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Abstract

In 1985-1988, a 25-y-old Scots pine forest was limed and fertilized with P, K and Mg in a 2*
factorial design and in an experiment with 5 liming levels, in order to alleviate potential nu-
irient deficiencies as a result of high N depositions (ca. 40 ]cg ha™! y). In this paper, the first
of three, the effects of fertilization and liming on nutrients in the forest floor and mineral soil
are discussed to serve as a basis for the explanation of foliar nutrient concentrations and tree
performance. Of all treatments, liming showed the widest array of effects, especially in the
forest floor. It raised the pH in the forest floor and after 4 y that in 0-50 cm mineral soil, and
it lowered extractable Al in the forest floor and in 0-50 cm mineral soil in 1989. These ef-
fects, except for that on forest floor pH, were stronger with increasing lime dosages. Liming
showed transient effects on the amounts of soil inorganic N (IN;). Until 1989, N; in the forest
Moor was lowered and that in the mineral soil was raised by liming. This could be attributed
to the I'nnmtiun of NO,, which is more. mobile than NH,. Plots limed with 3 Mg (tonnes)
lime Im appeared to have higher N; concentrations in the whole sampled profile than those
limed with=>3 M 14 ha! or the unIimed plots, the reason of which is unclear. Liming removed
exiractable K and Mg from the forest floor pruhab[y by exchange against Ca. The residence
time of added P and possibly Mg in the forest floor was increased by liming, probably by a
reduced solubility of the added fertilizers. Added K was poorly retained in the forest floor
and probably quickly leached to soil layers deeper than 50 cm.

Keyworts: feriilizer recommendations, forest fertilization, liming, nitrogen, Pinus sylvestris

Introduction - .

Forest fertilization was first applied and scientifically examined in the 19th century
(Baule & Fricker, 1967), as was liming (Triimper, 1936). Both were common prac-
tice in the Netherlands, especially in reforestation programmes of heathlands around
the beginning of this century. Around 1950, foresters lost interest in it, unti] the
1980s when it was suggested as a tool to revitalise declined forests (Van den Burg,
1989, 1991)., However, in each specific case of forest decline it should be carefully
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evaluated whether forest fertilization is appropriate. In Germany, a number of ‘dam-
age types’ could be distinguished, which demonstrated that forest decline can not al-
ways be atiributed to one distinct cause, but that locally different complexes of caus-
es were involved. It was shown that in some areas decline corresponded with a nutri-
ent deficiency, although the mechanisms inducing the deficiency were not always
clear (Blank, 1988). Although the causes of forest decline are very diverse and spec-
ulative (Foster, 1989), there are cases where nutrient deficiencies are definitely in-
volved and amelioration is to be expected after application of those nutrients (e.g.
Hiittl, 1990; Zottl et al., 1989). However, even when a nutrient deficiency is in-
volved, it should be examined whether or not the trees are able to utilize an increased
supply of nutrients, When also drought and/or root damage are involved the effect of
fertilization may be nullified.

In areas with intensive livestock breeding, large quantities of NH, (NH," and

NH;) are emitted. This occurs in several areas in the Netherlands, but also e.g. in
Germany (Kaupenjohann, 1989; Uebel, 1991). Forest canopies are exposed to dry
deposition of NH,, causing higher ammonium concentrations in throughfall than in
bulk preclpitatmn (e.g. McLeod et al., 1990; Velthorst & Van Breemen, 1989). Thus,
on forest soils in the Netherlands an average of 40 kg N (NH, and NO,) ha™ year*l
is deposited in throughfall precipitation, but quantities lm-::all:,nr exceeding 160 kg N
ha™! year™ have been reported (Ivens et al., 1988). Bredemeier (1988) reported am-
monium-enriched throughfall in an area in Germany with intensive livestock farm-
ing,
. As forests in t['lﬂ Netherlands are mainly planted on sandy soils low in mineral nu-
trients (Vnn den Burg, 1991) N deposition may result in an overabundant N availabil-
ity causing induced deficiencies of other nutrients. This effect may be aggravated
when on the exchange complex NH,* replaces other cations, that are subsequently
leached with 8O, or NO;™ as counterions. Weathering of silicates, even when stim-
ulated by a lower pH, proceeds too slowly to replenish such losses of cations (Van
Grinsven, 1989). An initial effect of excessive N may be an induced growth push,
possibly causing internal nutrient dilution, and thus aggravating the relative defi-
ciency of other nutrients. Several workers have reported an increased tree growth
during the past two decades, possibly due to an increased atmospheric N inputs,
(Rehfuess et al.; 1991, Sauter, 1991). Research in De Peel, the Netherlands, showed
forest decline as a consequence of excessive N deposition (Van den Burg et al.,
1987).

In {hﬂ present research a mature Scots pine plantation was amended with P, K, Mg
and lime, in order to alleviate potential nutrient deficiencies. Scots pine is the major
forest tree species in the Netherlands and in large parts of Scandinavia, Germany,
Poland and Russia, Especially in Sweden many fertilization experiments were car-
ried out with Scots pine (e.g. Tamm and Hallbdcken, 1988). Recently, forest fertil-
ization recommendations were presented in the Netherlands (Anon., 1990). The pre-
sent research partly evaluates these guidelines.
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Materials and methods
Pine forest fertilization experiment

The cxperimental area is situated near Harderwijk, the Metherlands (52°20'N;
5°35'E). The soil is a coarse sandy fluvioglacial deposit covered by a fine drift sand
layer of varying depth (10-40 cm) with a weak podzolic soil formation and a forest
Moor that is distinct from the underlying mineral soil. The water table is at ca. 9 m.
The site was planted with Scots pine (Pinus sylvestris L.) in 1960.

