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Abstract

Aims Effects of final harvest of plantations and re-
conversion with different tillage intensities on quantity
and distribution of organic matter in different soil
fractions were assessed.

Methods A field trial was conducted at two poplar
and one willow plantation in northern Germany.
Distribution of C in aboveground plant and root bio-
mass and within various soil fractions (particulate
organic matter, water-stable aggregates, microbial bio-
mass) was determined. Directly after re-conversion,
which was performed at tillage depths of 5, 15 and
30 cm, C amounts added with coarse harvest residues
and changes in soil C fractions were examined.
Results Plantation C stocks decreased in the order soil
> aboveground biomass > roots. After re-conversation
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no change in bulk soil SOC but an increase of labile
soil C was observed. Between 16 and 30 tha ' addi-
tional C was determined in the soil fraction of plant
residues >2 mm after re-conversion. Up to 90 % SOC
of the fine earth fraction was associated with macro-
aggregates, which increased after re-conversion de-
spite intensive tillage with a rotary cultivator.
Conclusion The duration of the increased macroag-
gregate associated C directly after soil tillage is a short
term effect of the tillage. The influence of tillage
depths on soil C-fractions could be observed only in
some cases because of the high variability of harvest
residues in the field.

Keywords Harvest residues - Roots - Carbon stocks -
Tillage depths - Macroaggregates - Particulate organic
matter

Introduction

The demand for woody biomass has recently led to
increased interest in woody biomass production in tree
plantations with fast growing tree species such as
poplar (Populus spp.) and willow hybrids (Salix spp.)
on former arable land. After 20 to 30 years, the produc-
tivity of trees generally decreases and the stands have to
be re-established or re-converted to grass or arable land
(Grogan and Matthews 2002; Kahle et al. 2010). But
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until now, the effects of this re-conversion have rarely
been examined.

Tree plantations on former arable land lead to a
non-tillage management with increased litter amounts
and have the potential to increase the soil organic
carbon (SOC) in the long term (Jug et al. 1999; Post
and Kwon 2000; Kahle et al. 2007; Baum et al. 2009;
Nair et al. 2009; Rose-Marie 2012). These investiga-
tions focused on the amount of SOC, but neglected
quality and allocation of C in different organic matter
fractions. Afforestation and absence of tillage gener-
ally reduced soil disturbance and increased soil aggre-
gation (Six et al. 2000), particulate organic matter
(POM) and microbial biomass C in soil (Mao and
Zeng 2010). In plantations with rotation cycles ex-
ceeding 10 years, which is common in plantations
producing raw material for industrial use, most C
was found to be stored in the aboveground tree bio-
mass and it appears that belowground root biomass
constitute an important proportion of C-stocks (Singh
1998; Fang et al. 2007; Sartori et al. 2007). But there
is still a knowledge gap on belowground biomass
carbon stocks of tree plantations and almost all avail-
able studies are based on model estimations. During
re-conversion, intensive soil tillage is performed for
breaking up roots and coarse harvest residues after the
final harvest for seedbed preparation. The incorpora-
tion of these residues increased total SOC stocks
(Kirschbaum et al. 2008), but the intensive soil tillage
destroyed soil aggregates and exposed organic col-
loids to decomposers (Post and Kwon 2000), leading
to an enhanced mineralization of soil organic matter.
Considering the two contrasting effects of the re-
conversion of tree plantations back to arable land,
more information on the impacts on SOC dynamics
is needed. Studies have shown that initial C losses are
mainly caused by mineralization of the labile SOC
pools such as the microbial biomass, macroaggregate
associated C and particulate organic matter (Okore et al.
2007; Yang et al. 2009). This led us to hypothesize that a
reduction in tillage intensity reduces C loss during the
re-conversion of tree plantations. In the current study,
the short-term effects of the re-conversion on SOC
stocks and dynamics were investigated on tree planta-
tions with a rotation cycle of 12 years at three sites in
northern Germany. The objectives of the study were (1)
to examine the changes of soil properties and SOC
fractions with depth under poplar and willow planta-
tions, (2) to quantify the amount of harvest residues
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remaining in the soil after re-conversion, and (3) to
analyse effects of tillage intensity on the distribution of
SOC on different soil fractions immediately after re-
conversion of tree plantations.

