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Long-term effects of a forest amelioration
experiment

Robert Jandl, Franz Starlinger, Michael Englisch, Edwin Herzberger, and
Elisabeth Johann

Abstract: We evaluated the soil chemistry, plant species composition, and forest growth rate on a site where a site
amelioration project had been realized 30 years earlier. The initial goal of the project was the improvement of a site

that had been degraded by litter raking. We wanted to know which amelioration method produced a sustainable result
and how different treatments might be rated by today’s standards. Treatments included fertilization, underplanting with
N-fixing plants, and a combination of both. The amelioration was combined with stand conversion by means of natural
regeneration and spruce underplanting. In all treatments, a spruce-dominated stand replaced the secondary pine stand.
The biomass of the formerly recalcitrant forest floor (143-Mg') was reduced by 30 to 50% in treated plots, thereby
reducing the total soil pool of C, N, and exchangeable cations. The mineral soil of treated plots was enriched with N, Ca,
and Mg. An increase in pH was restricted to the forest floor. The C pool of treated soils was much smaller than that of
the control plots. However, the loss from the soil was at least partly offset by increased growth rates ofvdgrammd

tree biomass. In treated plots, the stem volume was more than twice that of control plots $g8Sinchemical data and

the composition of the ground vegetation suggest that even the control plots have changed compared with pre-treatment
conditions. Comparison of different blocks of the experiment suggests that the exclusion of ro€ageenl (s capreolus)

by fencing was the most significant treatment required for successful stand conversion. Prior to fencing, deer browsing
inhibited the establishment of a new stand.

Résumé: La chimie du sol, la composition en especes végétales et le taux de croissance de la forét ont été évalués dans
un site qui avait subi des traitements d’amélioration de la station 30 ans auparavant. Initialement, le projet avait pour

but d’améliorer une station dégradée a cause du ratelage de la litiere. On voulait savoir quelle méthode avait produit un
résultat durable et si les divers traitements étaient toujours utiles selon les normes en vigueur aujourd’hui. Les traitements
suivants avaient été appliqués : fertilisation, plantation en sous-étage avec des plantes fixatrices d'azote et une combinaison
de ces deux traitements. Les travaux d’amélioration avaient été combinés a une conversion du peuplement au moyen de

la régénération naturelle et de la plantation d’épicéas en sous-étage. Tous les traitements ont abouti au remplacement des
peuplements secondaires préexistants de pin par une forét dominée par I'épicéa. La biomasse de la couche organique
récalcitrante qui était en place (143 Mg ?) a été réduite de 30 a 50% dans les parcelles traitées entrainant une réduction
des réserves totales de carbone, d'azote et de cations échangeables. Le sol minéral s’est enrichi d’azote, de calcium

et de magnésium dans les parcelles traitées. L'augmentation du pH était limitée a la couche organique. La réserve de
carbone des sols traités était beaucoup plus faible que celle des parcelles témoins. Cependant, les pertes dans le sol étaient
compensées au moins en partie par un plus fort taux de croissance de la biomasse épigée dans les parcelles traitées.
Dans les parcelles traitées, le volume du tronc avait plus que doublé comparativement aux parcelles témoif. (38,3 m

Les données sur la chimie du sol et la composition du couvert végétal indiquent que les parcelles témoins ont également
changé comparativement aux conditions présentes avant les traitements. La comparaison des différents blocs de I'essai
montre que le traitement le plus important pour réussir la conversion des peuplements est I'exclusion des chevreuils
(Capreolus capreolus) au moyen de clétures. Avant l'utilisation de clétures, le broutage par les chevreuils empéchait
I'établissement de nouveaux peuplements.

[Traduit par la Rédaction]

Introduction human population. Apparently, the land was used to its carrying

For centuries the management of forests in the Alps wa
strongly interwoven with agriculture, and forestry played only
a supporting role to meet the needs of agriculture. In medieve}
times, mineral nitrogen (N) fertilizer was not yet available, and
it was difficult to meet the food demands of the rapidly growing

capacity; malnutrition and famine were frequent. The organic
Thatter of the forest floor and the leaf litter were a desperately
eeded source of protein. Forest floor material was raked, and
aves from lower branches were pollarded in a defined rotation
to provide bedding and fodder for livestock. Forests were also
used as pastures for livestock, and gaps in the forest were of-

ten used as fields, comparable to today’s agroforestry systems.

