char-
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Fig. 4 Compulsory site procedure. — Both the number and the basic requirements for the monitoring sites

ofeach natural region vary by their landscape character. Lowland regions (<500 m) are covered by
two monitoring sites, both of them located in flat/low terrain. Low mountain and alpine regions (> 500 m)
are covered by four monitoring sites, two of them located in flat/low terrain and two of them on steep
slopes. Site dimensions are 50 x 50 min flat/low terrains and 30 x 30 m on steep slopes. Additionally,
each set of monitoring sites has to represent an equal share of deciduous and coniferous stand types.
Vorgeschriebenes Flichenkonzept. — Sowohl die Anzahl als auch die abzudeckende Grund-
ausstattung der Monitoringflichen jeder naturrdumlichen Einheit richten sich nach deren
jeweiligem Landschaftscharakter. Einheiten mit Flachlandcharakter (< 500 m) werden mit 2
Monitoringflichen in flachem Gelinde abgedeckt. Mittel- und Hochgebirgseinheiten (>500 m)
erhalten insgesamt 4 Monitoringflichen, von denen jeweils 2 in flachem und 2 in steilem
Geldnde positioniert werden. Die Beprobungsfldche in flachem Geldnde betrdgt 50 x 50 m, in
steilem Geldinde 30 x 30 m. Zudem muss jede Neigungsklasse (flach, steil) sowohl einen Laub-
als auch einen Nadelwaldstandort reprisentieren.
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acteristic variations. Small-scale variations of
inclination are also considered by incorporating
a distinction between flat and steep slopes at val-
ues of 10-15° following Bastian (1999) and Ad-
hoc-AG Boden (2005). Furthermore, the ap-
proach accounts for the major effect of forest
stand properties on humus composition by dis-
tributing the monitoring sites equally in both de-
ciduous and coniferous stands. For the selection
process, those core criteria are interconnected
to a strict distribution scheme (Fig. 4), which
assures that the sites properly reflect the eco-
logical variety within each natural region.

In low and high mountain regions the site area
is set to 30 x 30 m. Due to generally lower spa-
tial variability, dimensions of 50 x 50 m are ap-
plied in lowlands in order to capture the whole
range of thicknesses adequately (Vélkel and
Leopold 2006). The sites have to be homoge-
neous concerning the core criteria and are dis-
qualified for further investigations if they show
significant disturbances due to mechanical tur-
bation processes (no wind throw and uprooting,
no forestry measures within the last 20 years)
in order to avoid a misinterpretation of the nat-
ural translocation velocity in the investigated
soil profiles (Volkel and Leopold 2006). As it
is a major goal to optimise the detection of high
contamination risks, extensive forest stands of
at least 12 ha should be focused on (Volkel and
Leopold 2006), since forest wildlife browsing
districts will then commonly exclude less con-
taminated agricultural surroundings (Kiefer et
al. 1996, Fielitz-Vogl 1992). For pragmatic pur-
poses unobstructed accessibility should be con-
sequently promoted. In order to assure long-
term research permissions, the selection should
be limited to state forests (governmental coop-
eration). Despite focussing on ecological re-
presentativeness, a regularly spaced distribution
has to be attempted in order to avoid large sur-
vey gaps and to meet the official AVV-IMIS
standards (AVV-IMIS: Allgemeine Verwal-
tungsvorschriften zum Integrierten Mess- und

Informationssystem / General administrative reg-
ulations for the integrated monitoring and infor-
mation system; Bundesministerium fiir Justiz
2006). To establish the concept as an effective
administrative instrument, it should be linked to
already existing (radioactivity) monitoring pro-
grammes, especially to the federal IMIS sites for
the continuous monitoring of the ambient dose
rate of the air operated by the Federal Office for
Radiation Protection (BfS) as well as to the Ba-
varian soil radioactivity monitoring sites of the
Bavarian Environment Agency (LfU). The prox-
imity to other ecological monitoring stations, e.g.
by the LfU long-term soil monitoring programme
and GRABEN project (GRABEN: Wissenschafi-
liche Grundlagen fiir den Vollzug der Boden-
schutzgesetze / Scientific fundamentals for the
implementation of the soil protection laws),
which will be helpful for interpreting the sites in
a comprehensive ecological context. For further
optimisation, the degree of information supply
provided by data sets such as geological, soil or
vegetation maps should be considered. Finally, the
data set is extended by the relevant contact infor-
mation on the responsible district authorities.

4.1.2 Data base

In a next step, the specified selection criteria
were transferred to digital data sets and intercon-
nected within a common GIS data base using Arc-
Map Version 9.3 by ESRI ArcGIS. GIS applica-
tions have by now established as a common tool
for data management and analysis in the fields of
spatial planning and radioprotection (Bossew
2003, de Nooijer and Chabanyuk 2002, Deville-
Cavelin et al. 2002, Kolejka 2002b, Siegel and
Palko 2002, de Cort et al. 1998, Schell and
Linkov 1996). The data base itself has been de-
signed following general principles as provided,
among others, by Liebig and Mummenthey
(2005), Bernhardsen (2002), Haines-Young
(1998) and the studies cited above. Figure 5 re-
presents the outline of the general data process-
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Fig. 5