Material and methods
Site description

The study was conducted at three experimental sites in
northern Germany. At the Georgenhof site (51°27'N,
9°0'0, 320 ma.s.l.), the studies were performed on a
willow plantation and an adjacent poplar plantation.
Mean annual precipitation and mean annual tempera-
ture are 740 mm and 7.9 °C, respectively. Soil type is a
Stagno-Gleyic Cambisol derived from loess (FAO-WRB,
2006). Soil texture (0-30 cm) at the Georgenhof willow
site is a sandy loamy silt (28 % sand, 61 % silt, 11 % clay),
at the poplar site a silty loam (19 % sand, 64 % silt, 17 %
clay). The poplar plantation at the third site Wachtum (52°
47'N, 7°44'0, 22 ma.s.l.) has a mean annual precipitation
and temperature of 815 mm and 9.0 °C, respectively. Soil
type is a deep-ploughed Gleyic Podzol; soil texture is a
silty sand (76 % sand, 20 % silt, 4 % clay).

The plantations were established on former arable
land in 1987 (Georgenhof) and 1989 (Wachtum) for
the testing of fast growing willow (Salix spp.) and
poplar (Populus spp.) clones. From 1998 to the final
harvest in 2010, no cutting was carried out at any site, as
the plantations were used for demonstrating the produc-
tion of raw material for the paper industry. The initial
plant density at the Georgenhof willow site was 15,385
trees ha ' (1.3x0.5 m), at the Georgenhof poplar site
10,000 trees ha ' (1x 1 m). At the Wachtum poplar site,
clones were planted with a spacing between 2.2x1.2 m
(3,788 trees ha ') and 3x 1.2 m (2,777 trees ha '). Due
to thinning and high plant mortality, the tree density
before the final harvest was 1,296 trees ha ' at the
Georgenhof willow site, 1,905 trees ha ! at the
Georgenhof poplar site and 1,942 trees ha =~ at the
Wachtum poplar site.

1

Stand level biomass

For estimating above and belowground biomass of the
poplar plantations, tree height and mean diameter at
1.3 m height (dbh) of all trees without the marginal
rows were measured by crosswise clipping. The trees
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were divided into five dbh-classes ranging from 9 to
24 cm and one tree of each class was selected for
destructive sampling. The sample trees were cut at
ground level and subdivided into stem until 7 cm
diameter and crown. The crown was chaffed and the
chaffs and the stem were weighed in the field to obtain
fresh weight. Sub-samples of both compartments were
dried at 105 °C until a constant weight was reached for
determination of the dry matter (DM) content. For the
root biomass assessment, a 1.4x1.4 m square centred
around each sample tree was excavated to a depth of
30 cm. It was assumed that roots of surrounding trees
within the sample area compensated for roots of the
measured tree that were outside the sampled area. The
roots were collected, washed, dried at 60 °C, divided
into stump, coarse (>5 mm) and fine (<5 mm) roots,
weighed and ground. Potential regression equations
were developed by using the DM of the separate tree
compartments (stem, crown, root fractions) as the
dependent variable for calculating the aboveground
and the root fraction biomass of the stands in relation
to the dbh as follows:

B = by x dbh®!

where B is the biomass of the tree compartment or root
fraction mass (kg), by and b, were parameter estimates
and dbh was the diameter (cm) of the stem at 1.3 m
height. The dbh value of each tree was fitted into the
regression equation for calculating the biomass. The
values were summed and converted to a hectare basis.
Due to an R* of between 0.7 and 0.9 the dbh was
solely used as explaining variable for biomass estima-
tion in accordance with Rohle et al. (2009). The
aboveground and root biomass of the willows was
estimated by the mean tree technique. Three selected
trees (stem and shoots), that best represent the mean
size of the plantation, were destructive sampled. Fresh
weight was determined in the field and DM of chaffed
sub-samples in the laboratory. Root biomass was de-
termined as described above. For estimation of total
above and belowground biomass the number of tress
in the plantation was used to expand the mean tree
values to an area basis.

Tree harvesting and soil sampling

The trees were manually harvested in spring 2010 with
a chain saw at the willow site and with a harvester at

the two poplar sites. The harvester delimbed the trees,
so that the entire crown material remained at the
poplar sites. For restoring the sites, stumps and harvest
residues were first mulched with a wood mulcher.
Then this mulched debris, the root stumps and coarse
roots were ground and tilled into the soil with a rotary
cultivator. This was carried out in three strips, each
with a width of 6 m at the two Georgenhof sites and
4 m at Wachtum, with tillage depths of 5 cm (shallow),
15 cm (medium) and 30 cm (deep). Soil was levelled
with a rotary harrow and maize (Zea mays L.) and rye
grass (Lolium perenne L.) were sown in three repli-
cates per tillage depth in strips of 12 m.

