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Effects on soil characteristics by different management regimes with
root sucker generated hybrid aspen (Populus tremula L. x P. tremul-
oides Michx.) on abandoned agricultural land

Rose-Marie Rytter ),
Lars Rytter @

Introduction

The genus Populus includes several fast-
growing tree species that are easily culti-
vated on both forest and abandoned agri-
cultural land. Poplar plantations cover an
area of 8.7 billion ha globally (Anonymous
2012) and are mainly used for bioenergy,
pulp and log production, but also for envi-
ronmental purposes such as soil protec-
tion, phytoremediation and mitigation of
high atmospheric CO, levels by carbon (C)

Fast-growing Populus species are becoming frequently used at afforestation of
arable land globally and hybrid aspen is promising for short rotation forestry in
the northern hemisphere. Knowledge about growth performance of the sec-
ond-generation plantations, i.e., consisting of root sucker generated shoots af-
ter clearcutting of the original stand, is increasing, but less information is
available on the effects on soil properties, especially with varying manage-
ment. We followed the soil effects of three different management regimes, in-
cluding 4-, 8- and 16-year rotations with thinning measures in the two longer
rotations, in root sucker generated hybrid aspen on former agricultural land.
The study was performed in a randomized block design and changes in soil
variables were estimated by repeated sampling, i.e., at root sucker initiation
and after eight years. Concentrations and pools of soil organic carbon (SOC)
and soil nutrients, pH and bulk density were analysed in the 0-15 and 15-30
cm mineral soil. Common for all management regimes were unchanged SOC
and nutrient pools; pH and bulk density were also unaffected during the study
period. Afforestation effects on the vertical distribution of nutrients, i.e., re-
distribution of NH,.-N, K and Mg from deeper to shallower soil by plant uptake
and release through litter decomposition, were observed in all management
regimes. A different effect was noted for NOs;-N where a declining trend was
observed. This could indicate a leakage of the ion, but NO;-N distributions in
soils are variable which makes interpretations difficult. The results suggest
that different management strategies have small initial effects on mineral soil
characteristics. However, soil changes need to be followed for an extended pe-
riod to get more information on the long-term impact of afforestation and
management of root sucker generated stands.

Keywords: Afforestation, Bulk Density, Nutrient Removal, pH, Rotation Time,
Soil Organic Carbon (SOC), Soil Nutrients

sequestration in biomass and soil. Their
natural habitat covers the entire northern
hemisphere and species like European as-
pen and North American trembling aspen
(P. tremula L. and P. tremuloides Michx.)
are among the most widespread tree
species globally (Rytter et al. 2011). Hybrid
aspen is a crossing between those two
species and has mainly been bred in Swe-
den, Finland and Germany (Rytter et al.
2011). The hybrid has shown a high poten-
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tial for biomass production under north Eu-
ropean conditions on former agricultural
land, reaching 8-10 Mg DM ha™ year”, which
is more than most other tree species at
northern latitudes (Telenius 1999, Johans-
son 2013, Rytter et al. 2013). Both parent
species and their crossing generate dense
root sucker stands after clear cutting, i.e., a
second generation. Hybrid aspen may pro-
duce 50,000-100,000 shoots ha” from root
suckers in this second generation (Liese-
bach et al. 1999, McCarthy & Rytter 2015).
Thus, the ability for root sucker sprouting
in combination with the high production
potential makes hybrid aspen promising
for short rotation forestry in the Nordic re-
gion. Short rotation forestry with hybrid as-
pen is a relatively new silvicultural ap-
proach in this region and further research
is needed on various management, physio-
logical and environmental aspects concern-
ing not only the first-generation plantation,
but also the second generation emerging
from root suckers (Tullus et al. 2012).
Hybrid aspen is considered a suitable tree
species for afforestation of abandoned
agricultural land. Growing aspen and pop-
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Tab. 1 - Arable top soil (0-30 cm) origin and textural class (particle sizes < 2 mm),
cation exchange capacity (CEC) and degree of base saturation (BS) at pH 7 for soils in
the region of the experimental site. The Swedish nomenclature is based on clay con-

tent and soil particle size (Atterberg 1905).

The approximate conversion to the inter-

national classification system is shown (Eriksson et al. 1999, FAO 2006). Data on CEC
and BS for the region is from Eriksson et al. (2010).

Property Nomenclature/Units Value/Range
Sediment - Unsorted
Origin - Glacial
Textural class Swedish nomenclature Light clay
International nomenclature Loam
CECpn7 cmol. kg dW™ 11.0-14.9
BSpn7 % 73-86