Implementation of the criteria catalog via GIS interface: The GIS data base comprises all the
information necessary to represent the specified criteria: (1) a digital elevation model based on SRTM
satellite data is used to derive altitude information, (2) its subdivision into 3 elevation classes is used
for landscape characterisation within the natural region, (3) topographic maps are introduced to
determine forest stand type, terrain inclination and accessibility, (4) a shape file obtained from the
Bavarian State Forestry is used to delineate state-owned forest stand areas, (5/6) coordinates of
monitoring stations/sites of interest are introduced as vector data to evaluate proximities, (7/8) map
margins of several maps of interest are introduced as vector data to map the availability of information
on geology and soil types. The successive intersection of the various information layers, as illustrated
in this figure, allows a comprehensive and feasible data analysis, filtering the most suitable and
representative sites. / Implementierung des Kriterienkatalogs innerhalb der GIS-Datenbank:
Die GIS-Datenbank enthdlt alle wichtigen Informationen iiber die festgelegten Kriterien:
(1) ein digitales Geldndemodell auf Grundlage von SRTM Satellitendaten liefert Informatio-
nen tiber Relief und Héhenlagen, (2) das klassifizierte Geldndemodel unterteilt die Land-
schaft in 3 charakteristische Hohenstufen, (3) iiber topographische Karten werden Be-
standsart, Neigung und Zugdnglichkeit der Fldchen abgebildet, (4) die Kartierung von
Staatsforstfldchen erfolgt iiber ein Shapefile der Bayerischen Staatsforsten, (5/6) Lage-
koordinaten sonstiger relevanter Monitoringstationen/-flichen werden als Vektordatensdtze
in die Datenbank eingefiigt, um die Distanz zu bestehenden Netzwerken evaluieren zu kénnen,
(7/8) digitale Kartenraster im Vektorformat erméoglichen einen Uberblick iiber die Abdeckung
mit relevantem geologischen und bodenkundlichen Kartenmaterial. Die schrittweise Ver-
schneidung der verschiedenen Informationsebenen, wie in dieser Grafik aufgezeigt, erlaubt
eine umfassende und praktikable Datenanalyse zur Auswahl bestméglich geeigneter und
reprdsentativer Fldchen.
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Fig. 6 Stepsofsiteselection. — The figure schematically illustrates

the selection process as applied to each natural region,
starting with the selection of state forests with respect to the
core criteria (stand type, slope and altitude characteristics).
The following set of more pragmatic filtering criteria is
eventually extended by the introduction of additional criteria
concerning a distribution pattern as evenly as possible and the
selection of forest stands as large as possible.

Stufen der Flichenauswahl. — Die Abbildung skizziert
den fiir jede naturrdumliche Einheit einzeln durchlaufe-
nen Auswahlprozess, beginnend mit der Auswahl von
Staatswdildern unter Beriicksichtigung der genannten
Kernkriterien (Bestandsart, Hangneigung, Hdhenlage).
Die folgende Gruppe von eher pragmatischen Filter-
kriterien wird abschlieffend erweitert um die Beriicksich-
tigung einer moglichst gleichmdfigen Verteilung und

Other monit )
programs -

) Natura B
— forest reserve

ing. Natural regions were delineated by a shape-
file obtained from the Bavarian Environment
Agency (LfU). The digital elevation model for
altitude classification and relief characterisation
was based on NASA’s free Shuttle Radar Topo-
graphy Mission data (SRTM) with a 90 x 90 m
spatial resolution. State forest stands were de-
fined by an inventory shapefile obtained from the
Bavarian State Forestry administration (BaySF).
Stand properties, slope inclinations as well as
accessibility data were taken from the digital ver-
sion of the 1:25 000 or 1:50 000 topographic
sheets of the Bavarian Topographical Survey.
The availability of geological and soil maps was

I _ moglichst grofser Waldkomplexe.

indicated by shapefile grids of the same scales
(source: LfU). Coordinates for the IMIS ambi-
ent dose rate stations were provided by the Fed-
eral Office for Radiation Protection (BfS), for
GRABEN and long-term soil monitoring sites by
the LfU. Other Bavarian monitoring programmes
on groundwater, forest climatology as well as
pollutants in trees, mosses and soils were out-
lined in a map edited by the working group on
long-term environmental monitoring (source:
Bavarian State Ministry of the Environment and
Public Health). Following the pre-processing of
each data set, the sets were then merged with the
GIS interface in order to facilitate the subsequent
selection analysis (cf. Winkelbauer 2008).

4.1.3 Selection process

The actual selection process followed a spe-
cific order which was set in advance in order
to assure the same succession of criteria for
every single monitoring site (Fig. 6). The ex-
clusive selection of state forest stands repre-
sents the first and major step of site selection.
After that, the state forests were divided into
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deciduous and coniferous vegetation as well as
flat and steep slope segments.

To extract representative altitudes, the DEM
was grouped into three different altitude
classes (< 500 m, 500-1000 m, > 1000 m)
which reflect characteristic differences in hu-
mus variability (Vélkel and Leopold 2006).
Based on this classification, potential sites
were assigned to the most frequent class. If
two classes were equally abundant, both of
them were covered. Because of this complex
core element the analysis is significantly com-
plicated, particularly in regions with a rugged
terrain. In order to render a reliable contami-
nation pattern, however, this step is obligato-
ry. In addition, sites with comprehensive car-
tographic information and close proximity to
IMIS ambient dose rate stations and stations
of the long-term soil survey programmes as
well as those located in natural forest reserves
were preferred. Finally, site selection was re-
vised with respect to their consistent and even
distribution as well as to their position in larg-
er contiguous stands. The remaining criteria
were only additionally considered if compat-
ible with the above-listed requirements.