In winter 2009/2010, before the final harvest, soil
samples were taken at 0-5, 5-10, 10-15, 15-30 and
30-60 cm depth in three replicates per depth and site.
Additionally the litter layer and overlying deadwood
was sampled from three 1 X 1 m squares per site, oven-
dried at 60 °C, weighed, ground and analysed for C
and N content. Directly after rotary cultivation, the soil
was sampled again in three replicates per tillage treat-
ment at 0-5, 5-10, 10-15, and 15-30 cm depth in the
shallow, in 0—15 and 15-30 c¢m in the medium and in
0-30 cm in the deep tillage treatment with a 10 cm
diameter corer. Two samples of each depth were com-
bined per replicate. At both dates, bulk density was
determined gravimetrically in 5 cm steps, using a steel
corer (diameter 4 cm). All soil samples were sieved
(<2 mm). From the samples taken after cultivation,
root and aboveground harvest residues >2 mm were
collected from the sieve, washed and dried at 60 °C.
Sub-samples of harvest residues were dried at 105 °C
to constant weight for determination of the dry matter
content.

Soil analysis

Soil pH was determined in 0.01 M CaCl, at a soil/
solution ratio of 1/2.5. For estimating microbial bio-
mass C (Vance et al. 1987), two portions of 15 g field-
moist sieved soil, stored at 4 °C until analysis, were
extracted with and without CHCI; fumigation with
40 ml 0.5 M K;,SOy. Organic C in the extracts was
measured after combustion using a Dimatoc 100 auto-
matic analyzer (Dimatec, Essen, Germany). Microbial
biomass C was calculated as the difference between
fumigated and unfumigated samples using a kgc value
of 0.45 (Wu et al. 1990) to account for the non-
extractable part.
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Water stable aggregate fractions to a depth of 30 cm
were determined at both sampling dates by wet siev-
ing, using the method described by John et al. (2005).
Dried soil (40 °C) of 100 g (<2 mm) was separated in
two portions of 50 g, soaked in distilled water for
10 min to allow slaking. Each mixture was poured
onto a 250 um sieve, which was moved up and down
in water with 50 repetitions, taking care that the screen
broke the water surface every time. The fraction
>250 um was collected, the two mixtures were com-
bined and the sieving was repeated using a 53 um
sieve. Fine particles <53 pum in the supernatant were
precipitated with 0.5 M AICl;. All size classes were
dried at 40 °C and ball-milled for C and N analysis. To
obtain free particulate organic matter (fPOM), density
fractions were obtained in the bulk soil before and
after re-conversion according to John et al. (2005).
For the soil from the two Georgenhof sites, 10 g of
field-moist soil was placed in a centrifugation tube
together with 30 ml sodium-polytungstate (SPT) solu-
tion (Sometu, Berlin, Germany) adjusted to a density
of 1.8 gem . After shaking the tube gently five times
by hand, the solution was allowed to settle for 30 min
and centrifuged at 3000 g for 30 min. The supernatant
with floating particles was vacuum-filtered (0.45 pm)
and washed with distilled water to remove SPT. The
fPOM was dried for 48 h at 40 °C and ground with a
mortar. For the soil from the Wachtum site, the SPT
solution was adjusted to 2 gcm . Due to the high sand
content of this site, free and aggregate-occluded POM
(oPOM) was not separated. For this reason, 10 g of
field moist soil was placed in a centrifugation tube
together with 30 ml SPT and the suspension was
shaken for 16 h at 175 rev min ' together with ten
glass beads of 5 mm diameter before centrifugation
and filtration as described above.

C and N analysis in plant and soil samples

Total C and N of the soil, litter, deadwood, tree sam-
ples and harvest residues >2 mm were determined
after drying at 60 °C for 24 h by dry combustion
(Elementar Vario El, Heraeus, Hanau, Germany). As
no significant change in soil bulk density before and
after re-conversion was detected, C stocks were calcu-
lated on a volume-based method, considering the bulk
density of the different soil depths. C stocks of the tree
compartments were estimated by multiplying their
calculated mass by the mean C concentration. C-
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contents of the aggregate fractions were not corrected
for sand content, as analysis of the temporal variation
on the individual sites was the primary aim, rather than
a comparison between the sites.