lars on fertile arable sites are known to
promote high growth rates (Tullus et al.
2012) and there may be a significant poten-
tial for mitigating high atmospheric CO, lev-
els by sequestering C in biomass and sail
(Rytter 2012a). Arable soils contain 50-75%
of their natural (i.e., before the conversion
to arable land) C stocks in general and thus
have a capacity to sequester C to recover
their original levels (Lal 2008). Site prepara-
tion, planting procedure and mechanical
weed control can lead to soil disturbance
with subsequent initial release of CO,.
Studies of afforestation with Populus spe-
cies suggest that soils at first act as sources
and later as sinks for C (Hansen 1993, Grigal
& Berguson 1998, Jug et al. 1999, Arevalo
et al. 2011). But there are also studies
where no decrease in soil organic carbon
(SOCQ) were observed initially (Rytter 2016).
Short-rotation forestry implies frequent
harvesting intervals and removal of large
quantities of biomass including nutrients
(Rytter 2002). It is therefore crucial to
monitor changes in pH and plant nutrients,
to detect eventual nutrient deficiency or
risk of leakage. So far, studies of soil ef-
fects at afforestation with hybrid aspen
have dealt with first-generation plantations
(Lutter et al. 2016a, 2016b, Rytter 2016).
Those studies found no changes in soil or-
ganic carbon (SOC) or total nitrogen (Tot
N) in the upper 30 ¢m soil 5-15 years after
planting, but observed an increase of K and
Mg in the top 10 cm soil and a decrease be-
low, indicating a redistribution of those
base cations from deeper soil layers to the
upper soil (Rytter 2016), and decreases in
CN ratios and pH over time (Lutter et al.
2016b, Rytter 2016).

Effects of forest management on SOC
and Tot N are important to understand
from the aspects of soil fertility and C stor-
ing capability. Harvesting removes bio-
mass, disturbs the soil and changes the mi-
croclimate which may lead to increased C
losses in the soil (Jandl et al. 2007). How-
ever, a meta-analysis found that forest har-
vesting on average had little or no effect
on soil C or N, except for conifers where
saw log harvesting caused increases and
whole tree harvesting decreases (Johnson
& Curtis 2001). Thinning measures result in
similar primary effects as harvesting, i.e.,
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soil disturbance and altered microclimate,
but less experimental knowledge on the ef-
fects of thinning on soil properties is avail-
able (Jandl et al. 2007). Most of the litera-
ture on harvesting and thinning effects on
soil characteristics to date refers to coni-
fers. A study of spruce and pine on podsol
found that the effects of repeated thinning
on soil chemistry (pH, C, N, P and base cat-
ions) were variable but generally small (Ro-
senberg & Jacobson 2004).

Studies on growth performance and ef-
fects of management on the next genera-
tion of hybrid aspen plantations, i.e.,
shoots generated from root suckers after
clear cutting of the original stand, have re-
cently been initiated in Sweden (McCarthy
& Rytter 2015). An evaluation of productiv-
ity and sustainability of second-generation
hybrid aspen subjected to different man-
agement regimes with respect to length of
rotation period and extent of thinning
measures has been made eight years after
initiation (Rytter & Rytter 2017). The man-
agement regimes included 4-, 8- and 16-
year rotations with thinning measures in
the two longer rotations. The 16-year rota-
tion had not yet reached full time and was
evaluated midterm. All regimes included
removal of biomass after harvest or thin-
ning measures, except for a latter thinning
in the 16-year rotation. A simultaneous
study of the effects of those management
regimes on soil characteristics was per-
formed and is reported here. We wanted
to test the hypotheses that: (1) mineral soil
characteristics, i.e., concentrations and
pools of SOC, Tot N, base cations and pH,
would be significantly influenced by man-
agement regime; and (2) changes in soil
characteristics could be reflected in the
amount and timing of removed biomass,
including nutrients, at harvest and thinning
operations.

Materials and methods

Site description

The study was performed in root sucker
plots of hybrid aspen (Populus tremula L. x
P. tremuloides Michx.). The site is situated
in southern Sweden at latitude 55° 33’ N,
longitude 13° 43’ E and elevation 40-45 m
above sea level. The vegetation period, de-

fined as degree days above 5 °C, averaged
209 days during 2007-2016 (SMHI 2018a).
Mean temperature and precipitation were
-1.1°C and 58.5 mm in January, respectively,
and 15.9 °C and 67.4 mm in July during the
current climate normal period (1961-1990
climate norms — SMHI 2018b). The soil is a
clayey moraine, i.e., an unsorted sediment
of glacial origin which is typical for this part
of Sweden (Tab. 1). The site is a former
arable land distinguished by a humus rich
topsoil and a compacted plough pan below
at around 30 cm depth. The topsoil layer is
characterized as a special form of mull
which contains more mineral than organic
material (White 2006). Larger stones have
been removed during an extended period
of arable use and repeated ploughing and
harrowing have created a homogeneous
distribution of the remaining stones in the
topsoil.

Experimental design

A clonal mix of hybrid aspen was planted
on 3.5 ha in spring 1998. One-year-old hy-
brid aspen plants were planted with a spac-
ing of 3 x 3 m, giving a density of 1100
plants ha™. In total, 14 plots (30 x 30 m)
were planted with eight selected clones
delivered from Ekebo Research Station,
Forestry Research Institute of Sweden. The
space between the plots were 6 m at the
minimum and planted with other commer-
cial clones. The plantation was harvested in
the winter 2008/2009 when total tree age
was 12 years. Four blocks, each including
three plots with different management re-
gimes, were identified based on recorded
standing biomass after 2 years. The ran-
domized placing of management regimes
within blocks was also applied at the end
of the second season after clear-cutting.
The two plots not used in the study were
kept as reserves. Three different manage-
ment regimes were tested: (i) 4YR, rota-
tion periods of four years with removal of
biomass at each harvest; (ii) 8YR, rotation
periods of eight years including cleaning in
corridors, where biomass was removed, af-
ter four years and total harvest of biomass
after eight years; (iii) 8+YR, rotation peri-
ods of 16 years, where the first eight years
were included in the present study, includ-
ing corridor cleaning with removal of bio-
mass after two years and thinning of the
remaining stems to 1100-1200 stems ha™ af-
ter four years. No biomass was taken out
at the latter thinning.