In 1985 the stand was thinned (Arnold & van Diest, 1993) after which the research
started, Initial soil data are presented in Table . P, K, Mg and lime were applied in a
2% factorial complete randomized block design (CRBD, 3 replicates). These treat-
ments are denoted as P, K, Mg and Ca, respectively.

In a separate experiment the effect of different lime rates was investigated. Five
amounts of lime (0, 3, 6, 9 and 18 Mg ha™, denoted as OtL, 3tL, etc.) were applied,
also as a CRBD with 3 replicates, accompanied by applications of P, K and Mg as in
the factorial experiment. The PKMg treatment of the factorial experiment served as
the OtL treatment, The PKMg additions in the liming experiment served to bring out
the:effects of liming; since other nutrients would not be limiting. The applied fertil-
izers, rates and application dates of the factorial experiment and the 3tL level of the
liming experiment are presented in Table 2. In autumn 1985, all lime treatments re-
ceived 3 Mg lime ha™. Three, 6iand 9 Mg ha™ were applied to the 6tL, 9tL and 18tL
ircatments, respectively, in autumn 1986. Finally, 6 Mg ha™ was applied to the 18tL
treatment in spring 1987. The 1986 lime applications were carried out after soil sam-
pling, so in 1986 the liming experiment actually had only one-lime level (3tL).

Table 1, Initial element concentrations in the forest ﬂuﬁ, and in the 0-25 and 25-50 ¢m mineral soil seg-
ments,

Element * Soil layer

Forest floor . 0-25cm 25-50 cm

(gkg™ o (mgkg™) (mg kg™)
EON® - 4.6 23
NOy - 0.0 0.0
MH, - 4.0 1.1
K - 5.8 2.1
Mg - L7 0.6
pH - 4,24 4.56
M-lotal 157 ' 454 263
P-iotal e - 062 ! 102 142
K-tolal - 0.80 . ¢ 632 728
Ca-tolal . , 1.20 69 74
Mg-total _ 033 29 38
Zn-otal - PR 8 ' 10

® Exiractable organic nitrogen.
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Table 2, Amounts and compositions of fertilizers and lime applied in the factorial experiment and at the
JIL |evel of the liming experiment.

MNuirient Amount Fertilizer Date of first
(kg ha"} application
P ,25 Rock phosphate autumn 1985
25 . Triple superphosphate autumn 1985
K 100* Potassium sulphate spring 1986
Mg 100° Kieserite spring 1986
Ca 1200 _ Calcium carbonate® (powder, 3000 kg) autumn 1985

"H. and Mg applmatmns were split, with additional applications made in the springs of 1987 and 1988, to
afolal of 100 kg h:l‘ !ﬂul:h "'lelmnl:d 3.6% MgCO, (1% Mg).

- The individual plot size was 22 x 25 m. Within these plots, 5-m-wide boundary
zones were observed from which no soil and litter samples were taken.

Sampling and an alyses

From 1986 to 1989, in autumn forest floor and mineral soil samples were collected.
The forest floor was sampled by quickly forcing a 5 em bulk density core into the
soil and removing the mineral soil collected in the core. At the same point the 0-25
c¢m and 25-50 cm mineral soil layers were sampled with a gouge. Per plot 20 samples
were collected following a grid, and pooled. Until 1989 no treatment had perceptibly
influenced the forest floor mass (data not shown).

The forest floor samples were dried at 70°C in a forced-draft oven and gruund
s0il samples were air-dried and sieved through a 2-mm sieve. To obtain a measure of
the avajlable fractions of nutrients 3.00 g dry material was extracted with 30 mL
0:01 M CaCl, solution (Houba et al., 1990). This extraction procedure is of common
use in agriculture in the Netherlands, but less common in forestry. In forestry in the
Netherlands it is common to assess P, (Anon., 1990). However, to obtain addition-
al information on the fate of each applied compound the total contents of all major
nutrients were assessed. Portions of 0.400-g (litter: 0.300-g) were digested in an
11,50y, salicylic acid, H;O, medium, catalyzed by selenium. This digestion was de-
vised for plant-samples; the soil particles were not completely dissolved by the
reagents, so for soil the term ‘total analysis® cannot be applied. However, probably
all N and large fractions of P were digested, because these elements are only or
mainly found in organic matter.

In the extracts NH,, NO,, B K, Mg and total extracted N were measured in an au-
tomated continuous-flow system: the N species colorimetrically, 1.e. NH, by in-
dophenol blue colpuring; total dissolvéd N after digesting the extract with K;5,04,
and oxidizing all native and produced NH, to NQ,; NO, after reduction to nitrite,
followed by conversion to a red-coloured diazo compound; P colorimetrically after
formation of a blue phosphomolybdenum complex. Extractable organic N was calcu-
lated -as total extracted N — (NO;+NH,). The pH(CaCl,) was measured with a glass
electrode, P in the soil extracts was below the detection limiit. In the digests N (as

250 Netherlands Journal of Agricultural Seience 41 (1993)



¢ — e — —

RESPONSE OF A SCOTS PINE STAND TO FERTILIZATION. 1.

NH,) and P were measured as mentioned. In the extracts and the digests K and Ca
were measured by atomic emission and Mg by atomic absorption spectrometry. In
the 1989 extracts Al was measured colorimetrically.