4.2 Actual selection

As deduced from Section 4.1, the original de-
fault concept would in fact propose a very high
number of more than 100 monitoring sites. In the
context of the project, however, the number of
sites had to be significantly reduced with regard
to the feasibility limitations set by the Bavarian
Environment Agency as the administrative office
in charge of future maintenance. Thus, the con-
cept of natural regions was ex post replaced by
the alternative structure of a phytogeographical
landscape classification as defined by Wittmann
(1991) with only 15 spatial subdivisions in to-
tal. Developed in the context of forestry and land
use, the later classification mainly focuses on

significant changes in landscape features deter-
mining plant growth and vegetation composition.
Besides relief, soil, temperature, precipitation
and dryness index the parameters vegetation pe-
riod and land use potential are of particular in-
terest in this case. As such, it combines the more
objective geographical natural regions (catego-
rised by more precise geological, geomorpho-
logical and climatological differences), to big-
ger units of similar plant growth and land-use po-
tential (depending on species tolerance). Unit
boundaries therefore resemble each other — how-
ever on different scales. After having transferred
the original sites to the new divisions, the number
of sites was adjusted according to both the size
of the divisions as well as the potential conta-
mination risk with respect to a consistent distri-
bution pattern. In the end, the number of monitor-
ing sites was reduced to a total of 48 sites.

5. Results
5.1 Pre-selection

The original pre-selection yielded 135 sites
(Fig. 7) throughout Bavaria, comprising either
two (lowland) or four (low and high mountain)
sites per natural region. The analysis of the dis-
tribution pattern shows that many monitoring
sites are clustered. Certain concentration ef-
fects can also be recognised at the scale of the
entire state territory. Regions of higher altitude
(> 500 m), such as the Alps, are systematical-
ly covered with a higher number of monitoring
sites. In combination with a subdivision into a
lot of small-area natural regions, this results in
an exceptionally high site density.

Concerning information supply and proximity to
existing monitoring stations, the sites are generally
characterised by great distances to each other, most-
ly exceeding 10 km and being the highest in case of
the LfU long-term radionuclide soil contamination
monitoring sites due to their low abundance. In con-



2012/1 Monitoring the Cs-137 Contamination of Forest Soils in Bavaria, Germany 35

0 25 50 km
S S S —

° Preliminary sites

l:l Natural regions

State forest stands

Fig. 7 Monitoring sites — Original (preliminary) selection. — The map presents the results obtained from the
selection process as described in Fig 5. Potential monitoring sites are circled red. The fragmented
distribution of state-owned forest stands, as indicated in the map (shaded grey), is the single major
constraint standing in the way of the strict observance of the complex criteria system (e.g. aspect
of equal distribution). / Monitoringflichen — urspriingliche (vorliufige) Auswahl. — In der
Karte werden die Ergebnisse des in Fig. 5 beschriebenen Auswahlprozesses wiedergegeben.
Die moglichen Monitoringfldchen sind durch rote Punkte markiert. Die liickenhafte Vertei-
lung von Staatswaldsflichen ist einer der Hauptgriinde, die einer konsequenten Einhaltung
des komplexen Kriteriensystems entgegenstehen (z.B. Ansatz der gleichmdpfigen Verteilung).

trast, as the GRABEN sites are positioned within a
very closely spaced 8 x 8 km grid (Hangen et al.
2010), most of the sites are located within a 5 km
radius to the latter. Occasional larger distances can
be explained by some prominent gaps in the

GRABEN grid. Furthermore, the field investigation
of the sites showed that the de facto forest stand
vegetation at most sites, labelled “deciduous”, either
does not at all or at least only in parts match the ex-
pected properties but consists of coniferous or
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Monitoring sites — Final selection (for implementation). — Presented are the final 48 monitoring
sites selected after reduction by regionalisation based on the alternative regionalisation
concept by phytogeographical landscape units (Wittmann 1991). a) Short characterisation of
these sites indicating the associated soil types, humus forms and altitudes. The titles of
phytogeographical landscape units (N° 1-15) are designated in 7ab. 2. b) First investigation
results on the specific Cs-137 activities in humus and mineral topsoil compartments in the first
30 cm (composite samples) by means of the official IMIS sampling standards.
Monitoringflichen — endgiiltige Auswahl (fiir Umsetzung). — Die Grafik zeigt die finalen
48 Monitoringflichen nach Reduzierung der Flichenauswahl auf Basis eines alternati-
ven Regionalisierungskonzeptes, den standortkundlichen Landschaftseinheiten nach
Wittmann (1991). a) Kurzcharakterisierung der Fldchen nach Bodentyp, Humusform und
Hohenlage. Die Bezeichnungen der zugehorigen standortkundlichen Landschaftseinhei-
ten (Nr. 1-15) sind in Tab. 2 aufgefiihrt. b) Erste Ergebnisse zur spezifischen Cs-137-
Aktivitit der organischen Auflagen und des Mineralbodens innerhalb der obersten 30 cm
(Mischproben) gemdf3 der offiziellen IMIS-Beprobungsstandards.
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mixed forest instead. Reasons for such discrepan-
cies can be both the loss of information by gener-
alisation as well as possible out-of-date informa-
tion contained in the used topographic maps. For
further analysis see Winkelbauer (2008).