The cleaned corridors were 3-3.5 m wide
and the strips with shoots were 1-2 m wide.
For more details on the different manage-
ment regimes see Rytter & Rytter (2017).

Harvested biomass and nutrient
removal

Measurement of standing biomass
started in autumn 2009 and occurred re-
peatedly with 1-2 years interval during the
forthcoming 8 years. A detailed description
of the measurement procedures is given in
Rytter & Rytter (2017). All shoots/trees in
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sample plots (3-6 plots of 10-15 m*) and net
plots, i.e., 30 x 30 m (treatment 8+YR)
were measured for breast height diameter
over bark (dbh), while height was mea-
sured on every fifth shoot/tree. Height of
the remaining shoots/trees was calculated
from functions produced from the height-
measured individuals using the formula

(egn.1):
H=aD’ Q)

where H is stem height, D diameter at
breast height (1.3 m), and a and b are con-
stants.

Samples for estimation of stem dry
weight were collected simultaneously as
diameter measurement. A total of 20-30
shoots/trees of various sizes were col-
lected from each treatment on each sam-
pling occasion. The samples were treated
as whole shoots or as a series of discs for
determination of wood density and
weight. Basic density of wood was re-
corded on the discs to allow calculation of
stem weight for the larger trees (Rytter &
Rytter 2017). The water displacement
method was used (Olesen 1971). Branches
were treated separately. After biomass de-
termination of the shoots/trees, relations
between diameter and height to dry bio-
mass were constructed using the formulas

(eqgn. 2, eqn. 3):
W,=c(D*H)" ©)]
W,=e(D*H)’ ®3)

where W; and W, are stem and branch dry
weight, respectively, D is the stem diame-
ter, H is the stem height and ¢, d, e and f
are constants. The result of the biomass
measurements (Tab. 2) was also previously
presented in Rytter & Rytter (2017).

To produce a representative sample for
nutrient analyses of the shoots/trees, saw-
dust was collected from sawing down to
the pith at each 2 m section of the stem,
i.e., the sampled discs for biomass determi-
nation were used in this purpose for the
bigger trees. An equal number of saw
tracks was used at each stem section for
the individual tree. In this way a volume-
based representative sample for the shoot/
tree was achieved.

Carbon (C) as well as macronutrients
were analysed on the collected sawdust
from respective sample shoot/tree. Total C
and nitrogen (N) were analysed by dry
combustion of the sample with an elemen-
tal analyser (LECO TruMac®, Leco Corp., St
Joseph, MI, USA). Samples for analysis of
phosphorus (P), sulphur (S), potassium (K),
magnesium (Mg) and calcium (Ca) were di-
gested with 65% HNO; and analysed with
ICP-OES (Inductively Coupled Plasma with
Optical Emission Spectrometry, Avio 200°,
Perkin Elmer, USA).

Soil sampling and analyses
An initial sampling of the mineral soil
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down to the plough pan, i.e., at approxi-
mately 30 cm depth, was conducted in con-
nection with harvest of the original stand
and reflected the soil conditions before
clear-cutting and application of the differ-
ent management regimes (4YR, 8YR,
8+YR). A second soil sampling was per-
formed in the winter after eight years with
different management. A core sampler
with the length 30 cm, outer diameter 25
mm and inner diameter 20 mm was used.
Twenty core samples were collected to 30
c¢m depth on each plot, i.e., on twelve plots
on both sampling occasions. Each core
sample was divided into two fractions, 0-15
c¢m and 15-30 ¢cm, and pooled into one sam-
ple per depth fraction and plot giving a to-
tal of 48 soil samples (2 occasions x 12 plots
x 2 depths) which were further processed
and analysed for nutrient content and pH.
In addition, three soil cores from each plot
were taken at the latter sampling occasion
for determination of bulk density of the
fine earth fraction (particle size <2 mm),
gravel volume and coarse organic material
in the soil.

Chemical analyses were performed on
the homogenized and dried fine earth frac-
tion. Total C (Tot C) and total N (Tot N)
were analysed by dry combustion of the
sample with an elemental analyser (LECO
TruMac). Plant available P and base cations
(K, Mg, Ca) were extracted with Mehlich 111
solution (AgroEcoLab@UMD 2018) and an-
alysed with plasma analysis (ICP-OES Avio
200). Soil samples for analyses of nitrogen
in nitrate (NO;-N) and in ammonium (NH,-
N) were extracted in 2 M KCl and analysed
by spectrophotometry (AutoAnalyzer,
AA3°®, Seal Analytical GmbH, Norderstedt,
Germany). The pH was measured in air-
dried soil suspended in deionised water ac-
cording to the standard SS-I1SO 10 390.

The content of inorganic C (carbonates)
in Swedish arable soils were considered
negligible at pH<6 in a comprehensive
study (Eriksson et al. 2010). The soil pH in
the present study ranged between 5.1-5.8
and we assumed that the Tot C values were
approximate estimates of soil organic car-

bon (SOCQ).

