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Abstract

The drive to develop renewable energy is increasing the interest in energy forestry.
Woody biomass from forest residues has the potential to make a significant contri-
bution to greenhouse gas emission reduction through fossil fuel substitution. How-
ever, there is a danger of operational practice running ahead of the understanding of
the environmental impacts of such activities. Consequently, there is an urgent re-
quirement for scientifically underpinned guidance on the best management practices
to ensure soil and water protection, including sustaining forestry’s key role in carbon
capture. This study addresses the main issues associated with stump harvesting prac-
tices and their impacts on soil carbon and nutrient capital and effects on the second
rotation tree growth. It reports results from a clearfell site in the UK where experi-
mental stump harvesting was carried out in 2005 before replanting with Sitka spruce
Picea sitchensis (Bon.)Carr. Both stump harvested and conventional harvested areas
(Control) were studied in 2009 and 2010, five years after harvesting, on the two dis-
tinct soil types at the site: podzolised brown earth and peaty gley soils. Results show
impacts of stump harvesting on soil carbon and nitrogen stocks, residual water, base
cations (K*, Ca** and Mg**) concentrations and stocks and bulk density in both soil
types. The organic peaty gley soil showed larger and deeper profile changes after
stump harvesting compared with the podzolised brown mineral soil, where some of
the negative changes in C, N and base cations in the top soil were compensated by
increases at depth. Tree assessment showed positive effect of stump harvesting on K
and Ca uptake by young seedlings, but N and P nutrient status was reduced on the
peaty gley soils. The overall results support the current UK forestry guidance for
stump harvesting which identifies that soil type is the most important site factor de-
termining the sustainability of the practice.
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1. Introduction

UK and EU energy policies are driving the development of renewable energy sources as a
way of cutting fossil fuel greenhouse gas emissions. By 2020, the 2009 EU Renewable En-
ergy Directive sets a target for the UK to provide 15% of (gross final) energy consumption
from renewable sources—consistent with a share of 20% across all EU Member States
(European Union Committee, 2008). The new EU target has increased to 27% for the
share of renewable energy consumed in the EU in 2030 (European Commission, 2016).
Woody biomass is one of the more reliable renewable fuels and has the potential to make
a significant contribution to meeting renewable energy targets (Forestry Commission,
2007). Both woodland creation and woodland management can play a part in climate
change mitigation (Read et al., 2009). The UK Government expects to see a major in-
crease in woodland creation and bring woodlands into management (DEFRA, 2013). This
will unlock more of the renewable energy resource in existing woodlands. The Renewable
Heath Incentive has led to around 14,000 biomass boilers being installed in Britain with a
capacity of more than 2 GW (RHI, 2016). This growing new market for wood is bringing
more woodlands into productive management, in line with the government forest policy.

The key issues are the amount of sustainable biomass that is available and where it
can be used (Renewable Energy Review, 2011; McKay et al, 2003). Potential forestry
biomass sources targeted operationally in recent years are the harvesting of woody re-
sidues, in the form of “lop and top” branches bundled as “brash bales” and the extrac-
tion of tree stumps from harvested conifer plantations (i.e. Whole Tree Harvesting)
(Moffat et al., 2011). Tree stumps offer the benefit of gaining another commercial
product from plantations in addition to conventional timber. Other possible environ-
mental advantages are subsequent easier and cheaper ground preparation, planting and
maintenance of restocked crops on the cleared ground. However, a potentially renew-
able origin does not necessarily equate with long-term sustainability. If the purpose of
increasing bioenergy use is to reduce pressure on the environment, it is important that
the production system minimises the total environmental burden. The economic gain
and carbon emissions reduction from exploiting woody biomass could, for example be
offset by negative impacts on soil and water (Vanguelova & Nisbet, 2010, Vanguelova et
al., 2010). There is a danger of operational practice running ahead of the understanding
of the environmental impacts of such activities and there is an urgent need for scien-
tifically underpinned guidance on the best management practices to ensure soil and
water protection, including sustaining forestry’s key role in carbon capture.