Statistical analysis

All results presented are arithmetic means and are
expressed on an oven-dry basis. Normality of data
was tested with Shapiro-Wilk statistics and homoge-
neity of variance was assessed with Levene’s test.
Changes in properties before and after re-conversion
were calculated for a cumulative sampling depth of
30 cm by a paired #-test (P<0.05). Differences between
the willow and the poplar site Georgenhof were estimat-
ed by a t-test (P<0.05). The effect of the tillage treat-
ment was tested by a one-way analysis of variance
(ANOVA). Mean comparisons were performed using
the Tukey test at P<0.05. All statistical analyses were
performed using JMP 8.0 (SAS Inst. Inc.).

Results

Vertical distribution of soil properties in poplar
and willow plantations

At all sites, bulk density in the upper 10 cm was low
(Fig. 1a). Soil pH at Georgenhof willow and at
Wachtum poplar was strongly acidic, with no clear
differences between depths. With an average of 5.5,
pH was higher in the upper 10 cm at Georgenhof
poplar than in the depths below and in comparison
with Georgenhof willow (Fig. 1b). The SOC content
declined with depth in all cases. It was always lowest
at Georgenhof willow (Fig. Ic) and the decline was
less pronounced at Wachtum poplar. The soil C/N ratio
remained roughly constant at both Georgenhof sites,
but increased with depth to 21 at Wachtum (Fig. 1d).
Also the microbial biomass C content generally declined
with depth (Fig. 2). At 0—5 cm depth, higher microbial
biomass C contents were found at both Georgenhof sites
in comparison with Wachtum, whereas the reverse was
observed at 20-30 cm depth.

Recovery of soil after aggregate fractionation ranged
between 97 % and 104 %, whereas the proportion of C
to SOC was normalized to a 100 % recovery. At all sites,
aggregate fractionation showed that the C contribution
to SOC increased in the order <53 um<250-53 um
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<250-2000 pum (Table 1). The C associated with the
250-2000 um always decreased with depth. However,
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Fig. 2 Mean content of microbial biomass at different depths of
the plantations; error bars show standard error (n=3)

at Georgenhof poplar, less C was associated with the
two smaller fractions below 10 cm and more with the
250-2000 pm fraction in comparison with Georgenhof
willow. At Wachtum, a pronounced increase in the
53-250 wm occurred below 15 cm as the fine sand
fraction increased (data not shown). In comparison with
the mineral associated C, less C was bound in the fPOM
fraction at both Georgenhof sites, with an average con-
tribution of 2 % to SOC at the poplar and slightly above
3 % at the willow site. At Wachtum, fPOM comprised
between 69 % and 83 % of SOC. In contrast to both
poplar sites, POM decreased with depth at Georgenhof
willow (Table 1).

Carbon stocks of plant biomass and soil

The C stocks of the aboveground biomass were 15 t
ha™ ' at Georgenhof willow, 71 t ha ' at Georgenhof
poplar and 50 t ha ' at Wachtum (Table 2). The C
stocks of the root biomass decreased in the order stump
roots > coarse roots > fine roots. The organic surface
layer was characterized by slightly decomposed litter at
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Table 1 Contribution of aggregate size classes and particulate
organic matter to soil organic C at the three plantations

Table 2 Stocks of organic C in different plant and soil
compartments

Depth (cm)  Contribution to soil organic C (%)

<53um  53-200 um  250-2000 um  fPOM

Georgenhof willow

0-5 2.4 6.6* 91.0* 4.8
5-10 3.6 10.4 86.0 3.6%
10-15 5.6% 13.9* 80.4 3.4%
15-30 9.1* 15.1* 75.9% 1.9
Georgenhof poplar

0-5 23 12.1 85.6 3.2
5-10 33 8.1 88.6 1.9
10-15 4.6 11.0 84.4 0.8
15-30 4.7 11.6 83.6 1.8
Wachtum poplar

0-5 3.8 11.9 843 82.7%
5-10 3.7 20.2 76.1 81.3"
10-15 4.4 28.9 66.7 69.2%
15-30 5.8 40.4 53.8 83.4%
CV(x%) 16 17 4 30

fPOM free particulate organic matter; CV = mean coefficient of
variation between replicate samples (n=3)

#Free and occluded POM

*Depth-specific significant difference between willow and pop-
lar stands at the site Georgenhof (P<0.05)

all sites, with absence of a humified layer. In the
organic surface layer, more than 2 t C ha™' was accu-
mulated at Georgenhof poplar, but only 1t C ha ' at
Georgenhof willow. The SOC stocks down to 30 cm
depth contributed 79, 47 and 62 % to total C stocks at
Georgenhof willow, Georgenhof poplar and Wachtum,
respectively. The C/N ratio of the root fractions de-
creased in the order stump roots > coarse roots > fine
roots at all sites, with a higher C/N for the poplar

stump roots than for the willow stump roots (Table 3).