Bulk density of the fine earth to 30 cm
soil depth was estimated by using the vol-
ume of the core sampler (94.25 cm?). The
soil from the sampler was sieved (2 mm
hole diameter) to separate fine earth from
gravel (2-20 mm) and coarse organic mate-
rial (2-20 mm). All fractions were dried at
70 °C to constant weight and weighed. The
bulk density of the fine earth was calcu-
lated by using the formula (eqgn. 4):

_M_Mcs_MZ—Z()mm
p_V - Vcs_ V2—2()mm
_M(‘S_MZ*ZOMM (4)

Vcs_ M2720mm/ pgr)

where p is the bulk density of fine earth < 2
mm (g cm?), M is the mass of fine earth
taken with core sampler (g), V is the vol-
ume of the undisturbed fine earth (cm?3),
M is the mass of soil sample, including
gravel, taken with core sampler (g), V. is
the volume of the core sampler (cm?),
M0mm is the mass of gravel (2-20 mm, g),
V,20omm iS the volume of gravel (cm?®), pg is
the mean density of granite (2.650 g cm?).
Eventual soil shrinkage was not compen-
sated for.

Soil nutrient content (Ntcontent) Was calcu-
lated by multiplying nutrient concentration
by the volume of fine earth according to
McNabb et al. (1986 — eqn. 5):

Ntwnt@nt =p ( lI-o 2-20mm ) d Nt concentration (5)

where p is the bulk density of fine earth < 2
mm (g cm?), O.0mm S the relative volume of
gravel, d is the sampling depth (cm), Ntcon.
centration 1S the concentration of nutrient (g
g"). The relative stone volume (particle size
2 20 mm) to 30 cm depth, was not investi-
gated in the present study. However, an
earlier investigation of stoniness (20-200
mm) showed that the relative stone vol-
ume was about 4% in arable soils of this re-
gion (Rytter 2012b). Accordingly, it was as-
sumed that the influence of stoniness
would only give a minor effect on esti-
mates of nutrient stocks in the present

Tab. 2 - Harvested and standing biomass during the 8-year study period for the three
management regimes. Mean values (n=4) of respective management and measure-
ment occasion are shown. The thinning biomass in the 8+YR regime year 4 was not
removed from the plots. Data taken from Rytter & Rytter (2017).

Mar)agement Type Year Age Biomass_1
regime (yrs) (Mg DM ha™)
4YR Harvest 2012 4 45.82
Harvest 2016 4 52.48
Total outtake - - 98.31
8YR Harvest 2012 4 25.53
Harvest 2016 8 67.05
Total outtake - - 92.59
8+YR Harvest 2010 2 17.78
Thinning 2012 4 15.79
Remaining 2016 8 53.62
Outtake, thinning and remaining 87.17
621
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Tab. 3 - Data on the biomass removed at thinning and harvest, including removed amounts of macro nutrients (n=4). D, is the arith-

metic breast height diameter (1.3 m) of ha

rvested shoots/trees.

Management T D, Age Removed biomass, C (Mg ha™') and nutrients (kg ha™)
. ype Year -

regime (cm) (yrs) Biomass C N P K Ca Mg S

4YR Harvest 2.90 2012 4 45.82 20.91 159 24.7 109 190 21.0 11.4
Harvest 3.26 2016 4 52.48 23.95 163 31.9 122 292 22.7 15.1
Total removal - - - 98.31 44.86 322 56.6 232 482 43.7 26.5

8YR Thinning 2.61 2012 4 25.53 11.65 88.3 15.1 66.9 118 12.8 6.9
Harvest 5.25 2016 8 67.05 31.11 135 26.1 111 206 21.6 11.0
Total removal - - 92.59 42.76 223 41.2 178 324 34.4 17.9

8+YR Thinning 1.67 2010 2 17.78 8.11 144 15.6 65.8 104 12.6 8.7
Thinning 2012 4 0 0 0 0 0 0 0 0
Total removal 17.78 8.11 144 15.6 65.8 104 12.6 8.7

study and that the comparison of manage-
ment regimes would not be hampered
since the soil was of the same origin for all
treatment plots.

Statistics

Statistical analyses were performed with
R version 3.4.2 (R Core Team 2017). Analy-
ses of variance (ANOVA) were conducted
by using the R built-in function “aov” for
balanced data. A two-factor factorial mod-
el was used to test for equality in means of
bulk density, gravel and organic material in
the soil between different management
regimes and is described by (egn. 6):

(6)

where yy is the ijk™ observation, u is the
overall mean, s; is the fixed effect of the i
treatment, t; is the random effect of the j*

Yigp=u +Si+l/-+ Eijke

block, and € is the random error term for
observation ijk. The fixed effect of man-
agement regime was tested with mean-
square of block and treatment as the error
term. The same design was used to test for
equality in means of nutrient pools (Mg
ha™) and nutrient concentrations (mg kg™)
between management regimes.

A four-factor factorial design was per-
formed to test for equality in means of pH
and nutrient concentrations (mg kg") be-
tween years, depth and the different man-
agement regimes (eqn. 7):

@

where yg is the ghijk™ observation, u is
the overall mean, gg is the fixed effect of
the g™ depth, r, is the fixed effect of the h™"
year, s; is the fixed effect of the i treat-
ment, t; is the random effect of the "
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Fig. 1 - The relation between average tree diameter at the harvest or thinning occa-
sion and nutrient concentration in harvested biomass, exemplified by N, P and K.
Every data point is a mean from four sample trees of similar size for which the ele-

ments were analysed.