5.2 Actual monitoring sites

Figure 8a shows the final selection of 48 mon-
itoring sites for actual implementation after re-

duction had been applied. As can be seen, the
concentration effect of the very irregular state-
owned forest stand distribution is still recognis-
able to a certain extent. However, the strongly
clustered and thus partially redundant site distri-
bution as caused by the original selection sketch
has been successfully removed. The phytogeo-
graphical unit of the Rhein-Main river lowland
(extreme northwest) has, in this version, even
been completely excluded from the network be-
cause of its insignificant size and the absence of
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Tab. 2 Specific ecological characteristics of the 15 phytogeographical landscape units as defined by
Wittmann (1991). — All parameters cited according to the latter. / Ausgewdhlte landschaftsokolo-
gische Parameter der 15 standortkundlichen Landschaftseinheiten nach Wittmann (1991). — Alle
Parameter sind nach oben genannter Quelle (Wittmann 1991) zitiert.

. . . Precipitation
Phytogeographical landscape units Altitude m a.s.1.

S T S— Y A T AT

1 | Rhein-Main Ebene 100

2 | Spessart-Odenwald 150 580 700 1100

3 | Rhon 200 900 650 1000

4 | Frinkische Platten 200 470 600 850

5 | Frénk. und Schwib. Keuper-Lias Land 230 530 650 850

6 | Friank. und Schwib. Alb 300 620 650 1000

7 | Obermain-Schollenland 270 560 650 900

8 | Frankenwald, Fichtelgebirge, Vogtland 350 1050 650 1100

9 | Oberpfilzer Becken- und Hiigelland 350 700 650 850

10 | Oberpfilzer Wald 360 900 650 1000

11 | Bayerischer Wald 290 1450 700 1400
Tertidrhiigelland, Iller-Lechplatte und

12 | Donautal 300 615 650 950
Schwibisch-Bayerische Schotterplatten- und

13 | Altmordnenlandschaft 350 880 800 1400
Schwibisch-Bayerische Jungmorine und

14 | Molassevorberge 380 1050 950 1600

15 | Bayerische Alpen 600 2900 1400 2500

state-owned forest stands. The intended balance of
coniferous and deciduous forest areas within each
unit could not be fully achieved. Yet, the absolute
focus is still on the adequate representation of the
typical terrain/altitude characteristics of each unit.
Ranging from shallow Rego-/Leptosols to well-
developed Luvisols and Podzols as well as hydro-
morphic Stagno-, Gleysols and peat bodies, the
soils cover the whole range of representative soil
types of Bavaria. Reflecting its dominance as the
most prominent soil type within the study region,
the majority of sites is represented by Cambisols,
most of which are specified as Dystric Cambisols.
Most frequently, the soils are covered by moder

or mull humus forms. As progressing acidifica-
tion is a common phenomenon in many Bavarian
forest ecosystems, some of the sites show pro-
nounced initial podsolic tendencies.

So far, all 48 sites have been installed and sam-
pled comprising an actual inventory of 1 soil
profile (1 m depth), 2 soil monoliths (30 cm
depth), and 2 composite samples (30 cm depth)
for each site, which altogether render more than
880 gammaspectrometric records on the specif-
ic activity of Cs-137. The composite samples
represent the official AVV-IMIS standard pro-
cedure for Cs-137 monitoring in soil according
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to Bundesministerium fiir Justiz (2006). Both
soil profiles and monoliths form the basis for a
horizon specific sampling procedure as recom-
mended by Vélkel and Leopold (2006). Beside
gammaspectrometry, these samples have also
undergone supplementary lab analysis including
total C- and N contents, pH and effective cation
exchange capacity as well as grain size analysis
of mineral soil samples.

5.3 General Cs-137 contamination in Bavaria

Figure 8b illustrates the results of the official
AVV-IMIS sampling procedure according to
Bundesministerium fiir Justiz (2006). Repre-
senting the average specific Cs-137 mass activ-
ity in Bq kg!, the results allow a first glance on
the current contamination situation in Bavaria.

The procedure was to extract 30 random single
samples from across the entire site area, cut out
by a 30 cm long metal tube (@ 5.5 cm). The sam-
ple matter in the tubes was then carefully sepa-
rated into a) humus (excluding L horizons) and
b) mineral horizons. For each category the sam-
ple matter of all 30 extractions per site was then
assembled to one specific composite sample
(humus, mineral). For all 48 sites, this corre-
sponds to a total of 1440 cut-ins and 96 com-
posite samples. At the sites RF16, RF31 and
RF43 — all mull (L, Ah) dominated profiles —
however, humus records are missing due to sys-
tematic reasons, as no such samples could be
produced according to IMIS standards (no
L sampling!). The same applies to the site RF35
where not enough sampling material could be
provided (shallow oligomull humus). Also, no
mineral record is available from site RF32, as
this is a histosol on solid bedrock.