Changes in C-fractions after re-conversion

Compared with the mean C/N ratio of all three root
fractions, that of the harvest residues decreased 3 to 4
fold at both poplar sites after re-conversion (Table 3).
No significant change in C stocks of the mineral fine
soil occurred shortly after re-conversion at 0-30 cm
depth at any site or tillage treatment. Harvest residue
C>2 mm exceeded only the stocks of root C before re-
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Georgenhof Georgenhof Wachtum

willow poplar poplar
Organic C (t ha™")
Crown 13.7 11.2
Stem 15.3% 56.7 38.8
Stump roots 0.6 4.6 3.6
Coarse roots 0.4 2.8 32
>5 mm
Fine roots <5 mm 0.1 1.2 0.7
Dead wood 0.4* (0.1) 0.9 (0.1) 0.8 (0.4)
Litter 0.8* (0.1) 1.4 (0.1) 1.7 (0.6)
Soil (0-30 cm) 58.5(10.3) 68.9 (3.9) 92.1(15.9)
Soil (30-60 cm) 15.8* (6.4) 31.8(3.4)  60.1(0.7)°
Sum 91.9 182.0 212.2

2Stem + shoots, °30-50 cm; (in brackets) standard deviation

Significant difference between willow and poplar stands at the
site Georgenhof (P<0.05)

conversion by 16t C ha ' at Georgenhof willow, 13 t C
ha ' at Georgenhof poplar and 16 t C ha ' at Wachtum,
averaging the three tillage depths (Table 4). More than
90 % of the harvest residue C accumulated in the upper
15 c¢cm in the shallow tillage treatment at all sites. At
Georgenhof willow and at Wachtum poplar, 60 % of

Table 3 C/N ratio of dead wood, litter, crown, root fractions,
weighted mean of all root fractions of the plantations before re-
conversion and C/N ratio of harvest residues (>2 mm) after re-
conversion averaged for all three tillage treatments

Georgenhof ~ Georgenhof =~ Wachtum
willow poplar poplar
C/N
Dead wood 51(6.3) 49 (6.8) 49 (9.6)
Litter 24 (1.2) 23 (1.3) 22 (2.6)
Crown 302° (76.5) 292 (61.8) n.d.
Stump roots 203 (29.5) 434 (37.5) 503 (68.8)
Coarse roots 87 (8.9) 94 (11.3) 107 (15.7)
>5 mm
Fine roots 55(9.9) 62 (5.6) 75 (17.7)
<5 mm
Mean of roots 147 (22.1) 262%* (1.7) 288%* (3.8)
Harvest residues 123 (41.3) 80 (16.7) 66 (11.2)

#Stem + shoots; (in brackets) standard deviation

*Significant difference between mean of roots of the plantations
and harvest residues after re-conversion (P<0.05)
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Table 4 Stocks of microbial biomass C, contribution of partic-
ulate organic matter C to total soil organic C, organic C stocks
of the mineral fine soil (0-30 cm), roots of the plantations before
re-conversion and harvest residues (> 2 mm) of the three tillage
treatments after re-conversion

Microbial fPOM-C  Soil Root and
biomass C organic C harvest
residue C
(kgha™') (% SOC) (tha™")
Georgenhof willow
Plantation 920 2.9% 60%* 1.1*
Shallow tillage 1260 a 13.0%a* 65a 15.5%a
Medium tillage 1460 a 10.3" ab* 64 a 18.8% a
Deep tillage 1990 a 75b 79 a 17.5%a
Georgenhof poplar
Plantation 1020 1.9 71 8.6
Shallow tillage 1950% a 8.0%a 71 a 17.0% a
Medium tillage 1620 a 7.4%a 66 a 19.7* a
Deep tillage 1770 a 9.0%a 73 a 27.2%a
Wachtum poplar
Plantation 480 80.6 95 7.5
Shallow tillage 1080 a 85.1°a 89a 20.9% a
Medium tillage 980 a 89.9°a 96a 129a
Deep tillage 1620% a 91.5°a 103 a 37.0% a
CV (= %) 30 30 19 45