622

block, and g« is the random error term for
observation ghijk. The fixed effect of man-
agement regime was tested by using
mean-square of block and treatment as er-
ror term.

Pairwise comparisons were performed by
Tukey’s Studentized range test if signifi-
cant differences were revealed by the main
tests. A significant difference was accepted
for all tests if the probability for the tested
null hypothesis (no difference) was equal
to orless than 5 % (p < 0.05).

Results

Nutrient removal with harvests

The biomass was removed from the site
at all management operations, except at
the thinning year 4 in the 8+YR manage-
ment regime. The regime with highest
biomass removal also showed the highest
removal of carbon and nutrients (Tab. 3).
For example, 322 kg N ha™ was removed at
the 4YR regime, 223 kg N ha” in the 8YR,
and only 144 kg N ha™ in the 8+YR after 8
years. The low outtake of biomass and nu-
trients in the 8+YR was a result of leaving
the material on the site at the second thin-
ning and that no final harvest is to be done
before the age of 16 years.

Although the 8+YR showed the smallest
total outtake of nutrients, the nutrient
amount per harvested unit of biomass was
highest, 8.1 kg N Mg" of biomass. A clear
negative relation was seen between aver-
age tree diameter, and thereby also shoot
age, and nutrient concentration (Fig. 1).

Soil nutrient concentrations and pH

A statistically significant but small differ-
ence in SOC concentration was detected
for different managed root sucker plots
with hybrid aspen (Fig. 23, Tab. 4). The 8YR
management regime showed lower SOC
concentrations when both depth levels
were included in the analyses, but not for
each depth alone. The upper 0-15 cm soil
contained higher mean SOC concentra-
tions compared to the 15-30 cm level irre-
spective of management regime. Mean
SOC concentrations were 21.2-24.5 and
10.5-15.3 g kg” in the upper and lower soil
level, respectively.

iForest 11: 619-627
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Concentrations of Tot N in the mineral
soil did not differ between management
regimes (Fig. 2b, Tab. 4). Differences be-
tween depth levels were observed and
higher concentrations were found in the
top 15 ¢cm soil. Mean Tot N concentrations
were 1.6-1.9 g kg™ in the top 15 cm soil and
0.9-1.4 g kg" in the lower soil depth.

The soil CN ratio was not affected by
management regime (Fig. 2¢, Tab. 4). Mean
CN ratios were higher in the 0-15 cm soil
level and ranged between 12.3-12.9, com-
pared to 11.2-12.0 in the 15-30 cm level.

Soil pH did not change significantly over
time and did not differ between manage-
ment regimes or depth levels. Mean pH val-
ues were 5.4-5.6 at the time of clear cut-
ting and 5.5-5.8 after 8 years of manage-
ment (Fig. 3a, Tab. 4).

The vertical distributions of ammonium
and nitrate concentrations in the mineral
soil changed differently during the study
period (Fig. 3b). An increase in NH,-N con-
centrations could be seen in the top 15 cm
soil in all management regimes, but no dif-
ferences between the regimes were ob-
served (Tab. 4). Mean concentrations
ranged between 9.9 and 13.0 mg kg™ after
eight years. The NH,-N concentrations in
the deeper 15-30 cm soil were lower, 2.9-
4.2 mg kg", and were unaffected by man-
agement regime and time. Nitrate concen-
trations decreased in both soil depths, but
statistically significant only in the lower 15-
30 c¢m soil (Fig. 3b, Tab. 4). A small but sta-
tistically significant difference between the
4YR and 8YR regime was found.

Soil phosphorus concentrations were rel-
atively stable during the study period and
no management effects were detected
(Fig. 4, Tab. 4). Somewhat higher P concen-
trations were found in the top 0-15 cm soil
compared to the lower soil layer. The con-
centrations during the study period ranged
between 150-180 and 120-150 mg kg" in the
0-15 and 15-30 ¢cm soil depth, respectively.

Base cation (K, Ca, Mg) concentrations in

iForest 11: 619-627
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4YR B8YR 8+YR

Tab. 4 - Results from analyses of variance (ANOVA) of soil pH and nutrient concentra-
tions including two depth levels, three management regimes and two sampling occa-
sions, i.e., at the application of management regimes and eight years later. ANOVA
was also performed within each depth level. A difference was accepted as significant

if p < 0.05.
Depth Management Year
Variable Change
cm p-value p-value p-value
Tot C Both <0.0001 0.0476
0-15 0.474
15-30 0.180
Tot N Both 0.0001 0.181
0-15 0.574
15-30 0.489
CN Both 0.0085 0.108
0-15 0.654
15-30 0.077
pH Both 0.680 0.123 0.698
0-15 0.295 0.289
15-30 0.452 0.583
NH4-N Both <0.0001 0.670 <0.0001
0-15 0.446 <0.0001 increase
15-30 0.144 0.326
NOs-N Both 0.419 0.0288 0.0010
0-15 0.133 0.0842
15-30 0.309 0.0116 decrease
P Both 0.0081 0.0598 0.656
0-15 0.137 0.702
15-30 0.560 0.849
K Both <0.0001 0.645 <0.0001
0-15 0.496 <0.0001 increase
15-30 0.238 0.200
Ca Both 0.775 0.374 0.426
0-15 0.743 0.295
15-30 0.550 0.995
Mg Both 0.0189 0.552 <0.0001
0-15 0.859 0.0005 increase
15-30 0.655 0.0013 increase
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Fig.3-(a) pH
and (b) con-
centrations
(mg kg") of
nitrogen in
ammonium
(NH,-N) and
nitrate (NOs-
N)in 0-15 and
15-30 cm min-
eral soil. The
Xx-axis shows
concentra-
tions before