Regarding the uppermost ~ 30 cm of the soil, the
average specific Cs-137 mass activity record-
ed varies from 31.78 to 1214.00 Bq kg
(9 313.38 Bq kg!) in the humus sections and

from 5.68 to 232.00 Bq kg (@ 51.13 Bq kg') in
the mineral sections, demonstrating significant
spatial variations throughout the entire study re-
gion. Highest activities are found to occur in the
high and low mountain regions of the Alps and the
Bavarian forest highlands, whereas sites in the
northwestern parts are generally characterised by
strikingly low contamination levels. Yet, despite
basic spatial variations, the results highlight a
general common phenomenon: specific Cs-137
activities in humus samples are on average almost
ten times (9.21) higher than in mineral samples.
Only the records of the sites RF9, RF15 and RF35
show opposite results, i.e. the contamination in
the mineral soil exceeds the humus contamina-
tion. Detailed analysis on the horizon based pro-
file and monolith samples is currently running.
For further data see Volkel et al. (2009).

6. Discussion
6.1 Monitoring sites

The orientation of sites along a grid is certainly
very reasonable for various reasons, such as an
unbiased sampling design and the elimination of
large sampling gaps (Hangen et al. 2010, Bun-
desministerium fir Justiz 2006, Wang and Qi
1998, Nief3l et al. 1996, Borgman and Quimby
1988). Nevertheless, grid patterns bear the dis-
advantage of a random sampling without any eco-
logical reference and differentiation (Vélkel and
Leopold 2006, Mercat-Rommens and Renaud
2005, Dubois et al. 2004, Bossew 2003, Howard
2000). Our approach has specifically been devel-
oped to overcome this deficiency, replacing a
neutral grid pattern by a selective and systemat-
ic site distribution pattern representing the vari-
ous ecological landscapes within the study area.
Such an approach renders a completely different
distribution pattern. Gaps frequently occur at
both approaches (pre-selection, actual selection),
mainly however as a logical consequence of the
uneven distribution and sparse occurrence of
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state-forest stands (Fig. 1b), as only 30 % of the
Bavarian territory are actually forest-covered.

The limitation is even more aggravated by the
additional site demands of a specific vegetation,
inclination and altitude classes respectively. As
the necessary combination of the various cri-
teria much reduces the availability of suitable
areas, it should be discussed to ease some of
the restrictions. Easing, for instance, the strict
but merely pragmatic restriction to state-for-
est stands by also allowing the location of sites
in private forests would help, in particular in
those units where there are no or only very few
state-owned forest stands (7ab. 1). The ap-
proach chosen depends on the monitoring ob-
jective, though. If the focus of the monitoring
is not supposed to be on the Bavarian ecosys-
tem in general, but on the governmental forest
production only, the placing of sites on state-
forest land only is justified. The requirement of
equal areas of both deciduous and coniferous
stands should also be discussed, which only
makes sense as long as both types are equally
represented within a given landscape unit. In case
of a significantly smaller share of deciduous for-
ests, the exclusive monitoring of coniferous
sites is likely to deliver more meaningful results,
in particular as coniferous forests are prone to
higher contamination risks. As a third example,
the location of monitoring sites in both low and
high mountain regions makes sense, with regard
to higher primary depositions (Renaud et al.
2003, de Cort et al. 1998) and to generally
higher humus and Cs-137 variability (Vélkel and
Leopold 2006) with increasing altitudes. How-
ever, the call for four sites in each region highly
increases the workload, making any routine sam-
pling problematic or even unfeasible.

Effective reduction of the workload and de-
clustering can be achieved by merging several
small units of very similar landscape character-
istics as practiced in the course of our own site
selection procedure. Although the concept pro-

posed by Wittmann (1991) suffers from some
generalisation, mostly at the expense of sub-
strate characteristics, it is, however, a useful
compromise in terms of administrative feasi-
bility. Due to the generally high spatial com-
plexity of soil and humus types as well as of
other small scale effects (e.g. exposition), it is
debatable whether the concept of natural re-
gions would deliver an effectively higher accu-
racy at all. Hence, since the range of precipita-
tion variability (i.e. one of the most important pa-
rameters) is quite similarly represented in both
approaches (Tabs. I and 2), the reduction of in-
formation detail is assumed to be acceptable.

The GIS data base is a very valuable tool for
the implementation of the site selection proc-
ess. With regard to optimised and thus faster
analysis, however, some modifications are
recommended. Thus it would be an improve-
ment if the general availability of geological,
soil and forestry maps would not only be reg-
istered, but their content be included as vec-
tor data (de Nooijer and Chabanyuk 2002,
Deville-Cavelin et al. 2002, Kolejka 2002a),
facilitating the automatic intersection with
other spatial information as well as their in-
tegration into interpolation and modelling.
This would not be an option, though, for a
study encompassing such a large area as the
present one, as official digital vector maps do
not yet cover the whole region, and as the data
are quite expensive. Another major problem to
overcome is the determination of stand com-
position. Detailed stand information of the Ba-
varian State Forestry is currently transferred
to a comprehensive digital inventory. The al-
ternative use of airborne data as e.g. proposed
by Siegel and Palko (2002) is a matter of
cost, memory capacity and processing power.
Until the completion of the forestry inventory,
working with topographic raster maps despite
several uncertainties is therefore nonetheless
a viable approach, which at least significantly
reduces the data load.
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6.2 General Cs-137 contamination in Bavaria