Data analysis

For statistical tests SAS software (SAS Institute Inc., 1989) was used. The signifi-
cance levels were differently chosen for the two experiments. In a 2* factorial design
a maximum of 15 effects are tested simultaneously. Thus, the probability of obtain-
in% at least one P value < o due to coincidence is conservatively estimated as 1-(1-
@)'®, At o=0.01 this probability (< 0.14) was considered acceptable. At more liber-
al P values too many effects would be mistaken as significant.

In the liming experiment effects with P < 5% were considered significant. For the
1986 data all liming levels were equal. For the data acquired in 1987-1989 curve-fit-
ting was carried out, as is appropriate for describing responses to quantitative factors
(Mize & Schultz, 1985). Polynomial and exponential models were tested. Poly-
nomial models with significant linear andfor quadratic and insignificant lack-of-fit
contrasts were selected. Exponential curve-fitting was carried out with Genstat’s
Fitcurve directive (Rothamsted Experimental Station, 1990). For each parameter and
year separately, polynomial and -:;-.xpum:ntm] nurva-f' itting was carried out. The fitted
polynomial model was Y = A + Bx + Cx? + Dx?, The fitted exponential model was Y
= A + B - r*, where r is the rate parameter, determining the shape of the curve,
which, in this case, expresses the measure to which the effectiveness of further in-
creasing lime applications declines. A and B are not given, but they roughly equal
the value at the 18tL level and the difference between the control and 18tL level (in
that order), respectively, as listed in the tables. Exponential models were favoured
above polynomial models if the former had higher R® values. Thus, polynomial mod-
els with cubic contrasts were always rejected, Note the large interval between 9 and
18 Mg lime ha™, that adds uncertainty to the correct shape of fitted curves.

Three- or 4-year averages were tested by repeated measures analysis of variance
(RMAOV) (Moser et al., 1990). Significant treatment effects according to RMAOV
are only listed if the effects in separate years were unidirectional. RMAOV results
were only deemed relevant if the test on sphericity of the covariance matrix had a
P value < 0,10,

Results and discussion

The Tables 3-11 present relevant soil analysis results of the factorial and the liming
experiments. When significant main effects occurred, the data of the factorial exper-
iment are grouped accordingly. Thus, for instance, ‘=P’ denotes the average of the 24
plots that did not receive P. Important interactions between treatments are mentioned
in the text, For all applied nutrients it should be noted that possible increases in the
forest floor or mineral soil may have been caused directly, or indirectly through in-
ereased returns in root and leaf litter.
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Factorial experiment

P- and lime effects. Of the four elements applied, Ca induced the widest array of ef-
fects, especially in the forest floor (Tables 3, 4). In 1986 liming had increased the

Tﬂhl,'rc 3, Concentrations of CaCly-extractable elements in the forest floor of the factorial experiment (mg
kg™ DM). -

Trealment Year

1986 1987 1988 1989
NI, .
Conirol . 237 189 174 193
-Ca 1 190 202 184 oo0®
+Ca L 14 e 124 **s 107 =*=* 114 =*=
NO, '
Conirol 4 6 29 g1
-Ca 4 8 42 36 ooo
+Ca .. 34 e 27 ¥ee 51 103 #o*
Conirol R 129 78 75
~P - 102 98 87 ooo
+P = 14] ##* 117 ** 107 =**
-Ca - © 133 107 80
+Cn - o 110 * 108 105 ==
K
Conlrol - 340 209 303
~K - 253 166 317 coo
+K - 301+ 213 *e 362
~Cn - 3l6 206 3b4 ooo
+Ca R 238 #x* 173 % Jl5*
Mg
Control R ' 177 247 238
= e - ’ 279 418 368 oo
+ - 264 381 340
~Cn .- 293 434 390 coo
+Ca - 250 ** 355 = 315 *==
~Mg - 170 206 231 coo
+ME e T3 *xx 503 wex 47T wee
pH
Conirol 4.00 3.26 3.10 3.17
~Ca Lo 412 3.47 3.19 3.29 go0
+Ca h,05%%* 5.60%** 5.27%%* 5.14%%=
Al
Control - = - 20
~Ca - - - 17
'H:H P i - 5 wEE

# Symbols following a pair of figures: ***, ooo = P < 0.0001, **, 0o =P <0001, *, 0 = P < 0.01, for
ANOVA (*) and Repeated Measures Analysis of Variance (o), respectively.
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Table 4, Concenirations of CaCl; -extractable elements in 0-25 and 25-50 em mineral soil of the factori-

nJ experiment (mg kg'l'_ air-dry soil).

Treatment

0-25 em
Control
=Cn
+Ca

- Average

Contral -
~K,
+K

Control
=Cn
+Cp
FME
Mg

Control
~Cn
+Cn

Control
~Cn
+n

25-50 cm
Conlrol
~Cp

+Ca

Avernge

Conlrol
i
+K

Control
~Mg
+Mg.