—
Q
N

After eight years

6.0 | pHO0-15¢cm 6.0 | pH 15-30cm
58 58
56 Al 56 |
/)“J‘
54 r 54 r
A = 4yR

£ O = 8YR L A
5.2 ‘ O = 8+YR 5.2
5.0 A L L L . 5.0 L . . L 1

50 52 54 56 58 6.0 50 52 54 56 58 6.0

Before management

the mineral soil were not affected by man-
agement regime (Fig. 4, Tab. 4). Concentra-
tions of K and Mg increased during the
study period while Ca concentrations were
stable in all regimes. Potassium concentra-
tions increased in the top 0-15 cm soil and
Mg concentration increased in both soil
depths. Concentrations of K and Mg varied
with soil depth, while concentrations of Ca
were similar. Mean K concentrations were
190-210 and 55-67 mg kg™ in the 0-15 and 15-
30 cm depth, respectively, and correspond-
ing mean Mg concentrations were 160-190
and 120-160 mg kg™ in all management re-

A (b) 2 | NHNO-15cm 20 | NH4-N 15-30 cm gimes. Mean Ca concentrations ranged be-
t tween 900-1800 mg kg", including all man-
managemen agement regimes, depths and years.
regimes and 15 | 15 }
hthe yaxis Bulk density and soil nutrient pools
snowscon- - T, 10 ¢ 10 ¢ Bulk density of the fine earth and relative
centrations & y .
oht = gravel volume of the soil to 30 cm depth
| i'g Myears = 5 | 5 | g% were estimated at the end of the current
aderé Zanj Tn/ study period. No significant differences in
and standar b=~ ’ . . . s [ . . . bulk density caused by different manage-
errorbarsare ® 0 0 X
- o 0 5 10 15 20 0 5 10 15 20 ment regimes could be detected (Tab. 5).
eachn c;:;’ ol The relative gravel volume was low in all
- E .
cisted of20 @ 10 | NOgNO0-15¢cm 10 | NO,-N 15-30 cm regimes as well as the content of coarser
(0] organic material, i.e., small roots and not
subsamples) .
The dott d o 8r 8 fully decomposed litter.
i .ed'o te g The calculated soil nutrient pools did not
nein lcates G 61 differ between the various management
ne Eo ncg-';fra 4 —F 4 regimes for root suckers of hybrid aspen
'on drtrer- I I 1 (Tab. 6). The slightly lower SOC concentra-
encetgver o L @ % N & tion observed in the 8YR regime (Fig. 2a)
fme. A was reflected in the SOC pool but it was
0 L L L L L L 0 L . . . . L not statistically significant. The CN ratios
0 2 4 6 8 10 0--2. -4 ®& 8§.10 calculated from SOC and Tot N pools (Mg
ha") included the soil depth 0-30 ¢cm and
-1
Before management (mg kg™') showed similar figures, i.e., 12.2-12.3, in all
300  po-15cm 300 P 15-30 cm | 3000 ca0-15cm 3000 | ca 15-30 cm
~ 200 } - 200 | 2000 | 2000 |
g’ 100 | 100 | h%* 1000 | H%‘ 1000 |
(0] 0 ! ! ! 0 7 i i 0 Kk 1 1 L 0 f L L
(|>,)‘ 0 100 200 300 0 100 200 300 0 1000 2000 3000 0 1000 2000 3000
5, 300 r Ko-15¢cm 300 r K 15-30 cm 300 I Mg 0-15 cm 300 Mg 1530 ¢m
= T % 200 | 2001 g S 200 |
100 100 | 100 L 100 |
0 1 L L 0 Vi L L 1 0 i i ! 0 i ) "
0 100 200 300 0 100 200 300 0 100 200 300 0 100 200 300

Before management (mg kg')

Fig. 4 - Concentrations (mg kg") of plant available phosphorus (P) and base cations (K, Ca, Mg) in 0-15 and 15-30 cm mineral soil. The
x-axis shows concentrations before application of management regimes and the y-axis shows concentrations eight years later.
Means and standard error bars are shown (n=4, each n consisting of 20 subsamples). The dotted line indicates no concentration dif-
ference over time.
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regimes. The pools of P, K and Mg were of
the same magnitude, 0.4-0.6 Mg ha”, in all
management regimes, while the Ca pools
were about ten times larger.