The presented results on the regional distribu-
tion characteristics of Cs-137 in Bavarian for-
est soils are in good agreement with previous
findings, underlining a certain influence of or-
ganic layers on the Cs-137 retention in forest
soils and ecosystems (cf., among others, Kono-
pleva et al. 2009, Zhiyanski et al. 2008, Vilkel
and Leopold 2006, Kruse-Irmer and Giani
2003, Kruyts and Delvaux 2002). The fact that
even 25 years after the Chernobyl accident or-
ganic layers are still characterised by compara-
tively high mass activities substantiates the as-
sumption that there is only minor vertical trans-
location of Cs-137 throughout forest soil pro-
files in general. Yet, it has to be considered that
IMIS composite samples only render informa-
tion on the relative Cs-137 mass activity per kg
humus or mineral soil. In order to facilitate a
detailed resolution of the vertical distribution of
Cs-137 within a soil profile, the analysis has to
account for differences in horizon bulk densi-
ties and thicknesses in some way by transferring
relative mass activities (Bq kg™') to effective
areal activities (Bq m?). Therefore, the project
framework also schedules gamma spectromet-
ric records on horizon-based samples for each
site to render both horizon-specific as well as
total areal Cs-137 activities. Comprehensive
analysis on the latter is in progress. In addition,
the specific reasons for a possible translocation
retardation have to be further investigated. Re-
strained litter decomposition and turn-over in
forest ecosystems is certainly one of the main
reasons (Zhiyanski et al. 2008) besides the
preferential integration of highly bioavailable
Cs-137 into the matter cycle significantly de-
pending on humus properties such as the abun-
dance of incompletely decomposed conversion
products (Kruyts and Delvaux 2002) and/or
myccorhizal fungi (Steiner et al. 2002, Briick-
mann and Wolters 1994) as well as ammonium
concentrations (Konopleva et al. 2009). The oc-
currence of spatial interrelations, as highlighted

by the present study (Fig. 8b), also supports
these assumptions. The influence of (phyto-)geo-
graphical factors (increased annual rainfall,
reduced metabolic soil biota activity, restrained
decomposition) on regions of high Cs-137 mag-
nitudes, as mentioned above, is obvious (see
Introduction). Yet, higher contamination in most
high-altitude regions is to a certain extent also
linked to high-precipitation events and thus very
effective radionuclide wash-out at the time of
deposition (cf. Bayer et al. 1996). A definite
differentiation and quantification of these two
effects ex post, without clear reference data of
the year 1986, is very complex and beyond the
scope of this paper, though.

7. Conclusion and Future Prospects

Forest ecosystems are hot spots of long-term
Cs-137 contamination. To reduce possible neg-
ative effects to biosphere and mankind, compre-
hensive monitoring has to be conducted, consid-
ering the exceptional role of organic layers. The
standardised default guideline by Vélkel and
Leopold (2006) systemises the most important
factors of humus composition and can be trans-
ferred to any forest environment worldwide. Se-
lecting the most representative monitoring sites
for the various landscape units is a sound concept
based on the principles of radioecology. Long-
term monitoring concepts, however, have to
achieve the difficult balance between scientific
demands of a high level of detail versus feasibil-
ity. Hence, practical limitations, such as the
number of monitoring sites, are inevitable. A co-
herent reduction, as undertaken in the present
study, will also yield meaningful and valid results.
Despite the significant reduction to a final
number of 48 monitoring sites, the monitoring
succeeds in presenting a very comprehensive
picture of the broad range of distinctively vary-
ing Cs-137 activities throughout the Bavarian
forests. Comprising a total of more than
880 gammaspectrometric records, the study pro-
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vides a comprehensive inventory and as such a
unique update on the Cs-137 contamination in
Bavarian forest soils. The results highlight char-
acteristic spatial patterns and prove the excep-
tional role of humus for Cs-137 retention and
potential bioavailability, as claimed in previous
studies. Regarding the technical implementation
of the new concept, the use of a GIS interface
has proven to be a very helpful methodological
tool. The data set allows fast information retriev-
al and offers the possibility of further studies via
geostatistics as well as process modelling.

As a next step, particularly the horizon-specific
gamma spectrometric records will be used to exa-
mine these spatial patterns of Cs-137 distribution
in Bavarian forest ecosystems with particular re-
spect to the influence of site-specific ecological
and edaphic parameters. These records also allow
supplementary analysis on the effective amount
of bioavailable Cs-137 (e.g. RIP radiocesium in-
terception potential of a soil, concentration of ex-
changeable Cs-137 in soil solution, K'/NH," con-
centrations etc.) in case of continuative questions
on soil-to-plant transfer risks (cf. amongst others
Konopleva et al. 2009). Hence, the established
data base provides a unique and vast basis to
further investigate and quantify the driving factors
of the vertical distribution of Cs-137 activities
in forest soils and to comprehensively assess
the long-term recovery behaviour of different
forest environments in Bavaria.
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Summary: A Novel Approach to Monitoring the
Cs-137 Contamination of Forest Soils in Bavaria,
Germany