Received January 10, 2001. Accepted August 30, 2001. Publishe@razing cattle produced the much needed organic fertilizer that
on the NRC Research Press Web sita@tp: //cjfr.nrc.ca/  was used in agricultural fields to compensate for nutrient losses
on January 12, 2002. from crop removal. From 4 to 6 ha of forest were necessary to
R. Jandl,! F. Starlinger, M. Englisch, and E. Herzberger. Fed- ~ meetthe biomass demand of an average farmer (Johann 1968).
eral Forest Research Center, Seckendorff-Gudent Weg 8, A - 113B8easants in the Alps were entitled to litter raking and to main-
Vienna, Austria. tain forest pastures. These formal rights, called “servitutes”,
E. Johann. Wlassakstrasse 56, 1130 Vienna, Austria. applied not only to their own land but also to forests owned by
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the local community or noblemen. Litter was raked on almost
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every accessible forest. Fig. 1. Location of experimental plots at the Dobrowa site. The
Documents from the 19th century in monasteries of the Ausplot size was 1000 fmand plots were separated by a 15 m wide

trian province of Carinthia describe how land was donated “adbuffer strip.

emeliorandum”, which meant that forest land was to be trans-

formed to agricultural land. The original forest was an oak for- Block 2 Block 1

est, as shown by the semantic roots of the area’s name “Dc

browa”. “Dob” is a slavic word foQuercus robur L. (English

oak), and “dobje” means oak forest, later germanized to “Do- /

browa”. Oak forests were usually used as pastures, where pi
lived on acorns. The forest stand structure became increa
ingly open, and the conversion to agricultural land was easy Block 3
The nutrient export out of the remaining forests was substar .

tial, and forests gradually changed from deciduous and mixec
deciduous forests to secondary pine forests. Scots pimeg
sylvestris L.), as an early successional tree, is well adapted t
nutrient-poor soils and regenerated well in the widely space:
forest stands. Records from the 16th century already mentione
the occurrence of pine forests, suggesting that the site degrad
tion was already advanced at this stage. [ ] CONT
There are only a few quantitative estimates for the nutrien 7
transfer from forests to agricultural land. For a particular re- NFIX
gion in tr1e Alps, the annual N export was approximately 25 i
kg N-ha -+, together with a loss of acid neutralizing capacity _
(soil acidification) of 2 kmol base catiots ! (Glatzel 1999). - FERT - NFIX
Forest growth rates declined by up to 50%, but this loss was

cqnsidered inev[table, anq certainly justified, given ;he negcﬁjpine (Lupinus polyphyllus Lindl.), and (3) a combination of

to increase the yield of agricultural crops. The endpoint of siteyoth strategies. These methods have proven successful in ear-
d(_agradatlon inthe Alps and their foothills were open pine forestger experiments (Fiedler et al. 1973). In this paper we focus
with a dense understory of dwarf shrubs, even though the nagn soil chemical properties, herbaceous vegetation status, tree

ural forest community would have been a deciduous forest opiomass, and nutrient content in needles, almost 30 years after
a mixture of conifers and broadleaf trees. In other parts of Eutreatments.

rope, e.g., Northern Germany and Great Britain, reforestation

efforts were often unsuccessful or economically unfeasible, anfjethods
large heathlands developed. Only by the end of the 19th cen-
tury, when several forestry faculties were established in Europey,
did foresters investigate the adverse impacts of litter raking on
forest productivity and set up field experiments where differen%
options for ameliorative treatments of forests were tested.

100 m

udy site and objectives

The study site is located in the province of Carinthia, Austria
46°07'N, 14°39E). The climate is characterized by frequent

In the mid-1900s, the production of small pine poles offeredi€Mperature inversions: the average temperature in January is

good business opportunities, but the actual growth rate lagged & € the average of all months is 82 Precipitation av-

hi h iah he qi limati rages about_lOOO_myear (Kilian et al. 1994). _The terrain
behind what might be expected under the given climatic an(ﬁ’s flat, the altitude is 460 m. The parent material consists of

geological conditions. In the 1960s, an ambitious amelioratior} arse gravelly moraine material, which is weathered to a depth
rogram was pursued to improve sites. Mature pine stands we i o : 4
brog P P b oﬁ%)more than 50 cm. Soils are Dystric Cambisols with a rather

fertilized and underplanted with Norway sprudgdea abies iologically i . h Below 20 | denth
(L.) Karst.) and thereafter gradually replaced. Government suRiclogically inactive mor humus. Below 20 ¢m soil depth, roots
are sparse and profile morphology shows little differentiation.