Discussion

We found few significant effects on min-
eral soil properties related to the different
management regimes after eight years in
root sucker stands with hybrid aspen (hy-
pothesis 1). Different harvest intervals and
different degrees of thinning with removal
of biomass (Tab. 3) caused no differences
in SOC pool sizes (Tab. 6) and SOC concen-
trations showed only a minor statistical sig-
nificant divergence for the 8YR from the
other regimes (Fig. 2a, Tab. 4). This minor
difference might be due to the removal of
many shoots and a large part of the bio-
mass in corridor cleaning after 4 years in
the 8YR treatment, thereby leaving gaps in
the corridors for some time, which proba-
bly resulted in less production of leaf and
root litter. However, the SOC pool was not
affected so this tendency needs to be fol-
lowed to get accurate information on SOC
development.

Few studies have been conducted on the
impact of harvesting or thinning intervals
on soil properties in poplar plantations,
and none in hybrid aspen stands so far. It
has been suggested that short rotation
forestry in general would have a positive
impact on C sequestration (Hedenus &
Azar 2009) and that hybrid poplar planta-
tions with rotations longer than four years
could act as C sinks (Arevalo et al. 2011).
Other results from stem harvesting or thin-
ning impact on mineral soil C stocks in tem-
perate forests are variable and more stud-
ies are requested on the subject (Nave et
al. 2010). The meta-analysis by Nave et al.
(2010) found no significant overall change
in C storage in mineral soils caused by stem
harvesting. Likewise, thinning studies with
various intensities and time intervals re-
vealed either no effects on or minor de-
creases of C pools in the mineral soil (Ros-
enberg & Jacobson 2004, Nilsen & Strand
2008, Jurgensen et al. 2012), but the litera-
ture on harvesting and thinning effects on
soil C in temperate forests refers to a high
degree to conifers. Comparative studies on
this subject revealed that hardwoods in
general lose more forest floor C than conif-
erous/mixed stands, while the situation in
the mineral soil seems to be more depen-
dent on soil type (Nave et al. 2010, Jur-
gensen et al. 2012). The different manage-
ment regimes for root sucker generated by
hybrid aspen tested in the present study
did not affect the SOC pool sizes in the
mineral soil after eight years. However, it is
important to follow effects of manage-
ment on soil properties over several rota-
tions.

Removed biomass quantities were
largest in the management regimes with
the shortest rotations, 4YR and 8YR, and it
reflected the extent of C and nutrient re-
moval (Tab. 3). The dimensions of har-
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Tab. 5 - Bulk density of fine earth (particle size <2 mm), relative volume of gravel (2-20
mm) and content per soil volume of coarse organic material (2-20 mm) to 30 cm soil
depth after eight years different management of second generation hybrid aspen.
Mean values (n=4 where each n consisted of three subsamples), standard errors
(Std.err.) and p-values for treatment means are shown.

Fine earth Gravel relative Organic
Management (g cm?) volume (%) (g cm?)
regime Mean Std.err. Mean Std.err. Mean Std.err.
4YR 1.12 0.03 2.65 0.63 0.0032 0.0014
8YR 1.18 0.05 1.98 0.40 0.0066 0.0025
8+YR 1.20 0.06 1.36 0.24 0.0032 0.0006
p-value 0.491 - 0.162 0.200

Tab. 6 - Soil pools (Mg ha” to 30 cm depth) of SOC and Tot N, CN-ratio, NH,-N, NO;-N, P
and base cations (K, Ca, Mg) after eight years different management of second gener-
ation hybrid aspen. Mean values (n=4, each n consisting of 20 subsamples), standard
errors (Std.err.) and p-values for treatment means are shown.

Element Management regime
1 Stats p-value

(Mg ha™) 4YR 8YR 8+YR

SocC Mean 64.70 54.80 65.90 0.095
Std.err. 6.30 5.42 4.62 -

Tot N Mean 5.35 4.47 5.44 0.375
Std.err. 0.63 0.40 0.49 -

CN Mean 12.20 12.30 12.20 0.404
Std.err. 0.52 0.49 0.29 -

NH4-N Mean 0.0217 0.0272 0.0305 0.997
Std.err. 0.0013 0.0013 0.0023 -

NOs-N Mean 0.0119 0.0057 0.0082 0.342
Std.err. 0.0019 0.001 0.0019 -

P Mean 0.500 0.570 0.477 0.673
Std.err. 0.018 0.064 0.096 -

K Mean 0.417 0.437 0.489 0.683
Std.err. 0.05 0.043 0.058 -

Ca Mean 5.64 3.45 4.83 0.919
Std.err. 1.24 1.1 0.78 -

Mg Mean 0.517 0.497 0.615 0.799
Std.err. 0.057 0.108 0.091

vested stems influenced the amounts re-
moved nutrients (Fig. 1). Removed quanti-
ties of N were largest for the lower diame-
ter shoots and would accordingly affect
the 4YR regime most (Fig. 1, Tab. 3). How-
ever, Tot N soil concentrations (Fig. 2b,
Tab. 4) and pools (Tab. 6) of the 4YR
regime did not differ from those of the
other regimes after two complete rota-
tions (hypothesis 2). There was no produc-
tivity decline observed in the two consecu-
tive 4-year rotations, which suggests that
there was no shortage of N (Rytter & Ryt-
ter 2017). The CN ratios were similar, ie.,
around 12 based on amounts (Mg ha"), in
all management regimes (Tab. 6). These CN
ratios were of the same magnitude as
those measured in a comprehensive study
of Swedish arable soils, containing 2034
sampling points across Sweden with a
mean CN ratio of 11 (Eriksson et al. 2010).
Thus, the soil fertility in our studied planta-
tion was in the same range as fertile arable
soils almost 20 years after afforestation
with hybrid aspen. Increasing ratios will be

expected upon afforestation due to the in-
put of forest litter with higher CN ratios
compared to annual crops, uptake of inor-
ganic N and cessation of N-fertilization
(Jug et al. 1999, Rosenqvist et al. 2010), but
the effect of annual crop cultivation could
remain for 30 years or even longer (Koer-
ner et al. 1997, Ritter et al. 2003).