Control
=Cn

+Ca

Conirol
~Ca
+Cn

Year
1986 1987 1988 1989
NO
I.I! : 0.5 I.g :g a
r 0.4 1. .
.I?g"'_ 0,7 wee 1.9 wee I.ﬁm
NH,,
3.7 1.6 1.7 1.4
K .
6.6 4.6 3.2 4.6
6.9 3.0 38 5.0 ooo
!]4 8.B* (.2 ¥ee 8.8 #ue
M
zgﬁ .1 1.8 1.5
3.7 2.6 4.1 3.000
4.1 3.0 53¢ 3.6
2.6. 1.7 24 1.9 ooo
£3 L1 1.8 W'k 7.0 wee 4,7 e
H
pdi 15 4.34 4.24 4.27
4,12 4,28 4,20 4.21
mz 4,29 423 427 *=
Al
- - - 28.8
- - - 33.0
i - - 26.0*
NO
1. 0.3 0.8 1.9
L 0.3 0.9 1.6 coo
2_¢ [ 4 8 ] {LT.*# ]‘9 LL A 2__0
i . | .
' l[:]f 0.8 1.1 0.5
K
3.7 36 1.4 1.8
34 29 1.4 2.5
3.2 7 31" 4.9 ===
h}?l - 0.9 1.2
2.7 - 1.0 1.2
zla — 316 L4 8 2 4 LE L]
FH Y
4,70 4.62 4.57 4.51
4.04 4.57 4.48 4.46
4.63 4.56 4.50 451 *
Al
- —_ - 154
- - - 17.9
i - 14, 4 ===

? For an explanation of symbols se¢ Table 3.
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forest floor pH by ca. 2 units, In all treatments the pH of the forest floor declined in
the period 1986-1988 (Table 3). The pH decline of the unlimed forest floor may indi-
cate that soil acidification by nitrification of deposited NH, proceeds in spite of a
low pH, More likely, the 1985 thinning may have enhanced nitrification by disturb-
ing the ecosystem (Vitousek et al., 1979). Later disturbances (windfelling and subse-
quent thinning in 1990) were followed by increased NO; concentrations in the soil
solution (Arnold et al., 1993b). In autumn 1991 the forest floor pH in the Ca plots
was 4,15 and that in the control plots had remained stable at 3.15 (Arnold et al.,
1993a). Limmg started to raise the pH of both mineral soil layers in 1988. In 1939
the increases were small, but significant (Table 4). Also in 1991 a small, but signifi-
cant difference in pH (0-22 cm mineral soil) was found between the control- and Ca
plots (Arnold et al., 1993a). It may be assumed that a pH gradient had developed in
the 0-25 em layer, with considerable pH increases in the top c¢m. Marschner and
Wilczynski (1991) found a pH increase from 3.3 to 4.1 in the top 10 cm mineral soil
3 y after liming an Arenosol under Scots pine. It is frequently observed that surface
application of lime does not ameliorate subsoil acidity (e.g. Kreutzer et al., 1991;
MeCray & Sumner, 1990), but the present sandy soil with a low buffer capacity and
high permeability evidently permitted discernable pH changes below a 25-cm depth
to take place after liming. It can be questioned, however, whether pH changes of this
magnitude are of any biological significance. Moreover, in this pH range Scots pine
would probably not respond to a-small pH increase. The pH optimum for Scots pine
growth has been examined by a number of authors, reviewed by Van den Burg
(1981). The reported optima vary between pH(H,0) 3.5 and 6.5, and the tolerated
pH values between 3 and 7.8, showing that Scots pine is highly tolerant of low pH
values. .

The annual variations in N concentrations in the forest floor and mineral soil were
considerable, especially for NO; (Table 3). The reason for this may be the variable
circumstances, especially temperature and soil moisture content, before and during
the samplings, influencing mineralization and immobilization rates. From the start
of the experiment liming altered the N transformations and N distribution of the soil
profile. MO, was significantly increased due to liming in both soil strata in 1986-
1988 (Table 4) and in the forest floor in each year, except 1988 (Table 3). NH, was
lowered by liming in the forest floor (1986-1989) and unaffected by any treatment in
the mineral soil, Extractable organic N was remarkably inert to fertilization and lim-
ing in the whole profile: only in 1988, it showed a weakly significant increase in the
forest floor due to liming (data. not shown). It amounted to 193, 3 and 1 mg kg™
the forest floor and both mineral soil strata, respectively. The amount of inorganic N
N; (NO; + NH,), on an area basis (g N m‘z} was calculated for each soil compart-
ment, using soil and litter dr;f matter data. The forest floor mass of the ﬂxpcnmuntal
area is about 70 Mg DM ha™ and the mineral soil bulk density is ca. 1500 kg m™
(Arnold et al., 1993a). In 1986-1988 the N; pool of the forest floor was significantly
lowered by liming, while in the mineral soil the reverse was true (Table 5). This can
be attributed to the greater mobility of NO; compared to NH,. Only in 1986 liming
increased the N; content of the whole soil profile. In 1987 and 1988 the total amount
of Nj in the profile was not affected by liming. In 1989 all effects of liming on N;
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Table 5. Amounts of CaCly-exiractable inorganic N in the forest floor and mineral soil of the factorial
experiment,

Year Treatment Inorganic N (g m™2) per soil layer

forest floor 0-25 cm 25-50 ecm 0-50 cm total

1986 ~Cn 1.43 1.68 0.77 245 3.88
+Ca 1.20 #** 2,28 %= 1.32 #*=* 3.60 *** 4,80 ***

1987 =Cn 1.36 0.72 0.41 1.12 248

+Ca 1.03 #** 0.87 * 0.55* .42 ** 245

1988 =Ca 1.68 1.04 0.77 1.80 348

‘I"E-'ﬂ i lr{]ﬂ [ L 1] 133 T I‘W L1 d ] 131_2 i 3‘5]

1989 ~Ca 1.51 1.05 0.84 1.89 340

. +Ca 1.49 1.05 0.91 1.97 345

#4% = P2 (,000],** =P <0001, *=P<00l.

had vanished. N; was not affected by the other treatments. It should be noted that the
N; data presented here regard sfates. In a separate experiment N mineralization rates
were determined (Arnold et al., 1993a).