SOC soil organic C; fPOM free particulate organic matter; CV =
mean coefficient of variation between replicate samples (n=3)

Significant difference between the tillage treatment and the
initial value of the tree plantations; different letters indicate a
significant difference among the three tillage treatments

®Free and occluded POM

*Significant difference between willow and poplar stands at the
site Georgenhof (P<0.05)

harvest residue C was found at 0—15 cm depth and 40 %
at 15-30 cm depth in the medium tillage treatment. The
respective values were 80 and 20 % at Georgenhof
poplar (data not shown).

Stocks of microbial biomass C increased at all sites
after re-conversion, but only significantly for the shallow
tillage treatment at Georgenhof poplar and for the deep
tillage treatment at Wachtum. The contribution of fPOM-
C to total SOC increased at both Georgenhof sites after
re-conversion. At Georgenhof willow, significantly less
C was associated with fPOM in the deep than in the
shallow tillage treatment. At Georgenhof poplar, less
fPOM-C was detected in the shallow and medium tillage
treatments compared to the willow site. At Wachtum

poplar, the increase in the proportion of fPOM-C was
not significant after re-conversion (Table 4). Despite soil
tillage during re-conversion, aggregate fractionation
revealed a roughly 7 % increase of C associated with
the 250-2000 pum fraction at all treatments at
Georgenhof poplar, accompanied by a corresponding
decrease in C associated with the 53-250 pum. In the
medium tillage treatment at Georgenhof willow, the
proportion of C in the 250-2000 um fraction increased
by 9 % and decreased in the smaller fractions (Table 5).
As the C content of the particular fraction remained
constant, the changes were only caused by the fraction
mass. At Wachtum poplar, no differences in aggregate
fractions were found after re-conversion. The C distribu-
tion in the fractions across all sites was not affected by
the different tillage treatments (Table 5).

Table 5 Contribution of the aggregate size fractions in the
mineral fine soil (0-30 cm) to total soil organic C of the
plantations before and in the three tillage treatments after re-
conversion

Contribution to soil organic C (%)

<353 53-250 pm 250-2000 um

Georgenhof willow

Plantation 5.3% 11.3 83.4
Shallow tillage 34a 10.1 a* 86.6 a*
Medium tillage 2.8%a 49" a 92.3%a
Deep tillage 31a 6.7 a* 90.1 a
Georgenhof poplar

Plantation 3.7 11.0 85.3
Shallow tillage 36a 6.2%a 90.2% a
Medium tillage 32a 42%a 92.6% a
Deep tillage 29a 4.0%a 93.2%a
Wachtum poplar

Plantation 4.7 28.2 67.1
Shallow tillage 83a 295 a 62.1 a
Medium tillage 8.0a 228 a 69.3 a
Deep tillage 55a 194 a 752 a
CV (= %) 26 30 6

CV = mean coefficient of variation between replicate samples
(n=3)

Significant difference between the tillage treatment and the
initial value of the tree plantations; different letters indicate a
significant difference among the three tillage treatments

*Significant difference between willow and poplar stands at the
site Georgenhof (P<0.05)
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Discussion
Vertical distribution of soil properties under plantations

After more than 20 years’ no-tillage management the
soil physical, chemical and biological properties de-
veloped clear depth gradients. Land-use change to tree
plantation management increased organic matter in-
put, root growth and bioturbation, leading to a de-
crease in bulk density of the top soil, as reported by
Kahle et al. (2007) and Mao and Zeng (2010). At
0-10 cm depth, the lower pH under willow than under
poplar clones may be a species effect (Kahle et al.
2007), although differences in site properties cannot
be excluded. At Georgenhof poplar, a deeper rooting
depth was observed in comparison with Georgenhof
willow, resulting in stronger translocation of alkaline
cations by the litterfall into the topsoil. At Wachtum,
the depth gradient of SOC was less pronounced and
the C/N ratio increased with increasing depth, as peat
was deep ploughed in long before the plantation was
established