Latest incidents in Japan prove that nuclear accidents
are still ahazardous threat to ecosystems worldwide.
Regarding the radioactive fission product Cs-137,
particularly forest soils are hot spots of long-term
contamination. In the case of forest-rich Bavaria, one
of the German states affected most severely by
Chernobyl-bornradionuclide deposition in 1986, this
topic is of high relevance. Particular considerations
also include the development of specific monitoring
approaches to effectively determine and evaluate the
distribution of Cs-137 in forests. Numerous previous
studies have indicated that monitoring should take
special account of the role of humus for Cs-137
mobility and bioavailability in this context. Official
programmes in Bavaria, however, lack such consid-
erations concerning the controlling influence of hu-
mus. Hence, a new monitoring project has been
established across the Bavarian state forests, togeth-
er with the Bavarian State Ministry of the Environ-
ment and Public Health, focussing on humus-con-
trolling landscape parameters as crucial core criteria.
The concept design divides state forests into several
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units of distinctive landscape types and subjects each
of'them to a strict filtering scheme in order to create
a consistent selection of deciduous/coniferous as
well as steep/flat monitoring sites in representative
altitudes. Site area varies with altitude (low/high
mountains: 30x 30 m; lowlands: 50x 50 m). Addition-
al filters further consider site homogeneity, proximity
to other official monitoring instruments, information
supply, turbation, accessibility and regular distribu-
tion. This paper explains the transfer of these stand-
ards into a GIS-based application routine and dis-
cusses its feasibility. Besides, the established moni-
toring sites and first results on current Cs-137 loads
are presented. In summary, a total of 48 monitoring
sites were established (48 soil profiles, 96 soil mono-
liths, 96 composite samples). The GIS interface
proved to be a helpful tool in this context. The
presented monitoring succeeds in providing a com-
prehensive picture of the broad range of Cs-137
activities throughout Bavarian forest soils. Compos-
ite samples, taken according to official AVV-IMIS
standards (~ 30 random samples per site conjoined to
one humus and mineral composite each), show that
the average specific Cs-137 activity within the upper-
most ~ 30 cm varies between 31.78-1214.00 Bq kg!
(humus) and 5.68-232.00 Bq kg™! (mineral soil). The
results highlight characteristic spatial patterns and
demonstrate that the specific Cs-137 activity in humus
is still comparatively high. In all, the established data
base provides a solid basis for further investigations on
the driving factors of the vertical Cs-137 distribution
in forestsoils as well as on questions of bioavailability
and effective soil-to-plant transfer. Beyond that, the
presented approach can as well be transferred to any
other forest soil contaminant of interest.

Zusammenfassung: Neuer Ansatz zur Uberwachung
der Cs-137-Belastung von Waldbéden in Bayern,
Deutschland

Die aktuellen Vorfille in Japan verdeutlichen ein-
driicklich, dass nukleare Unfille nach wie vor eine
gefihrliche Bedrohung fiir Okosysteme weltweit
darstellen. Das radioaktive Spaltprodukt Cs-137
sorgtinsbesondere in Waldbdden fiir lang anhaltende
Kontaminations-Hotspots. Fiir Bayern ist diese
Problematik aufgrund des Waldreichtums und der

extrem hohen Radionuklidbelastung infolge des
Reaktorunfalls von Tschernobyl 1986 von duflerst
hoher Relevanz. Das betrifft auch die Entwicklung
gezielter Monitoringansitze, um die Verteilung von
Cs-137 in Wildern effektiv erfassen und zukiinftige
SchutzmaBnahmen verbessern zu konnen. Zahlrei-
che aktuelle Studien weisen darauf hin, dass dem
Einfluss der organischen Auflagen auf die Mobilitit
und Bioverfiigbarkeit von Cs-137 dabei verstarkt
Rechnung getragen werden muss. Da offizielle
Monitoringprogramme in Bayern diesen Zusam-
menhang bisher kaum beriicksichtigen, wurde in
Zusammenarbeit mit dem Bayerischen Staatsmi-
nisterium fiir Umwelt und Gesundheit ein vollig
neues Monitoringkonzept erstellt. In dessen Fokus
stehen als zentrale Auswahlkriterien vor allem land-
schaftsdkologische Parameter mit besonderem Ein-
fluss auf die Humusbildung. Anhand des Konzepts
werden die Staatswilder unterteilt nach Standort-
kundlichen Landschaftseinheiten. Jede dieser Ein-
heiten durchlduft anschlieBend ein spezielles Aus-
wahlschema mitdem Ziel einer ausgewogenen Be-
riicksichtigung von Nadel- und Laubwiéldern, stei-
len und flachen Geldndepositionen sowie reprasen-
tativen Hohenstufen. Die FlachengrdBe richtet sich
nach derjeweiligen Hohenlage (Mittel-/Hochgebirge:
30x30m;Flachland: 50 x 50 m). Als weitere Kriterien
werden Flachenhomogenitét, Ndhe zu sonstigen offi-
ziellen Monitoringprogrammen, Informationslage zu
Standorten, Turbationsereignisse, Erreichbarkeitund
eine gleichméBige Verteilung beriicksichtigt. Im Rah-
men dieser Arbeit wird die GIS-basierte Umsetzung
dieses Auswahlprozesses dargestellt und diskutiert.
Dartiiber hinaus werden die ausgewéhlten Monitoring-
flichen inklusive erster Ergebnisse beziiglich aktuel-
ler Cs-137-Aktivitdten in den Béden présentiert. An-
hand des Auswahlprozesses wurden insgesamt 48 F14-
chen ausgewdhlt (48 Bodenprofile, 96 Bodenmo-
nolithen, 96 Mischproben). Der GIS-basierte Ansatz
hat sich dabei als hilfreiche Methode bewéhrt. Die
nach offiziellen AVV-IMIS Standards erhobenen
Mischproben (je eine Mischprobe fiir organische Auf-
lagen bzw. fiir Mineralboden aus ~ 30 zufillig verteil-
ten Sondierungen pro Fliche) ergeben, dass die durch-
schnittliche spezifische Cs-137-Aktivitit innerhalb der
obersten ~ 30 cm zwischen 31,78-1214,00 Bq kg™
(organische Auflagen) und 5,68-232,00 Bq kg!
(Mineralboden) schwankt. Die Ergebnisse heben
charakteristische rdumliche Verteilungsmuster
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hervor und verdeutlichen die nach wie vor sehr
hohen Cs-137-Aktivitdten in den organischen Auf-
lagen. Dariiber hinaus liefert das umfangreiche
Dateninventar eine fundierte Basis fiir zukiinftige
Fragestellungen und Untersuchungen beziiglich der
steuernden Faktoren der vertikalen Verteilung von
Cs-137 und seiner Bioverfiigbarkeit (Transfer
Boden-Pflanze) in Waldbdden allgemein. Ebenso
kann der vorgestellte Ansatz universell auf andere
Schadstoffe in Waldbdden iibertragen werden.