Extractable K and Mg in the forest floor were reduced by liming (Table 3). The
decrease in extractable Mg by liming occurred in spite of an increased Mg, con-
centration in the forest floor after liming (Table 6). Most likely adsorbed K and Mg
were exchanged against Ca and subsequently leached, while Mg contained in the
lime was not retained in the overabundant presence of Ca. Ca is known to quickly re-
place other cations on the exchange complex (Mochoge & Beese, 1986). Nitrate, re-
leased by nitrification in the forest floor after liming, may have promoted leaching
of cations by serving as an accompanying anion. Liming, therefore, may have en-
hanced K- and Mg leaching from the forest floor. However, it did not markedly influ-
ence extractable K- and Mg concentrations in the mineral soil. Extractable Mg (0-25
em) did tend to be increased by liming, but only in 1988 this effect was significant
(Table 4), RMAQOV indicates a significant liming effect on extractable Mg for the
whole measurement period. CaxMg interactions for Mg,y and extractable Mg in the
forest floor (consistent throughout the years, but significant with RMAOV only)
show that the Mg-effected increase in Mg, ., was higher when both Mg and lime
were applied than when only Mg was applied, while for extractable Mg the reverse
was true, indicating that kieserite dissolved at a slower rate when applied after lim-
ing. This interaction, however, did not influence Mg concentrations in the mineral
_gg.iL et ,

The average values for P, in the forest floor (Table 6) are somewhat misleading.
Pioim in the forest floor was higher only when lime and P were applied together
(PxCa interaction in 1986-1988, P < 0.0001). Without P application, liming had no
influence on Py, In 1987 extractable P in the forest floor was significantly reduced
by liming, but in 1989 this effect was reversed (Table 3). The latter liming effects did
not interact with P application, which may indicate that the effect of liming on ex-
tractable P mainly involved native E. It can be speculated that lime first fixed native
P by precipitation and that in 1989 the decreased pH had caused this fixed P to dis-
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Table 6, *Total’ concentrations of elements in the forest floor of the factorial experiment (g kg™ DM).

Treatment Year

1986 1987 1988
Niosat
Control 13.4 17.1 15.6
=Cn 12.3 16.7 15.9 ooo®
+Ca 1.7 15.8 »o= 14.3 **=
Praal
Control 0.53 0.74 0.59
= 0.47 0.66 0.59 poo
+ 0,98 wwe 1.07 #*=* 0.9 *==
-Ca 0.64 0.75 0.65 ooo
+Ca 0.8] #** (.98 #*= 0.84 wee
K ratat
Average 0.77 0.79 0.65
Cttgapat
Control 1.15 231 1.09
~Ca _ 148 2.23 .42 000
+Ca 20.4:?: i _ 2]1.88 we= 21,99 *#=
M are) e - .
Control 0.35 0.31 0.31
~Ca ' 0.46 0.57 0.60 ooo
+Ca : 0. 77 ¥%e 0.8 **=* 086 *oe
-Mg ! 0.47 - 0.43 0.42 oo
Mg ] 0,75 **= 1.02 === 1.03 ***

® Far an explanation of symbols see Table 3.

solve again, If so, the effects of liming on extractable P apparently were too small to
alfect Pyg,q (see below).

The |mplmat1uns of liming n:ffer.:ts on P, are illustrated by calculating the 1986
amounts of Py, in the forest floor per P and Ca combination and plotting these
amounts against pH (Fig. 1). This shows that the amount of P, was highest at the
+P+Ca plots, The +P+Ca treatments had average additional amounts of 47, 45 and
35 kg P ha™! in 1986, 1987 and 1988, respectively, relative to the —P-Ca treatments,
while these amounts were only 20, 8 and 5 kg ha™' for the +P—Ca treatments. Thus,
adding lime and P together prevented P leaching from the forest floor. This is most
likely due to a reduced dissolution, and subsequent down-wash, of the applied P fer-
lilizers at a higher pH. A confirmation of this is the fairly good correlation of Py
with pH at the +P+Ca objects in 1986 (Fig. 1).

Py in the mineral soil was not affected by P application or liming [Tah]e 2
probably because the total amount of P in the mineral soil (ca. 400 kg ha™') was too
large to be noticeably affected by any infiltrated amounts.

P lowered extractable Mg in the forest floor (Table 3). This was probably due to
Mg exchanging against Ca contained in the P fertilizers.

Extractable Al was significantly reduced by liming in the whole sampled profile
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P...(kgha!): :
120 —= :
-P-Ca
100 - -P 4+Ca
| P+
8o |-| +P-Ca
a
o[ oo
40 - & 8t i
L e 3 .
. P ﬂﬂ [ ]
ED [~ . LA, o -
_u I | I
3 g 5 6 7

Fig. 1. The effect of P application and liming on P, in the forest floor in 1986 in relation to forest
Noor pH.

in 1989 (Table 3). Al and pH were negatively correlated. However, in the forest floor
there are no linear relationships between pH and Al at the +Ca and —Ca objects sepa-
rately, In 0-25 cm and 25-50 em mineral soil, the R? values for Al versus pH are 0.25
(P < 0,002) and 0.12 (P < 0.05), respectively. This may indicate that the processes
influcneing the amount of CaCl,-extractable Al change with depth. At a greater
depth pH changes by liming are smaller and the amount of CaCl,-extractable Al is
probably mainly decreased by exchange against Ca.