sidies covered fertilizer costs. The primary goal was to maxi- X .
mize wood yield. Spruce stands were established if possibl no 1967, tIJ(Ijoc_ks 1 ang 2.?: ti?e ex_per_wgent évere g'ace_d In a
whereas species of the potential natural forest community we Obyeadr'-o' q plln/ehstag Wwith a low site in e>]<-.7 tem” enzltz v(vjas
often ignored. In the experiment described here, Norway sprucgo® Indviduals/ha. Dominant trees were 17 m tall and had a

was favored because it copes well with frosty spring temper&an diameter at breast height (DBH) of 16 cm. An adjacent

atures. Soil fertility was considered too low for commercially 45-year-old pine stand was mclu_ded in the experiment as ?lOCk
valuable deciduous tree species. Undisturbed forest stands tiiyt | 1iS Stand had a stem density of 1700 individuals/ha; the
would have been suitable to propose hypotheses explaining tiffeminant trees were 12.5 m tall with DBHs of less than 12 cm.
distribution of the potential natural vegetation were not avail- € arrangement of plots is shqwn in Fig. 1. The grc_)und cover
able in the vicinity. Hence, no convincing indication for the Vegetation at all plots was dominated Gglluna vulgaris (L.)
establishment of a mixed-deciduous stand was given. Hull andVaccinium myrtillus L.

Here we present the results of a case study, in which the un-
derplanting of spruce in a mature secondary pine forest wakreatments and development of stands
supported by (1) fertilizer applications, (2) planting and seed- The fertilization treatment (FERT) included the application
ing of N-fixing black alder Alnus glutinosa (L.) Gaertn.) and  of 550 kg N, 30 kg P, 160 kg K, 1250 kg Ca, and 40 kg Mg per
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hectare, from 460 kg Thomas slag, 690 kg patent kali (sulpoBiomass assessment

mag), 1150 kg limestone, and 2500 kg nitramoncal per hectare. Height and diameter (DBH) of all trees were routinely mea-
Thomas slag is a byproduct of steel production containing limesured every 5 years. Needle samples were collected from five
stone and impurities, which release nutrients. Patent kali cordominant trees in each plot of blocks 1 and 2 in 1995. The
sists of readily soluble §50; and MgSQ. Nitramoncal is a  samples were split into the following classes: current-year, 2-
mixture of NFyNO3 and finely ground limestone. This com- year-old, and older needles. Chemical analysis included total
bination of fertilizers had been useful in earlier experimentsconcentration of N, P, K, Ca, and Mg. Totalakeground stem
(Baule and Fricker 1967). The limestone, Thomas slag, angolume was estimated from height, and DBH was estimated

patent kali were applied in April 1967. In May 1967 and April with an allometric function (Pollanschiitz 1974).
1969, 1250 kg of nitramoncal were applied. In N-fixing (NFIX)

plots, 2500 black alders/ha were underplanted and 219kg

of lupine seeds were sown in April 1967. The underplanting o
N-fixing plants has a long tradition in the restoration of forests
degraded by litter removal (Fiedler et al. 1973). It was expecte
that plant growth and microbial activity at the site were primar-

lly N I_|m|ted and hypothesized that alder and lupine mlght fIXéion data from five stands in the vicinity of the experimental

the growth rate. The third treatment (FERT-NFIX) was a Com_stand. These data were collected between 1969 and 1971 and

bination of both fertilizer applications and N-fixing plants. The S€TVe as & reference for the pre-treatment situation at our site.
stand density at the control plots (CONT) was similar to that

of the other plots in the respective blocks, but no ameliorativeStatistical data evaluation

treatment was done. Treatment effects were analyzed by means of analysis of

Stand treatment also started in 1967. The pine stands oRriance (ANOVA) and multiple comparisons of means. The
blocks 1 and 2 were moderately thinned to approximately 76@xperimental design for soil chemistry was unbalanced because
individuals/ha, and the natural disturbances during stand develreatments NFIX and FERT-NFIX were not performed in block
opment were monitored. Snow breakage affected mostly blocR.- A comparison between treatments was done by a general
3 and led to an uneven distribution of pines until 1978. In 1976linear model (PROC GLM) and the Waller-Duncan test
the number of pines in blocks 1 and 2 was reduced to 2506%). For needle data, ANOVA and the Student—-Newman—Keuls
individuals/ha to accomplish the conversion of the mature pinéSNK) test for comparison of means were used (SAS Institute
stand to the regenerating mixed stand. The alder was cut ific. 1992). A detrended correspondence analysis was carried
1976, 1981, and 1986 and resprouted from the stumps. Amorgt for the vegetation data with the program CANOCO version
the pines, alders had reached a height of approximately 2 n3.12 (ter Braak 1991). The original species abundance data were
The density of the pine stands was reduced to 40 individutransformed into the nine-steps scale of van der Maarel (1979).
als/hain 1986 in blocks 1 and 2. The remaining pines served as
holdover trees. The stems of thinned pines were removed, biResults

the branc_hes and needles of pine and thg entire alder biomass.l_he amelioration had a strong effect on the forest floor mate-
were left in the stand. Natural regeneration of spruce, beech 9

and oak was monitored from the beginning of the experiment”al and on the chemical soil properties. Primarily in the control