Decreases in pH may be expected upon
afforestation (Jug et al. 1999, Ritter et al.
2003, Lutter et al. 2016a, Rytter 2016).
Swedish arable soils had a mean pH of 6.3
(Eriksson et al. 2010) which is somewhat
higher than the pH measured in our planta-
tion, ie., 5.5-5.8 at the latter sampling.
However, we found no significant time ef-
fect on soil pH during our study interval
and no differences caused by management
regime (Fig. 3a, Tab. 4).

Ammonium is released by the mineraliza-
tion process and is an important form of N
utilized by plants. The significant increase
in the top 15 cm mineral soil in all manage-
ment regimes can thus be explained by en-
hanced uptake of NH,-N by fast-growing
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hybrid aspen from deeper horizons and re-
circulation by decomposing litter at the
surface (Fig. 3b, Tab. 4). It is by now well-
known that tree species influence the size
of the nutrient pools and the distribution
among soil horizons (Binkley 1995). It can
also be concluded from the increased or
unchanged concentrations in both investi-
gated soil depths in the present study that
the rate of N uptake did not exceed the
rate of mineralization in these layers. The
effect on NO;-N concentrations was the
opposite, i.e., a declining trend in all re-
gimes (Fig. 3b, Tab. 4). This could be an in-
dication of leakage of the ion. However, an
analysis of vertical distribution of nutrients
in soils found an extremely variable distri-
bution for NO;-N which makes interpreta-
tions difficult (Jobbagy & Jackson 2001).

Afforestation of cropland may lead to de-
creases in P concentrations and P pools in
the upper mineral soil according to a meta-
analysis (Deng et al. 2017). However, we
found that the plant available P concentra-
tions were in the range of 120-180 mg kg~,
including both soil depths and all manage-
ment regimes (Fig. 4, Tab. 4), which was
higher than the mean concentrations of 8o
mg kg" estimated for Swedish arable soils
(ammonium lactate-acetate extracted -
Eriksson et al. 2010). Thus, there were ap-
parently no depletion of plant available P
and the concentrations remained stable
during the studied period.

Base cation concentrations and pools in
the mineral soil did not differ between
management regimes, but general de-
creases in concentrations in the deeper soil
layer and increases in the shallower layer
were observed for K and Mg, but not for
Ca (Fig. 4, Tab. 4, Tab. 5). This implies a
plant mediated redistribution of K and Mg
by plant uptake in deeper soil and release
through litter decomposition at the surface
which has also been suggested in earlier
studies (Alban 1982, Jobbagy & Jackson
2001, Rytter 2016). Calcium is important for
regulation and development of plant
growth as well as in soil buffering systems.
It was the most abundant cation found in
the soil in the present study (Tab. 6), but it
showed also the largest removal figures
(Tab. 3). However, Ca is required in small
amounts in plants (Hepler 2005) and the
concentrations measured were stable over
time (Fig. 4).

An estimate of bulk density is important
for assessing the size of nutrient pools in
soils. Soil bulk density could be affected by
compaction, activity of soil organisms,
presence of roots and soil organic material
(Bronick & Lal 2005). Differences in bulk
density between management regimes in
the present study may be expected due to
various intensity in harvests and thinning
measures and different stand densities.
This will cause differences in the supply of
above ground litter, the density of roots
and root litter supply, soil temperature and
humidity which together probably will
cause differences in the amounts of SOC.
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However, no statistically significant differ-
ences in bulk density between the regimes
were observed so far (Tab. 5).

Conclusions

The different management regimes in
root-sucker generated hybrid aspen re-
sulted in few significant effects on mineral
soil characteristics (hypothesis 1), despite
large variations in removed quantities of
biomass and nutrients (hypothesis 2). The
only exception was a slightly lower SOC
concentration in the 8YR regime. Thus, it
can be concluded that the management
measures with various harvesting and thin-
ning intensities did not influence soil char-
acteristics differently during the first eight
years after initiation. It is however impor-
tant to follow the development of soil
characteristics in these plantations during
several rotations since short rotation
forestry with hybrid aspen is a compara-
tively new silvicultural approach and the
long-term impact on soil properties is un-
clear.

Common for all management regimes
were the unchanged SOC and nutrient
pools in the upper 30 cm mineral soil. pH
and bulk density were also unaffected dur-
ing the studied period. Afforestation ef-
fects on the vertical distribution of nutri-
ents, i.e., redistribution of NH,-N, K and Mg
from deeper to shallower soil by plant up-
take and release through litter decomposi-
tion, were observed in all management
regimes. A different effect was noted for
NO;-N where a declining trend was ob-
served in both the investigated soil depths.
This could indicate a leakage of the ion, but
NO;-N distributions in soils are variable
which makes interpretations difficult.
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