Poor stump removal practice can result in detrimental effects on soil structure, in-
creasing the risk of soil erosion, and depletion of soil nutrient and carbon capital (Pitman,
2008; Walmsley & Godbold, 2010; Moffat et al., 2011; Collison et al., 2015). There are four
principal threats: 1) machine trafficking causing physical soil damage such as compaction,
rutting and erosion, leading to increased water turbidity and siltation of local water-
courses; 2) removal of essential nutrients (nitrogen (N), phosphorus (P), potassium (K)
and carbon (C)) in residues, leading to lower soil fertility, potential loss of tree growth in
subsequent rotations, and reduced soil carbon storage; 3) removal of base cations (cal-
cium (Ca®"), magnesium (Mg*"), sodium (Na*) and potassium (K*)) reducing soil buffer-

ing capacity and leading to increased soil and stream water acidification and 4) soil dis-
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turbance resulting in CO, release, soil organic carbon loss and soil structural damage.

Preliminary guidance published by Forest Research (2009) suggested how potential
damaging effects of stump harvesting can be minimised, notably by careful assessment
of site suitability and location of activities only on low risk sites. This guidance is largely
based on expert judgement of the scientific issues informed by practical experience of
managing forest soils. Uncertainties remain about the long-term sustainability of stump
harvesting on certain soil types and locations. There is a particular need for data on soil
carbon to support full life-cycle analyses and to compare stump harvesting and brash
removal with conventional harvesting systems. Research is needed to quantify impacts
and clarify the susceptibility of different soils.

This study investigates the impacts of stump removal on soil C and soil nutrient
capital and on the second rotation tree growth for two contrasting soil types (pod-
zolised brown earth and peaty gley soils). The study was carried out on a commercial
conifer forestry site in mid-Wales, UK, where stump removal was carried out four years

prior to this investigation.

2. Methods
2.1. Site Description

The study site is located in Bala, mid-Wales (see map in Figure 1; Grid reference: East

8 [ Experimental block I
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Figure 1. Maps of the Bala stump harvested site with Control (CL) and Stump Harvested (SH)
experimental treatments on Brown Earth (BE) soils (top area) and Peaty Gley soils (bottom area).
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ing 299,290; Northing 334,746; Latitude/Longitude 52.917 - 3.583), with averaged an-
nual rainfall of 1460 mm and averaged annual minimum and maximum air tempera-
tures of 5.7°C and 12.6°C respectively. The whole site is located along a westerly facing
gentle slope with a soil gradient from podzolised light-textured sandy brown to well-
drained soils (Cambisol, IUSS Working Group WRB, 2015; FC soil type 1z, Kennedy,
2002) at the top of the slope (380 - 400 m) O.D., to podzolised peaty surface water gley
soils (Histic Gleysol, IUSS Working Group WRB, 2015; FC soil type 6, Kennedy, 2002
with peat layer of between 5 and 10 cm) at the bottom of the slope (~360 - 370 m O.D.,
Figure 1), both developed over Silurian mudstones/siltstone and sandstone. The whole
site was divided up by the commercial managers (Tilhill Forestry) into alternate sec-
tions of conventionally harvested (CL-control) and stump removal (SH: stump har-
vesting) ground in 2005, where the stump removal sections were also hand cleared of
all brash. In the conventionally harvested area large brash was scraped sideways into
linear “windrow” heaps of 2 - 3 m width, running perpendicular to the slope at ~30 m
spacing and control (CL) plots were set up in the cleared areas between them. SH and
CL areas occur in both upper and lower slopes so that the stump harvesting impacts
could be assessed on two soil types, contrasting in soil water content, carbon storage
and nutrient capital. The whole site was replanted with Sitka spruce seedlings in 2006.
Between the planted seedlings, natural vegetation recolonisation has been dominated
by Calluna vulgaris on the upper slopes, and Juncus rush on the lower peat soils. The

schematic design of the experimental area is shown in Figure 1.