Severe browsing by roe deeZdpreolus capreolus) hampered plots, the organic layer was a thick mor, which was distinctly

the development of the young trees until a fence was erecte parated from the mineral soil. Five years after the start of

: : i t, the mass of the humus layer in the FERT and
around blocks 1 and 2in 1976. In the following year, spruce Wat € expenment, ; .
underplanted in the gaps of all plots in blocks 1 and 2. The tree§ER I-NFIX plots had been greatly reduced, but it remained

were planted along ag 2 m grid and developed vigorously. In unchanged in the NFIX and CONT plots. In 1993, the mass of

subsequent years, weedibus spp. andPteridium aguilinum the humus layer was significantly higher in the control plots

han in the treated plots: CONT, 14350 Mg-ha ! (mean+
L.) Kuhn) were removed (Johann 1989). Block 3 was nevet: ~ _
1£en)ced, a%d no underplanti(ng was done.) SE); FERT, 54t 5 Mg-ha*; NFIX, 64+ 11 Mgha *; FERT-

NFIX, 97 + 19 Mg-ha L. Differences among FERT, NFIX, and
FERT-NFIX were not statistically significant. Only the CONT
plots showed an abrupt boundary between the forest floor and
i ] . the mineral soil.

_ Soil samples were collected in summer 1993. Four soil pro- The strongest effect on soil chemistry was achieved by the
files were sampled from each plot. Sampling units were theERT-NFIX treatment. Only the FERT treatment significantly
forest floor material and depths 0-5, 5-10, and 10-20 cm. Pencreased the pH of the forest floor, but no treatment had an
dogenetic soil horizons were ignored in this samplln_g protocoleffect on the pH of the mineral soil. The C content of the soil,
We analyzed pH (0.01 M Cag@)l exchangeable cations (un- the cation exchange capacity (not shown), and total contents
buffered 0.1 M BaGl extract), acid extractable cations and P of P and K, and exchangeable K and Al did not differ sig-
(HNOs-HCIOq digest), and total contents of C and N (autoana-jficantly among treatments. Nitrogen content in the 0-5 cm
lyzer). The methods and the laboratory equipment are describeglyer varied significantly among the treatments, with NFIX and
in Karrer and Englisch (1998). Soil bulk density was estimated~ERT-NFIX > CONT, and FERT in an intermediate position.
from the C content according to Kay (1998). The C/N ratio in the forest floor and in the 0-5 cm layer was

f\/egetation survey

The vegetation was surveyed at every plot in 1993 and 1994
ccording to the relevé method of Braun-Blanquet (1964).
pecies abundance was assessed using the ordinal scale of West-

hoff and van der Maarel (1978). Our analysis includes vegeta-

Soil analysis
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Table 1. Chemical characteristics of the forest floor (O horizon) and the mineral