Effecis of K- and Mg application. In the forest floor, K application initially increased
exlractable K, but this effect turned insignificant in 1989 (Table 3). However, any in-

Table 7, "Total" concentrations of elements in the 0-25 and 25-50 cm mineral soil layers of the factorial
experiment (g kg™ air-dry soil),

L‘l"ﬂ: Year’ Nioi Pyl Keom Caygm
0-25 . 1986 . 045 - 0.11 0.57 0.11
. 1987 0.52 0.12 0.56 0.15
1988 0.34 0.11 0.35 0.20
25-50 1986 0.25 0.14 0.88 0.11
1987 . 0.43 0.13 0.71 0.15
ID_E-EI» ' 0.33 0.13 0.48 0.18
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crease in Ky, in the forest floor by K application was never significant (Table 6). In
1986-1988, K and Mg were applied about 6 months before sampling (Table 2). The
subsequent small and insignificant increases in K, in the forest floor indicate that
the solubility of K,80, is too high and K* adsorption too low to effect a durably im-
proved K availability in the forest floor. However, by tree uptake K was incorporated
in the system’s K cycle and so it remained more available than in the —K plots
(Arnold et al., 1993b; Arnold & van Diest, 1993). CaCly-extractable Mg and Mg,
in the forest floor remained at significantly increased levels after Mg application
(Tables 3, 6), although kieserite is also highly soluble.

Unexpectedly, the amounts of K and Mg in the mineral soil were similar. In the 0-
25 em mineral soil layer extractable K and Mg were readily and persistently raised
by fertilization from 1986 on (Table 4), the increases corresponding with ca. 12 kg
ha™ for each element, each year. In the 25-50 em layer K and Mg were increased in
1988 and 1989 (Table 4) with ca. 8 kg ha™' in both years. These amounts were rather
constant in time because of the split applications until 1988 (Table 2). The lack of
increase in K,y by K fertilization in the forest floor and the observed extractable
amounts of K and Mg suggest that relatively less K than Mg was recovered by the
extractions, or that K was quickly transported to deeper soil layers.

Liming experiment

The results of the liming experiment partly duplicate those of the factorial experi-
ment. Therefore, only additional results will be discussed. The significant liming ef-
fects that were found in the factorial experiment were not always confirmed by the
results of the liming experiment. This may partly be due to the statistically less effi-
cient design of the latter,

The forest floor pH of the limed plots remained at an essentially constant elevated
level over the four-year period. Only the 3tL treatment, that received lime in 1985
only, showed a gradual decrease (Table 8), as in the factorial experiment. In each
year after 1986, the relationship between forest floor pH and lime rate could be de-
scribed by an exponential curve, For the 1987 and 1988 data, these curves level off at
ca, 6 Mg lime ha™. This indicates that at higher applications than 6 Mg ha™ the lime
particles reached an equilibrium with the forest floor soil solution. In 1989, the pH
reached a plateau at ca. 12 Mg lime ha™'. This shift of the maximum pH to higher
lime applications indicates that the amount of lime determines when the forest floor
pH starts to decline again. Probably a new acidification front starts from above
(Kreutzer et al,, 1991) and a reduced overall forest floor pH may result from lime
dissolution in the top forest floor layer. It is not possible to infer lime dissolution
rates from the data. Ca was probably retained by adsorption in the forest floor and,
thus, may still be present in large quantities when all lime is dissolved (Kreutzer et
al,, 1991). The proper parameter for assessing lime dissolution, i.e. bicarbonate con-
tent, was not determined.

In 1987 and 1989 the pH of the topsoil was significantly raised by liming (Table
8). In 1987, about 6 months after completion of the highest lime application, the ef-
fect matched a sharply increasing exponential curve, but in 1989 the pH increased

258 Netherlands Journal of Agrieultural Seience 41 (1993)



RESPONSE OF A SCOTS PINE STAND TO FERTILIZATION. 1.

Table 8. Concentrations of CaCl; -extractable elements in the forest floor and mineral soil of the liming
experiment (mg kg™ DM),

Year' Year
. 1986 . 1987 1988 . 1989 1986 1987 1988 1989
Forest loor  WH; NO,
Control® 170 182 181 191 3.0 9.2 54.0 39.0
JIL e 131 128 126 37.3 14.2 374 83.0
GIL 102 100 g6 13.3 44.3 753
ML 119 111 106 12,2 48.7 733
1810 77 99 105 10.3 36.0 733
C T L ! ok anab )
P - K
Control _ - 133 123 99 - 336 233 412
3L ' - 133 103 114 - 246 158 il
oIl E— | gs T4 226 160 248
ML . og 95 75 179 148 244
18L - 1 55 58 197 136 219
ak L1 E 3 L F ] L 13
Mg
Control - 362 610 471
3L - 333 474 a7z
oIL 328 491 365
OiL 322 420 380
18IL 290 403 264
ek (L]
pH Al
Control 4.07 3.61 3.33 3.39 - - - 11.8
L 5.80 5.59 537 5.06 - - - 43
oL 5.92 57 5.99 - - 5.6
L 6.03 5.82 611 - - 2.0
181L 6.23 6,03 6.40 - - 49
L LT ] LE T ] i g W
0-25em pH Al
Conlrol 4.12 4.24 4,22 4,21 - - - 208
3L 4,19 4.31 4.25 4.32 - - - 271
GiL 4.30 4.19 4.34 - - 17.9
OiL 4.31 4.21 4.30 - - 252
18IL 4,30 4,30 4.43 - - 14.5
L} ] L L
25-50 cm pH Al
Contral 4,62 4.54 4.48 4.46 - - - 29.8
3L 4,63 4.58 4.55 4,52 - - - 27.1
GiL 4.55 4.46 4.56 - - 17.9
L i 4.60 4.54 4.57 - = 252
181L 4.58 4,71 4.65 - - 14.5
L L ] ] ]

" PKMg treatment, ®*** = P < 0,001, ** =P < (0,01, * = P < 0.05.