2.2. Soil Sampling and Methodology

Soil sampling was carried out during September 2009, four years after stump removal.
The sampling was carried out in the Control (CL) plots where stumps were left in situ
and Stump Harvesting (SH) plots, where stumps had been removed on both Brown
Earth (BE) and Peaty Gley (PG) soil types. There were 10 sampling sub-plots (80 m?)
located well inside the lines of brash and the extraction road (>2 m from the wind-
rows), but randomly within the SH and CL plots. Within each sampling sub-plot, 10
sampling points were selected randomly, where soils were sampled by open soil auger
at 3 soil depths (0 - 20, 20 - 40 and 40 - 80 cm soil depth) with 0 cm located at the top of
the soil including the organic layer. The BE soil was not deep enough to obtain a sam-
ple from 40 - 80 cm soil depth, and maximum depth sampled was 40 cm. Each sample
was placed in a separate sealed bag, and stored at 4°C until further analysis. The ten
samples taken from each sampling sub-plot were bulked into three separate samples for
chemical analysis. Field moisture content was not measured. Soil samples were air dried
until constant weight was reached, ground using a pestle and mortar and passed
through a 2 mm sieve to remove all roots and stones to give the fine earth fraction. This
is referred to as a <2 mm air dry sample. To prevent cross contamination between soil
samples, equipment used was wiped clean between each sample. Residual soil water
from further oven drying at 105°C for 24 hours was measured by weight change.

Three soil profile pits were dug in each soil type and CL and SH plots. Soil bulk den-

sity was measured using 100 cm’ cores inserted horizontally into the soil profile at 0 -
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20, 20 - 40 and 40 - 80 cm soil depth. For BE, the soil pit reached 40 cm depth only. Soil
pits were allocated away from brash mats, so soil bulk density values represent the area
most disturbed from stump harvesting, but not likely compacted under brash heaps or
extraction ways. All bulk density samples were dried at 105°C until constant weight was
reached. Adjustments of the soil bulk density for stone content were also made.

The <2 mm fraction of the soils was analysed for pH (in water), Total Carbon (TC),
Total Organic Carbon (C) and Total Nitrogen (N) by dry combustion at 900°C in a
C/N analyser. Soil C/N ratios were also calculated for each soil depth.

Soil exchangeable cations were extracted using an unbuffered BaCl, solution and de-
termined by inductively coupled plasma optical emission spectroscopy (ICP-OES) (Ca™,
Mg**, K*, Na* and AI’*). Exchangeable H* and acidity in the forest floor and mineral
soils were assessed by back titration of the BaCl, extract. Soil Effective Cation Exchange
Capacity (ECEC) was calculated as the sum of Ca’, Mg, K*, Mn**, AP’ and H*. Base
saturation was calculated in percent as [(Ca** + Mg®* + K* + Na*)/ECEC] x 100.

Soil C, N and exchangeable K, Ca and Mg stocks were calculated for each soil depth,
soil type and treatment by using site specific measured soil dry bulk density and soil C,

N, K*, Ca’* and Mg** concentrations for the specific soil depth.

2.3. Tree Growth Assessments

Tree heights were measured during September 2009 from all trees within the defined
plots for each of the two treatments (CL and SH) and two soil types (BE and PG). Tree
foliar samples were taken from five trees in each treatment and soil type in October
2010. Current and one year-old needles were dried at 70°C for 24 hours and needle
chemistry (Ca®*, Mg®*, K*, AI’* and P) was analysed by sulphuric acid digestion and
further analysis by ICP-OES. Total Carbon (TC) and Total Nitrogen (TN) in needles
were analysed by dry combustion at 900°C in a C/N analyser.

2.4. Statistical Analysis

Means of the sampling points in all 10 sampling sub-plots were used for all soil analyses
(in total 30 bulked samples from 100 single samples) for each treatment (CL and SH).
Soil exploration in five of the control sampling sub-plots of the PG area revealed a nat-
ural hollow of deep peat in the centre, unrepresentative of peaty gley soils, and repli-
cates from this area were removed from the analysis. For the PG soil, 30 bulked samples
from the SH plot were compared with 15 bulked samples from CL plot. The number of
replicates for each observation were a maximum of thirty for the top 0-20 cm soil in BE
soil, 0 - 20 and 20 - 40 cm in the PG soil, with fewer measurements in deep soil-e.g. 18
and 21 replicates in 20 - 40 cm soil in CL and SH treatments respectively in BE, but
only 5 and 7 replicates in 40 - 80 cm depth in CL and SH treatments respectively in the
PG. For the soil dry bulk density analysis, the number of replicates for each treatment
was three. For foliar chemistry analysis, the number of replicates for each treatment
(CL and SG) was five. Two sample t-test was used to compare soil, tree growth and
foliar chemistry between different treatments (CL and SH) for each soil depth (0 - 20;
20 - 40. 40 - 80 cm) and soil type (BE and PG). The statistical package GenStat (Gen-
Stat, 2003) was used for all analysis.
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3. Results
3.1. Soil Acidity and Moisture