soil.
Layer CONT NFIX FERT FERT-NFIX
pH (CaCl,)
Ohorizon  3.76 (0.3%) 3.96 (0.50yh  4.35(0.45) 4.22 (0.374b
0-5cm 3.66 (0.14) 3.67 (0.09) 3.84 (0.30) 3.78 (0.12)
5-10 cm 4.03(0.08)  3.98 (0.08) 3.97 (0.31) 4.01 (0.07)
10-20cm  4.14(0.04p  4.11(0.07p 4.19 (0.07X 4.08 (0.08)
C(mgg™)
O horizon 419 (54) 360 (55.7) 402 (44.5% 347 (60.1)
0-5cm 56.5 (22.3) 48.3 (9.1 44.8 (8.7) 47.8 (6.4
5-10cm  18.9 (5.3) 19.9 (3.8) 19.4 (3.8) 22.3 (5.1}
10-20cm 9.8 (2.6) 9.3 (2.1n 9.6 (2.5 12.0 (2.2
N (mg-g~)
Ohorizon  12.9 (1.7H) 14.6 (2.06) 13.8 (2.54) 13.8 (1.99)
0-5cm 1.40 (0.5%) 1.86 (0.45yh  1.54(0.33)b  1.96 (0.36)
5-10 cm 0.55 (0.22) 0.70 (0.15)»  0.53 (0.19) 0.76 (0.13)
10-20 cm 0.23(0.13) 0.28 (0.15) 0.20 (0.16) 0.35(0.19)
C/N
Ohorizon  32.8 (4.5) 25.0 (5.0p 30.0 (5.9p 25.2 (2.9p
0-5cm 41.0 (7.9) 26.5 (4.5p 29.9 (7.7p 24.7 (3.0p
5-10cm  38.0 (13.3) 29.0 (6.2 49.0 (51.1) 29.4 (6.3)
10-20cm  55.3(30.Q)  44.4 (30.8) 68.6 (37.1) 40.6 (17.1)
Exchangeable K (mmol.-kg™?)
0-5cm 1.57 (0.7Q) 1.20 (0.75) 1.49 (0.51) 1.33 (0.31)
5-10 cm 0.64(0.24)  0.56 (0.35) 0.73 (0.24) 0.66 (0.30)
10-20cm  0.41(0.08)  0.28 (0.19 0.41 (0.22) 0.53 (0.25)
Exchangeable Ca (mmol.-kg™?)
0-5cm 11.12(8.75)  13.54(3.40)  24.17(7.56)  21.98(3.82)
5-10 cm 1.83 (1.42) 2.48 (1.05) 7.14 (3.71) 5.08 (1.01)
10-20cm  0.79(0.46)  0.53 (0.33p 3.20 (2.07) 1.80 (0.84)
Exchangeable Mg (mmol¢-kg™)
0-5cm 3.39 (1.94) 4.60 (0.97) 5.51 (1.84) 4.88 (1.02)
5-10 cm 0.88(0.48)  1.21(0.24p 1.83 (0.58) 1.45 (0.48yb
10-20cm  0.46(0.18)  0.45(0.13p 1.01 (0.35) 0.73 (0.22)b
Exchangeable Al (mmol¢.-kg™1)
0-5cm 50.1 (6.1) 50.0 (7.2 36.7 (8.7) 42.8 (6.9
5-10cm  26.9 (6.1) 30.0 (3.7) 27.7 (5.5) 30.1 (3.7)
10-20cm  19.2 (1.4) 19.9 (3.6) 18.5 (1.9) 22.2 (3.9)
Base saturation (%)
0-5cm 21.9 (2.5 25.1 (3.1p 42.0 (5.1) 35.8 (2.7)
5-10cm  10.1(0.9) 11.4 (1.6p 24.1 (3.6) 17.8 (1.3
10-20cm 7.0 (0.8) 5.2 (1.5p 18.1 (2.6) 10.1 (1.3)b
Acid extractable P (mg-g~?)
Ohorizon  1.11(0.21) 1.20 (0.16) 1.22 (0.20) 1.13 (0.22)
0-5cm 0.40 (0.06) 0.36 (0.15) 0.41 (0.06) 0.40 (0.06)
5-10 cm 0.39(0.08  0.37 (0.03) 0.39 (0.05) 0.36 (0.04)
10-20cm  0.40(0.04)  0.39 (0.03) 0.37 (0.04) 0.35 (0.04)
Acid extractable K (mg-g~2)
Ohorizon  1.38(0.30) 1.35 (0.22) 1.48 (0.26) 1.35 (0.15)
0-5cm 0.78(0.23)  0.71(0.22) 0.86 (0.32) 0.74 (0.27)
5-10 cm 0.75(0.24)  0.78(0.23) 0.96 (0.30) 0.79 (0.29)
10-20cm  1.00(0.24)  0.83(0.10) 0.86 (0.16) 0.75 (0.24)
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Table 1. Concluded.
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Layer CONT NFIX FERT FERT-NFIX
Acid extractable Ca (mg-g~?)

Ohorizon  5.16 (1.68) 5.74(2.30)b  8.98 (4.020b  6.94 (2.45)
0-5cm 0.52(0.17)  0.58 (0.27) 0.89 (0.19) 0.78 (0.13)
5-10 cm 0.38(0.13)  0.46 (0.20) 0.61 (0.16) 0.59 (0.17)
10-20cm  0.45(0.1%)  0.40 (0.23) 0.53 (0.10) 0.45 (0.21)
Acid extractable Mg (mg-g~1)

Ohorizon  1.79(0.63) 2.38(0.79%»  2.23(0.50yb  2.46 (0.45)
0-5cm 3.83(0.48)  3.75(0.42) 3.96 (0.64) 3.84 (0.51)
5-10 cm 4.46 (0.53)  4.38(0.31) 4.46 (0.52) 4.44 (0.52)
10-20cm  4.85(0.4%)  4.58 (0.25) 4.39 (0.48) 4.53 (0.66)

Note: Values are means with standard errors of means in parentimes@&s Different letters

indicate statistically significant differences among groups (Waller—-Duncanxtesi%).

Table 2. Mean nutrient concentration of needles< 5;
mggt) 30 years after the first experimental treatment in the
site.