Netherlands Jowrnal af Agriculiural Science 41 (1993) 259



G. ARNOLD AND A. VAN DIEST

linearly with lime rate (Table 11). In 1988 and 1989 the pH of the 25-50 cm layer
was linearly related with lime level (Tables 8, 11). This shows that on poorly buffer-
ing sandy soils high lime applications may have profound effects on the pH of deep-
er soil horizons, However, applying lime may have several detrimental effects, i.a.
loss of organic matter, increased soil heavy-metal concentrations and NO; leaching
(Marschner and Wilczynski, 1991; Marschner et al., 1989), and thus should be car-
ried out with caution. Presently, in the Netherlands low lime applications corre-
sponding with 1500 kg CaCOy ha™! are advised to prevent these deleterious effects
{Anon., 1990),

Extractable NH, in the forest floor was significantly decreased by liming (Table
8). This effect was significant in 1986 and linear in 1987 and 1989 (Table 11). NO,
in the forest floor and 0-25 cm mineral soil was significantly increased by liming in
1986 only. In the mineral soil liming had little influence on both N species. NO; in
0-25 em and 25-50 cm mineral soil tended to be increased by liming, but the effects
were not significant and not apparently related with lime level (Table 8). As a conse-
quence, liming had little influence on the areal amounts of N; (Table 9). In each year
the amount of N; in the forest floor was higher in the control than in the liming treat-

Table 9, Amounts of CaCly-extractable inorganic M (g m™) in the forest floor and mineral soil of the
liming experiment.

Year Trealment Forest floor Mineral soil layer Total
=25 cm 25-50 cm
1986 Control® 1.19 1.50 0.88 3.57
: 3tL 1.09 3.44 1.36 5.88
GtL 0.97 2.60 1.06 4.62
oL 1.10 2.78 0.70 4.58
I8IL 1.14 2.66 1.35 5.15
1987 Control 1.32 0.66 0.40 2.37
3L 1.00 0.64 0.47 211
GtL 0.79 0.65 0.41 1.84
oL 0.90 0.63 0.44 1.97
I BIL 0.60 0.83 0.56 1.98
#ﬂh
1988 Control 1.61 1.02 0.83 346
3L 1.14 1.49 1.45 4.07
GIL 0.99 1.05 0.93 2.96
L 1.09 1.12 1.02 3.23
181L 0,93 1.51 1.39 3.83
* *x *
1989 Control 1.58 0.93 0.63 3.14
3L 1.43 1.03 1.08 3.53
oL .11 0.83 1.03 2.97
L 1.23 1.20 0.88 3.31
181 1.22 1.18 0.96 3.36

* PKMg treatment; ¥+ = P <0,05; e = fits an exponential model.
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ments, However, only in 1987 the effect of liming was significant with an exponen-
tial decrease in N; with increasing lime rate. In the mineral soil, the N; pool tended to
be increased by liming, but only in 1988 the effect of liming was significant, al-
though it could not be described by polynomial nor by exponential models. Each
year, but most distinctly in 1988, the 3tL plots had relatively high amounts of N; in
the mineral soil, thus disturbing an otherwise positive linear relationship with lime
rate (Table 9). The reason for this is not clear. Occasional differences in texture and
leaching properties per plot, interfering with the liming effect, should also have af-
fected the concentrations of other nutrients and, hence, are not a likely explanation
for these high N; concentrations. Neither is there a reason to assume that the trees
absorbed more N at higher lime applications (Arnold & van Diest, 1993). The N,
concentrations in the forest floor suggest that N loss (possibly due to N mineraliza-
tion) increased linearly with lime rate (Table 10, 11), and, hence, do not explain high
N; concentrations in the 3tL treatment.

Exiractable P in the forest floor was linearly lowered by liming in 1987 and expo-
nentially in 1989 (Tables 8, 11). However, the R2 value of the latter relationship is
low, so the model is not appropriate. In fact, in 1989 extractable P of the 3tL level
was equal to, or even higher than that of the control. This agrees with results from
the factorial experiment, where liming first lowered extractable P (at the 3tL level),
after which it grew higher than that of the —Ca plots (Table 3). It can thus be con-
cluded that retarded dissolution of applied P, that initially was fixed in the forest
floor, only occurred at the lowest liming level, where the pH values gradually de-
creased (Tables 3, 8). P,y in the forest floor showed little differences between the
lime treatments (Table 10). The tendency of Py, to decrease at the highest liming
level may indicate that at that level added P precipitated in forms that were not fully

Table 10, *Total’ concentrations of N and P in the forest floor (g kg™ DM) of the liming experiment.

Treaiment ' Year
1986 1987 1988
Hlulal
Control" 11.1 16.5 16.2
3L 9.9 15.4 13.6
GIL 15.1 13.6
L 13.7 14.1
18I 12.1 1.4
' : #aab LL)
Conirol ' P
ML R 0.67 0.84 0.64
GiL . - 0.80 .12 1.04
L : 1.2) 1.00
1BIL .18 0.92
0.85 0.86

LE L

" PKMg treatment, Pses = P < 0,001, ** =P <0,01.
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Table 11, All curve-filting results with R? values > 50% of several response parameters vs. liming rate
(Mg he™") in the liming experiment. Element dimensions are as used in previous tables.