Soil pH was significantly higher (p < 0.001) in the BE 0-20 cm soil in SH treatment
compared with the CL, while a reduced soil pH (p < 0.01) by stump harvesting was ob-
served in deeper PG soils (40 - 80 cm) (Figure 2(a)). Exchangeable soil acidity (ex-
changeable H+ ions) confirms the results of soil pH with significantly higher (p <
0.001) soil exchangeable acidity in the CL compared with the SH plots in top BE soils
only (Table 1 and Table 2). Residual soil water content was significantly lower in SH (p
< 0.05) than CL plots in PG top 0-20 cm and bottom 40 - 80 cm soil depths, and also in
the top 0 - 20 cm of the BE soil (p < 0.001) (Figure 2(b)).

Table 1. Soil chemical parameters in Control (CL) and Stump Harvested (SH) treatment on
brown earth soil are shown. Mean values, standard errors of the mean and the significance (p
values in bold are significant) for each soil parameter at soil depth of 0 - 20 and 20 - 40 cm are
shown between the two treatments.

Brown Earth Soil depth 0-20cm 20-40em
Soil parameters Treatment mean semean  pvalue mean semean pvalue
H (cmol-kg'l) CL 1.29 0.06 <0.001 0.51 0.06 0.112
SH 0.92 0.06 0.66 0.06
K (cmol-kg'l) CL 0.17 0.01 0.007 0.10 0.01 0.576
SH 0.15 0.01 0.10 0.01
Ca (cmol-kg'l) CL 0.63 0.05 0.348 0.17 0.04 0.088
SH 0.71 0.06 0.26 0.03
Mg (cmolkg™) CL 0.85 0.05 0.288 0.20 0.04 0.121
SH 0.74 0.07 0.29 0.04
Na (cmol-kg'l) CL 0.16 0.01 0.008 0.06 0.01 0.25
SH 0.13 0.01 0.07 0.01
Mn (cmol-kg™) CL 0.04 0.00 0.006 0.02 0.00 0.022
SH 0.02 0.00 0.01 0.00
Fe (cmol-kg™") CL 0.76 0.03 0.007 0.25 0.04  0.013
SH 0.64 0.03 0.40 0.04
Al (cmol-kg™) CL 10.42 0.19 0.004 6.41 0.49 0.213
SH 9.31 0.32 7.25 0.45
ECEC (cmolkg™) CL 14.31 0.32 0.003 7.72 0.65 0.148
SH 12.62 0.45 9.03 0.60
Base Saturation (%) CL 13 0.5 0.288 6 0.6 0.051
SH 14 0.9 8 0.5
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B Peaty Gley - CL

DPeaty Gley - SH  0-20

B Brown Earth - CL

O Brown Earth - SH

20-40

Soil depth (cm)

40-80 b

0 1 2 3 4 5 6 0 1 2 3 4 5

Soil residual moisture (%)
(a) (b)

Figure 2. Soil pH (a) and soil residual soil moisture (b) for different soil depths at Control (CL)
and Stump Harvested (SH) sites on both brown earth and peaty gley soils. Bars represent mean
values and horizontal bars are the standard errors of the mean. Different letters indicate signifi-
cant differences between treatments for each soil depth and soil type at p < 0.05.

Table 2. Soil chemical parameters in Control (CL) and Stump Harvested (SH) treatments on
peaty gley soil are shown. Mean values, standard errors of the mean and the significance (p values
in bold are significant) for each soil parameter and soil depth of 0 - 20, 20 - 40 and 40 - 80 cm are
shown between the two treatments.