Needleage CONT FERT NFIX FERT-NFIX
N 1 9.% 13.66 13 11.®
2 9.0 11.0 11.8 10.6
>2 7.8 9.5 9.6b 9.6b
P 1 1.14 1.48 1.56 1.29
2 0.8% 1.1%» 114 1.0%
>2 0.8 086 09 0.8%9
K 1 2.9 4.4 4.7 3.5
2 2.1 3.4 3.6 2.4
>2 1.9 2.8 3.0 2.0
Ca 1 3.9 9.4c 6.4b 6.0b
2 6.5 131 114 109
>2 8. 16.% 181 139
Mg 1 1.u 1. 1.1a 1.2
2 1.1 1.3 1.1a 1.2
>2 0.% 1.1 0.% 1.1

Note: Different letters indicate statistically significant differences
(ANOVA, SNK test).

significantly higher in CONT, whereas there was no difference
among the treatments. Differences in exchangeable Ca and base
saturation among the treatments were are follows: FERT and
FERT-NFIX > NFIX > CONT. Total Ca and Mg in the forest
floor were significantly higher in the FERT-NFIX treatment.
Exchangeable Mg showed a depth trend. In the 0-5 cm layer,
exchangable Mg was significantly lower in the control plots
than in the treatment plots, and in the 10-20 cm layer, there
was no difference between the CONT and the NFIX treatment,
FERT was significantly higher, and the FERT-NFIX treatment
assumed an intermediate position (Table 1).

The chemical needle analysis showed that all treatments
raised the N concentration of the needles compared with the
control. Positive effects on P, K, Ca, and Mg were also evident
(Table 2). Itis remarkable that the plants in the NFIX treatment,
which depend solely on K, Ca, and Mg from the mobilized soil
nutrient pool, had nutrient contents similar to plants inthe FERT
and FERT-NFIX treatments, which received nutrients from fer-
tilizers.

Table 3. Total amounts of C and N and exchangeable K,
Ca, and Mg in the soil.

CONT FERT NFIX FERT-NFIX
Carbon (Mg-ha™t)
Forest floor 55.7 20.4 23.0 36.0
Mineral soil
0-5cm 20.2 17.2 19.6 20.2
5-10cm 115 11.0 12.3 13.2
10-20cm 13.6 13.1 10.1 15.9
Total 101.4 61.7 65.0 85.3
Nitrogen (kg-hat)
Forest floor 1890 779 918 1420
Mineral soil
0-5cm 520 660 754 826
5-10cm 362 356 429 459
10-20cm 435 420 340 466
Total 3207 2215 2441 3171
Potassium (kg-hat)
Forest floor 205 78 82 132
Mineral soil
0-5cm 21 21 19 21
5-10cm 14 15 15 15
10-20 cm 21 19 19 27
Total 261 133 135 195
Calcium (kg-ha™?)
Forest floor 900 515 344 680
Mineral soil
0-5cm 60 177 111 187
5-10cm 16 63 30 62
10-20 cm 12 58 14 47
Total 988 813 499 976
Magnesium (kg-ha™?)
Forest floor 325 131 141 228
Mineral soil
0-5¢cm 15 31 23 25
5-10cm 6 14 9 11
10-20cm 6 18 7 12
Total 352 194 180 276

©2002 NRC Canada



Jandl et al. 125

The mean height of spruce in 1996sv&am inCONT plots, pool in the forest floor. This was certainly achieved with all
10.1 min FERT plots, 8.6 m in NFIX plots, dr® m in FERT—  treatments. The decline in the mass of forest floor material and
NFIX plots. The height of beech, which accounted for less tharthe improvement of the soil chemical status (Table 1) indicate
10% of trees, also varied greatly (4.2 m in CONT, 6.9 m inthat in all treatments the formerly recalcitrant nutrient pool in
FERT, 5 m inNFIX, and 6.5 m in FERT-NFIX). The mean the forest floor has been mobilized. It is remarkable that the
diameter of the dominant 100 trees was 18 cm in CONT, 2NFIXtreatment had a strong effect on the nutrient distribution in
cm in FERT, 21 cm in NFIX, and 23 cm in FERT-NFIX. The the soil, even though the rate of N accretion was low. The depth
stem volume per hectare was 38.3imthe CONT plots, 107.8 effect of the FERT treatment is somewhat stronger although.
m? in the FERT plots, 81.3 fin the NFIX plots, and 85.6 Another major difference between these methods is obviously
m? in the FERT-NFIX plots. The FERT treatment more thanthe response time. We conclude that FERT is the method of
doubled the stem volume as compared with the control. A nuehoice if soil fertility needs to be enhanced within only a few
trient budget for the soils in blocks 1 and 2 is given in Tableyears. Often, however, more time is available to achieve the
3. Except for Ca, the control plots contained the largest nutridesired response. Rotation periods in Central European spruce
ent pool mainly because of the sequestration of nutrients in thiorests often exceed 100 years. In such cases, soil amelioration
forest floor. In all other treatments, the nutrient pool in the soilcan be achieved by N-fixing plants.