Résumé: Une nouvelle approche pour la
surveillance de la contamination des sols
forestiers avec Cs-137 en Baviere, Allemagne

La catastrophe au Japon en 2011 nous rappelle le
danger potentiel permanent li¢ a des centrales nu-
cléaires et menacant les écosystémes mondiaux.
Dans un premier temps, c’est le radionucléide Cs-
137 qui produit des réservoirs de longue durée dans
les sols sous forét. Dés 1’accident nucléaire grave de
Tchernobyl en 1986, ce probleme se manifeste dans
des vastes zones forestieres en Baviere et ceci
jusqu’a nos jours. Les considérations du moment
incluent aussi des différentes méthodes d’observa-
tion pour mesurer et documenter la concentration du
Cs-137 dans les foréts. L’importance de la couche
organique superficielle pour la mobilité et disponibi-
lité¢ du Cs-137 pour des plantes est prouvée par de
nombreuses ¢tudes. Jusqu’a présent, les program-
mes d’observation opérant en Baviére ne tiennent
pas compte de ce fait, mais un nouveau concept fut
créé récemment en coopération avec le Ministere
Bavarois de I’Environnement et de la Santé. Les
critéres principaux du concept sont représentés par
des paramétres géo-écologiques qui contribuentala
formation de la matiére organique. Selon ce concept
les foréts nationales sont divisées en plusieurs unités
morpho-pédologiques. Puis, chacune d’elles est sou-
mise a un procédé de sélection visant a évaluer la
distribution des foréts de coniféres et de feuillus, du
reliefraide ou platet des étages du relief d’altitudes
différentes. L extension de chaque surface dépend
del’altitude, cela veut dire pour le relief montagneux
30 x 30 m, pour le relief plat 50 x 50 m. D’autres

critéres qui s’y ajoutent sont I’homogénéité des sur-
faces, le degré de surveillance, des informations
détaillées locales, des distances aux stations de sur-
veillance environnementale variables et, en tout, une
distribution proportionnée. L’étude présente illustre
la transformation du procédé de sélection basé a un
SIG, y inclus une présentation des surfaces choisies
pour I’observation permanente et des premiers résul-
tats de lamobilité du Cs-137 dans les sols. En total 48
surfaces différentes étaient déterminées et docu-
mentées par le méme nombre de profils de sol et par
96 monolithes et 96 échantillons de sol mixtes. M¢é-
thodiquement, on a profité beaucoup de I’'usage d’un
SIG. Les échantillons pris selon le standard AVV-
IMIS (un échantillon de la matiére organique et un du
sol minéral, chacun composé de 30 sondages) dé-
montrent que 1’activité moyenne du CS-137 jusqu’a
une profondeur de 30 cm fluctue fortement entre
31,78-1214,00 Bq kg ' (couches organiques superfi-
cielles) et 5,68-232,00 Bq kg' (sols minéraux). Les
résultats font preuve d’une distribution spatiale typi-
que de I’activité du Cs-137 toujours forte dans la
matiére organique. Par ailleurs, le grand nombre de
données collectionnées constitue une base solide
pour des futures recherches en considération des
facteurs dirigeants la distribution verticale du Cs-137
et sa disponibilité pour des plantes dans les sols sous
forét. De méme, la méthode présentée dans cette
étude peut étre utilisée pour la recherche d’autres
substances dangereuses déposées dans ces sols.

Dipl.-Geogr. Jennifer Winkelbauer, Prof. Dr. Jorg
Volkel, Dr. Matthias Leopold, Technische Univer-
sitdt Miinchen, Center of Life and Food Sciences
Weihenstephan, Department of Geomorphology and
Soil Science, Hans-Carl-von-Carlowitz-Platz 2, 85354
Freising, Germany, winkelba@wzw.tum.de,
geo@wzw.tum.de, Leopold@wzw.tum.de
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