The high microbial biomass C content in the upper
5 cm at all sites is in accordance with studies of
Makeschin (1994), Pellegrino et al. (2011) and Mao
and Zeng (2010), who reported that afforestation and
no-tillage resulted in larger quantities of leaf and root
litter supply to the top layer than arable management.
Under fast growing tree-plantations, the majority of
fine roots colonize the upper 10 cm (Afas et al. 2008;
Heinsoo et al. 2009) providing fresh organic matter and
easy available root exudates for soil microorganisms.
Different microbial biomass C contents in the upper
5 cm between the two Georgenhof sites can be attributed
to higher litter input and higher soil pH at the poplar site.
However, this contrasts the results of Schmitt et al.
(2010), who reported higher microbial biomass C con-
tents under willow than under poplar clones. They
explained this difference by higher degradability of
willow leaves, which often have a lower C/N ratio and
a lower lignin content than poplar leaves (Chauvet
1987). In the current study, the C/N ratio of the litter
layer did not differ between Georgenhof poplar and
Georgenhof willow site.

C distribution in aggregate fractions under plantations

The contribution of aggregate fraction C to SOC de-
creased with decreasing aggregate size because larger
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aggregates are composed of small aggregates plus
organic bindings (Elliott et al. 1991; Puget et al.
2000; Six et al. 2000). Another reason is that soils
with permanent vegetation generally contain more
macroaggregates than frequently tilled soils (Six et
al. 2000; Christensen 2001; DeGryze et al. 2004).
Afforestation with poplar for 10 years has been found
to increase soil macro-aggregation to a level similar to
that of a native forest (DeGryze et al. 2004). In contrast
to the Georgenhof sites, in the sandy Wachtum soil, the
250-2000 and 53-250 pm mainly comprise mineral
complexes and uncomplexed organic matter of the sand
size fraction. In permanently vegetated soils, uncom-
plexed organic matter can significantly contribute to the
organic C content of sand-sized separates (Christensen
2001). Furthermore, it is known that the amount of or-
ganic matter associated with the sand fraction is small
(Christensen 2001) and that soils poor in silt and clay
have a small capacity for C stabilization on mineral
surfaces (Baldock and Skjemstad 2000). The high pro-
portion of C associated with the POM at this site is with
this consistent.

Distribution of C stocks in long-term managed tree
plantations

The C stocks of 70 t ha™' for the aboveground biomass
and 8.6 t ha ' for the roots at Georgenhof poplar are in
range with the results of Fang et al. (2007) who reported
72 t C ha ' for the aboveground biomass and 9.5 t C
ha™! for the roots. However, their study was conducted
in an 10-year-old poplar plantation with a planting den-
sity of 1,111 plants ha'. This is almost half of the plant
density of the Georgenhof poplar site (1,905 plants ha ")
where aboveground biomass has grown for 12-years
from 23 year-old root stumps. A higher mean tempera-
ture (14 °C) at the study site of Fang et al. (2007) may be
reason for the higher growth rate compared to this study.
In the study of Sartori et al. (2007), aboveground bio-
mass accumulated 62 % of total C and coarse roots
>5 mm 12 % in an 11-year-old poplar plantation. At
Georgenhof poplar and Wachtum poplar, 39 and 24 %
of total C were stored in the aboveground biomass as
well as 2.5 and 1.7 % C in the coarse roots, respectively.
Crow and Houston (2004) observed that more than 70 %
of poplar and willow roots were <5 mm in diameter at
root stump ages of between 3 and 9 years. In contrast,
the more than 20-year-old root stumps of the current
study had more coarse roots. Generally, data for root
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biomass vary widely in the literature due to different
sampling methods as well as plantation characteristics
such as age, tree density, clones, rotation cycles and soil
characteristics, making a comparison between studies
difficult (Vogt et al. 1998; Nair et al. 2009). A loss of
fine root mass might have occurred during root excava-
tion and further sample preparation, leading to an un-
derestimation of the fine root biomass. An annual
amount of between 3 and 4 t leaf biomass ha '
was reported for an 18-year-old poplar plantation
(Meiresonne et al. 2006), equivalent to approximately
1.5-2t C ha " a™" deposited as litter on the soil surface.
This amount is in accordance with the C stocks of 1.4
and 1.7 tha " in the litter layer at Georgenhof poplar and
Wachtum poplar. In summary, between 60 and 102 t
C ha ™' are stored in the litter layer, root biomass and soil
down to 30 cm and will be affected by the deep tillage
treatment during re-conversion of the plantations.