(forest floor, 0—20 cm) was lower. At least a part of the nutri- Stem growth accelerated with all treatments. The maximum
ents is retained in the aboveground biomass as a consequerresponse of the stem volume to the FERT treatment demon-
of enhanced growth rates. strates that site factors such as climate and soil allow much

All treatments affected the plant species composition. Thénigher growth rates, and that nutrient availability had limited the
formerly dominant dwarf shrubs are still present in the con{productivity. A similar, although weaker effect, can be achieved
trol sites but rare in treated plots. In the treated plots, ferndy N-fixing plants (NFIX). The combined NFIX—-FERT treat-
(e.g.,Dryopteris carthusiana (Vill.) H.P. Fuchs Athyriumfilix- mentdid not further increase stem volume. In concluding, FERT
femina(L.) Roth), some Compositae (e.ylycelismuralis(L.)  can be avaluable treatment, and the nutrient mobilization in the
Dum.,Cirsiumarvense(L.) Scop.), and mosses are newly estab-NFIX treatment is by no means superior to that of the FERT
lished.RubusfructicosusandRubusidaeus(L.) are also present treatment. When interpreting the high stem volume at treated
in the FERT-NFIX plots. The vegetation samples are publisheglots, one has to bear in mind that Table 3 depicts the status of a
in Jandl etal. (2000). The initially sowrupinuspolyphyllusin- ~ 30-year-old spruce stand as a snapshot and is thus not necessar-
vaded all plots. Beech and oak seedlings regenerated in all plotigy valid for the entire rotation period. Earlier N fertilizer exper-
Fencing to keep out roe deer was sufficient for the establishiments have shown that the addition of mineral N accelerates
ment of beech, but oak establishment required site amelioratiotme growth rate only for several years. Even in our experiment,
and was most successful in the FERT-NFIX plots. The succeghe growth response to the FERT treatment was highly variable
sional course of the experiment was assessed by a detrendeith time. Five years after the start of the experiment FERT
correspondence analysis. The loadings of the first two factorsad been the most effective treatment. In contrast, the growth
are given as coordinates (Fig. 2). The treatments group togetheate of Norway spruce was lower in the NFIX treatment than
Vegetation samples from 1969 and 1971 (J4-J8 in Fig. 2) repn the control, presumably because of competition between the
resent pre-treatment conditions. The FERT-NFIX treatment i&-fixing plants and the spruce seedlings (Pollanschiitz 1973).
most different from this reference, FERT lies outside the clusThe latest results now show that the FERT treatment is still su-
ter of the other treatments, and NFIX lies between CONT angberior with respect to tree growth, but that the NFIX treatment
FERT-NFIX. The two fenced control plots (blocks 1 and 2)is only slightly lower and certainly is an equally valuable treat-
are distinct from the pre-treatment conditions, which is indica-ment, which could prove to be superior at the end of the rotation
tive of a natural succession that is accompanied by a loss gferiod.
speciesPotentilla erecta (L.) Rauschel Chamaecytisus supi- From a silvicultural point of view, the most important deci-
nus(L.) Link, andCarex pilulifera(L.). have disappeared from sion during the course of the experiment was the fencing of the
the control sites. A peculiar pattern is shown in the fertilizedtreated plots. Prior to fencing, the stand conversion of blocks 1
plot of block 3 (see curved arrow in Fig. 2). This plot had beenand 2 was mostly unsuccessful. Seedlings of spruce, beech, and
fertilized, but in contrast with the FERT treatments in blocksoak were abundant but height growth was profoundly inhibited
1 and 2, it did not receive further treatment, such as fencinghy roe deer browsing. The damage to the young spruce planta-
spruce underplanting, and weed removal; therefore, no yountipn was extensive, and when the landowner finally decided on
stand was established. This fertilized but not underplanted pldhe rather expensive fence, success occurred immediately (Jo-
is similar to pre-treatment plots. We assume that fertilizatiorhann 1989). The Dobrowa experiment demonstrates that under
without stand conversion had initially changed the herbaceouligh deer density, amelioration experiments can hardly be eco-
vegetation in a similar manner as the other fertilized plots. Themomically successful and are an inefficient investment. The de-
abundance o€alluna vulgaris was at first reduced, but was scribed amelioration methods must be supported by collateral
able to recover, because of the absence of a young tree stamdeasures to keep deer densities low. It is obvious from fenced
The effect of the fertilization on the herbaceous vegetation wamonitoring plots that the natural regeneration and development
not sustainable. of many tree species are greatly improved if roe deer density is

low.