Peaty Gleys Soil depth 0-20cm 20 - 40 cm 40 - 80 cm
Soil parameters  Treatment nean e mean pvalue mean semean pvalue mean semean pvalue
H (cmol kg™) CL 0.83 0.08 0.7 0.40 0.03 0.595 0.28 0.06 0.26
SH 0.87 0.06 0.43 0.02 0.38 0.05
K (cmol kg_l) CL 0.19 0.01 <0.001 0.06 0.00 0.031 0.06 0.01 0.991
SH 0.13 0.01 0.05 0.00 0.06 0.01
Ca (cmol kg™) CL 2.51 0.24 <0.001 0.61 0.10 0.631 1.18 0.47 0.405
SH 1.38 0.17 0.67 0.07 0.64 0.40
Mg (cmol kg_l) CL 1.15 0.08 <0.001 0.25 0.03 0.445 0.34 0.11 0.578
SH 0.71 0.06 0.27 0.02 0.25 0.10
Na (cmol kg_l) CL 0.22 0.01 0.009 0.07 0.01 0.011 0.08 0.02 0.975
SH 0.17 0.01 0.09 0.00 0.08 0.01
Mn (cmol kg_l) CL 0.02 0.00 <0.01 0.01 0.00 0.312  0.02 0.01 0.305
SH 0.01 0.00 0.01 0.00 0.01 0.01
Fe (cmol kg_l) CL 0.79 0.05 0.001 0.21 0.02 0.644 0.37 0.16 0.39
SH 0.57 0.04 0.22 0.01 0.19 0.13
Al (cmol kg_l) CL 6.58 0.41 0.969 3.48 0.33 0.124  3.55 1.04 0.85
SH 6.56 0.29 4.11 0.23 3.29 0.88

ECEC (cmol kg™) CL 1229 074 0.043 5.10 043 0.159 5.81 1.71 0.692

SH 1040 0.52 5.85 0.30 4.89 1.44
Base
i CL 32 1.6 <0.001 19 2.0 0.834 25 6.1 0.912
Saturation (%)
SH 22 1.1 18 1.4 24 5.1

64

K
0:{3: Scientific Research Publishing



E. l. Vanguelova et al.

3.2. Soil Carbon, Nitrogen, C:N Ratio and Bulk Density

Soil Carbon (C) and Nitrogen (N) concentrations were significantly lower (p = 0.05) in
SH compared to CL plots on the PG soils in top 20 cm soil depth (Figure 3(a) and
Figure 3(b)). However, the magnitude of this difference was small (about 15% in total
soil C and 20% in total soil N). Although smaller, lower soil C (p = 0.17) and N (p =
0.04) concentrations were also observed in SH compared to CL plots in the top 0 - 20
cm of BE soil (Figure 3(a) and Figure 3(b)). However, the converse was observed for
20 - 40 cm BE soil, where SH had higher (p = 0.06) soil C concentrations compared
with the CL treatment. Soil C/N ratio was significantly lower in SH (p < 0.05) compared
with CL in the PG top 0 - 20 cm soil and also significantly higher in SH (p < 0.01)
compared with CL in 20 - 40 cm in the BE soils (Figure 3(c)).

Soil bulk density decreased significantly in SH (by about 40%) compared to CL plots
in the top 0 - 20 cm of BE soils (p < 0.05), and in all depths of PG soils (p < 0.01)
(Figure 3(d)).

0-20 B Peaty Gley - CL 0-20

O Peaty Gley - SH
B Brown Earth - CL

OBrown Earth - SH 20-40

0 5 10 15 20
Soil C concentration (%)

(a) ()

Soil depth (cm)
N
S
A
o

0.2 0.4 0.6 0.8 1
Soil N concentration (%)

=)

0-20

Soil depth (cm)
S
S
o

Soil depth (cm)
g
S
o

10 15 20 25 0.0 0.5 1.0 1.5
Soil C/N ratio Soil bulk density (g cm?)