Element Year  Soil layer E‘.:p-n-n.mtialmudcls Linear and polynomial models

R? r value R? intercept  linear squATe
LRI, component component

Al 8 . Fr 80.6 10.8 =1.58 0.070
Al 89 0-25 68.1 28.47 -0.774
Al B9 - 25.50 03.8 174 =141 0.049
Caygpal 87 - Ff 74.8 0.905 02.9 2,83 6.37 =0.170
Coge ' 88 - FT 88.3 0.912 04.8 1.87 6.65 -0.169
E‘-':ll'-llII . 87 - FF - 70.4 189 -3.22
EON 88 0-25 76.8 2.53 0.033
K 87 Ff 74.4 0,739 83.6 330 -25.6 .01
K 89 Ff 57.6 0.767 8383 402 =29.7 1.093
Mg - 87 - Ff 789 353 =3.61
Mg B8 . Fr 67.2 0.791 80.9 592 =273 0.94
Mg . 89 Ff . 726 440 =973
Mg B89 0-25 66.7 4.21 0.066
MEeou a7 Ff 91.5 0953 93.9 0.818 0.103
MEioul 88 Ff 03.2 1.01% 96.4 0.746 0.112
NH, B7 ... Ff . AR T7.0 158 -4.94
MNH, 89 Ff 740 0597 84.6 182 -1745 0.742
Miaial 87 Ff 85.3 0.969 89.9 16.3 =0.245
Mol BE Ff 543 0938 79.2 15.3 -0.216

BT + Fff . : 733 134 -1.35
P B9 Ff ¢ 59.3 . 0.956
pH.. . 87 Ff 983, 0.614
pH 87 0-25 69.1.  0.028
pH BE FF 96.9  0.614
pH B8 . 25-50 69.7 4.46 0.012
pH 89 Fl 98.6  0.751
pH 89 0-25 76.4 4.25 0.0099
pH 89 2550 64.6 4,48 0.0099
- 87 Ff 64.1 0.868 0.081 =0.005
Piogal 88 Ff 64.5 0.028

® Forest floor, ® Extractable organic nitrogen.

disclosed by the applied digestion (Materials and methods section).

The concentration of extractable Al in 1989 was markedly affected by lime rate
(Table 8). In each soil compartment the Al concentrations decreased linearly with
lime level (Tables 8, 11). In the forest floor the correlation between pH and Al was
moderate (R? = 0,35, P < 0.05). In 0-25 cm and 25-50 cm mineral soil, Al and pH
were clearly negatively correlated (R = 0.76, P < 0.001 and R? = 0.51, P < 0.01,

respectively).
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Conclusions

Variable effects of liming an acid forest soil were observed. Most of these effects
were linear with lime rate and, thus, more effective with increasing lime applica-
tions, In the first place, moderate lime applications (i.e. around 3 Mg ha™) appeared
to stimulate N mineralization, whereas higher applications did not cause further in-
ereases, but even tended to reduce the mineralization rate. Second, liming may affect
the residence time of added P and possibly other nutrients in the forest floor after
surface dressing, It was shown in the present experiment that the pH increase effect-
ed by liming may temporarily anchor P fertilizers in the forest floor, followed by a
gradual release when the pH declines again. Thus, the simultaneous additions of
lime and P created a relatively small, but longer-lasting increase in readily available
P, which may be profitable in silviculture. Third, the effects usually expected from
liming, i.e. reductions in H* and Al concentrations, were observed in the forest floor.
They even occurred in the subsoil, which can be attributed to the high permeability
and low buffer capacity of the sandy soil.

The above-mentioned effects of liming may be advantageous. However, liming al-
s0 has possible disadvantages. First, especially at high lime dosages the increase in
forest floor pH is long-lasting, and a durably increased N mineralization may be ex-
pected, With such gradual N releases, the ecosystem will probably develop a pro-
foundly modified flora (Van Dobben, 1992) and microflora (Kuyper, 1990). Second,
nitrification may be harmful. Since pine trees were shown to more readily absorb
NH, than NO; (Arnold, 1992), liming may be expected to result in an accumulation
of soil NO;, which may enhance NO, leaching.

The amount of lime to be applied should be determined by weighing the desired
and unwanted effects. In the present experiment, the applied amounts were high,
compared with the recommended application of 1.5 Mg lime ha™! (Anon., 1990).
This amount is advised to avoid adverse effects of liming. However, when a low soil
pH or high levels of soluble Al in the subsoil hamper tree performance, higher
dosages on highly permeable soils may offset the induced negative effects.

Presently there are no soil analysis-based fertilizer recommendations for K and
Mg for mature forests in the Netherlands. Recommendations for K and Mg fertiliza-
tion are based on foliar analysis. For P a soil concentration < 87 mg Py, kg™ is con-
sidered deficient for Pinus spp. (Anon., 1990). In the present experiment soil P,y
was higher than this value (Table 7). However, soil testing has not been practised
sufficiently to serve as a sound basis for fertilizer recommendations in forestry in
the Netherlands. Also in other couniries it is reported that foliar analysis and field
trials are commonly considered more reliable than soil information (e.g. Jokela et
al,, 1988), The use of foliar analysis for assessing nutrient requirements is dealt with
in a subsequent paper (Arnold & van Diest, 1993).
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