Discusslon The success of the experiment is closely linked to the

Forest soil amelioration experiments in Central Europe ofterdynamics of the dwarf shrul@allunavulgaris, Vacciniumvitis-
have the goal of mobilizing nutrients from the slowly circulating idea, andVaccinium myrtillus. These shrubs were suppressed
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Fig. 2. Ordination diagram of a detrended correspondence analysis (DCA) based on vegetation samples at the experimental plots
(1993-1994) and reference samples (J4-J8, 1969-1971). Arrows indicate the temporal trend of different treatments. Circles and diamonds
indicate the vegetation samples (numbers: first position, block; second position, treatment); crosses represent the centroids of 22 species
with the highest weight: Aln glutAlnus glutinosa; Fag sylv, Fagus sylvatica; Pic abi, Picea abies; Pin sylv, Pinus sylvestris, Qu robur,

Quercus robur; Call vulg, Calluna vulgaris, Cha sag.Chamaespartium sagittale; Dry cart, Dryopteris carthusiana; Lp poly, Lupinus

polyphyllus; Luz luz, Luzula luzuloides; Luz pil, Luzula pilosa; M prat, Melampyrum pratense; Plg cha,Polygala chamaebuxus; Pt aquil,

Pteridium aquilinum; V myrt, Vaccinium myrtillus; V vit, Vaccinium vitis-idaea; Dic poly, Dicranum polysetum; Eurh ang,Eurhynchium

angustirete; Hyl sple, Hylocomium splendens; Pl schr,Pleurozium schreberi; Plt form, Polytrichum formosum; Sc pur, Scleropodium

purum.
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by competition of N-fixing plants or by a direct effect of the processis evidentfrom a narrow C/N ratio. Mobilizing the forest
fertilizer. As a result, young trees, ferns, and herbaceous planf®or counteracts the tendency of low-fertility sites to sequester
with a higher nutrient demand could develop. Therefore, theC in the forest soil (Huntington 1995; Kauppi et al. 1992). Soil
spectrum of plants varies widely among treatments (Fig. 2). chemical data (Table 1) suggest that forest amelioration min-
The vegetation survey in the control plots corroborated theeralizes a considerable amount of C. The entire idea of the
evidence that a natural succession, similar to that of many Ewsnowball effect of amelioration fertilization is indeed based on
ropean forests, is presently occurring at the study site. (Fighe principle that the nutrient addition stimulates the microbio-
2). Major reasons are thought to be the continuous increadegical activity by turning recalcitrant soil organic matter into
in N availability and a change in forest management methoda more attractive substrate (Oliver and Larsen 1990). Conse-
(Spiecker 1999). In this particular case, changes in regional uently, the mineralization of organic compounds releases the
deposition rates may or may not have been crucial. The ceswtrients that are utilized by trees. During this process, C is
sation of litter raking after the Second World War is certainly respired and ultimately released into the atmosphere gs CO
enough of a land-use change to explain the observed change imultaneously, C is fixed in the tree biomass. Table 1 suggests
the herbaceous vegetation. The natural dynamics are progreshat the C pool in the soil is decreased by 20 to 40%. Increased
ing slowly, however. The amount of inactive nutrients in thegrowth rates of the stand bind a considerable amount of C in
forest floor is still high in the control plots, and the nutrient con-the biomass and may compensate for the C losses in the soil. It
tentin the mineral soil remains low. The N supply in the controlremains to be shown which of soil or biomass C is the longer
plots is still insufficient (Table 2). Even if a natural tendency to-lasting sink for C (Harmon et al. 1990; Nadelhoffer et al. 1999;
wards aggradation of forests takes place, the treatments greatchulze et al. 2000).
accelerated the processes. Apparently the pre-treatment condi-The fate of N is under scrutiny from an environmental point
tions in the Dobrowa are very unfavorable, as dwarf shrubs stilbf view. Its response to the treatments is quite different from
cope well with current site conditions and so far have delayedhat of C. The N retention capacity of the mineral soil is small,
the succession. and N losses are inevitable. In plots that received mineral fer-
Upon stand amelioration, the mobilization of recalcitrant for-tilizer (FERT and FERT-NFIX), the soil contains up to 30%
est floor material may be the primary target. If successful, thidess N than in the control plots. The tree biomass cannot pos-
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