Short-term effects of soil tillage and harvest residue
input on soil C fractions

Directly after re-conversion, C stocks of harvest resi-
dues increased over all tillage treatments by roughly
14t C ha ' at the two poplar sites. This increase was
mainly caused by incorporation of 12 t C ha™' crown
material, remaining after delimbing of the trees and the
tree stumps. At Georgenhof willow, little aboveground
biomass remained due to motor-manual harvesting.
The differences between C stock in the former willow
plantation, which consisted of only roots, and the
harvest residues after re-conversion were possibly
caused by different sampling methods: excavation
was used before harvest and coring after harvest,
which may have resulted in a large underestimation
of the willow root mass. Woody residues left after
harvest in native forests temporarily increased C in the
soil by up to 18 % for 4 to 18 years (Johnson and Curtis
2001). Consequently, woody harvest residues may be
able to contribute to the formation of soil organic matter,
mitigating C losses after re-conversion.

At both poplar sites, the C/N ratio of the harvest
residues decreased after re-conversion in comparison
with the weighted mean of C/N ratio in the three root
fractions of the former plantations, despite the incorpo-
ration of large amounts of crown material with a high C/
N ratio. This observation was caused by the underesti-
mation of the fine root biomass with a lower C/N ratio or
of the coarse harvest residues (>10 cm diameter) with a

wide C/N ratio. At the Georgenhof willow site, the C/N
ratio of root and harvest residues differed only slightly
before and after re-conversion, as only little above-
ground biomass remained after harvest.

The SOC associated fPOM is considered to be
mostly determined by the C input (Six et al. 1998).
For this reason, the increased amounts of fPOM-C
after re-conversion reflects the large input of C with
chopped root and aboveground harvest residues at both
Georgenhof sites. At the willow site, more fPOM-C was
determined after re-conversion in the shallow and me-
dium tillage treatment in comparison with the poplar
site, despite similar yields of root and harvest residue C.
However, more fPOM-C was already found in the upper
15 cm at the willow site before re-conversion, addition-
ally explaining the higher amounts of fPOM-C in the
shallow than in the deep tillage treatment. fPOM repre-
sents a very labile SOC pool and soil tillage during
subsequent arable use increase C-effluxes from this
fraction (Okore et al. 2007; Yang et al. 2009).

A decrease of macroaggregates directly after re-
conversion was assumed, as soil physical disturbance
generally induces a loss of C-rich macroaggregates
(250-2000 pm) and the release of relatively stable
microaggregates (Six et al. 1999). In contrast to this
assumption, an increase of C associated with macro-
aggregates was observed at both Georgenhof sites after
tillage, presumably caused by the incorporation and
binding of microaggregates by the harvest residues. As
reflected by the increase in fPOM-C after re-conversion,
parts of the harvest residues were shredded to particles
<2 mm diameter during tillage. Fresh organic residues
provide a C source for microbial activity and the pro-
duction of microbial-derived binding agents induces the
formation of macroaggregates (Six etal. 1999; DeGryze
et al. 2005; Cosentino et al. 2006). An increase of
microbial biomass C was detected after tillage, but no
significant correlation between macroaggregates and
microbial biomass C was found. It is assumed that the
microbial biomass will decrease again when labile sour-
ces of the incorporated harvest residues and easily avail-
able C and N sources in the soil are exhausted.

Conclusions
The input of crown material and tree stumps after the

final harvest increased total SOC stocks. However,
these quantities of harvest residues will only appear
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in plantations that have prolonged rotation periods.
Re-conversion did not affect SOC of the bulk soil,
which was not expected in such a short time, but
increased microbial biomass C and POM-C. The in-
crease of C associated with macroaggregates after re-
conversion showed that freshly supplied organic mat-
ter increased macroaggregate formation. However, the
duration of this effect is not known as intensive soil
tillage during subsequent arable use may disrupt mac-
roaggregates again, enhancing C turnover. The incor-
poration of the harvest residues may mitigate C losses
with progressive decomposition as residue carbon
enters the soil C-pool. Periodical sampling during the
following years may give deeper insight into the SOC-
dynamics after re-conversion. No influence of tillage
intensity for re-conversion was detected on SOC
stocks, suggesting that shallow tillage with a rotary
cultivator is sufficient. However, it is not known
whether shallow tillage is sufficient for preventing
regeneration of trees from chopped stump roots.
More information is also necessary on how the accu-
mulation of harvest residues with high C/N ratios in
the surface soil affect subsequent crop growth.
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