(0 (d)

Figure 3. Soil C (a), N (b) concentrations, soil C/N ratio (c) and soil bulk density (d) for different
soil depths at Control (CL) and Stump Harvested (SH) sites on both brown earth and peaty gley
soils. Bars represent mean values and horizontal bars are the standard errors of the mean. Dif-
ferent letters indicate significant differences between treatments for each soil depth and soil type

at p<0.05.

3.3. Soil Exchangeable Base Cations, ECEC and Base Saturation

Soil major base cations (Ca** and Mg®") were not affected by stump removal on the BE
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soils with the exception of the K* in the top 0 - 20 cm, which was significantly lower by
about 11% in SH (p = 0.007) compared to CL plots (Table 1). Mean ECEC was signifi-
cantly lower (p = 0.003) in SH compared with CL plots in top BE soils, while base satu-
ration was not. While ECEC was not different, base saturation was significantly higher
in the SH compared with CL plots at 20 - 40 cm BE soils (Table 1). Soil exchangeable
Ca’, Mg, K7, soil base saturation and ECEC were all significantly lower in SH plots
compared to CL in the top 0 - 20 cm of the PG soils. Soil exchangeable K* and Mg**
were also significantly lower (p < 0.031; p < 0.011 respectively) in SH compared with
CL plots at 20 - 40 cm in PG soil (Table 2).

3.4. Soil Carbon, Nitrogen and Cation Stocks

The larger reduction in bulk density (Figure 3(d)) resulted in substantially lower soil
stocks of C, N and major exchangeable cations (Ca**, Mg®*, K*) in the top 0-20 cm of
both BE and PG soils, which were significantly (p < 0.01) reduced by stump harvesting
(Table 3 and Table 4). This reduction occurred in lower depths of the PG soils where
soil C (p = 0.09), N and K stocks (p < 0.001) were still significantly different in SH
compared with CL plots (Table 4). The difference between mean soil C and N stocks in
CL and SH plots were almost three times larger in PG soil compared with BE soil
(Table 5). For example, over four years, PG soils have lost about 220 and 13 tha™ of C
and N respectively from the whole soil profile while BE soils have lost 66 and 4 t-ha™ of
C and N stocks, respectively. Part of the lost C, N, Ca and Mg in top 20 cm of BE soil
were captured in 20 - 40 cm soil depth, but this was only small, e.g. 17% of C, 3% of N,
30% of Ca and 14% of Mg (Table 5).

Table 3. Soil carbon, nitrogen and cation stocks in Control (CL) and Stump Harvested (SH)
treatments on brown earth soil are shown. Mean values, standard errors of the mean and the sig-
nificance (p values in bold are significant) for each soil parameter and soil depth of 0 - 20 and 20
- 40 cm are shown between the two treatments.

Brown Earths Soil depth ooem i
Treatment mean semean pvalue mean semean  pvalue
C (tha™) CL 209.4 7.1 <0.001 72.1 8.0 0.232
SH 129.7 6.6 85.4 7.4
N (t-ha™) CL 10.5 0.3 <0.001 4.8 0.3 0.748
SH 6.5 0.2 4.9 0.3
K (kg-ha™) CL 11.9 0.4 <0.001 5.2 0.4 0.664
SH 7.0 0.3 5.0 0.4
Ca (kg-ha'l) CL 22.2 1.8 0.021 4.9 0.9 0.206
SH 16.7 1.5 6.5 0.9
Mg (kg-ha™) CL 18.1 1.1 <0.001 3.4 0.7 0.264
SH 10.6 1.0 4.4 0.6
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Table 4. Soil carbon, nitrogen and cation stocks in Control (CL) and Stump Harvested (S H)
treatments on peaty gley soil are shown. Mean values, standard errors of the mean and the signi-
ficance (p values in bold are significant) for each soil parameter and soil depth of 0 - 20, 20 - 40
and 40 - 80 cm are shown between the two treatments.

Soil depth 0-20cm 20 -40 cm 40 -80 cm
Peaty Gleys
Treatment ean  semean pvalue mean semean pvalue mean semean pvalue
C (tha™) CL 220.3 11.5 <0.001 112.0 8.9 0.09 233.2 55.6 0.35
SH 101.3 8.1 93.0 6.3 148.7 65.8
N (tha™) CL 11.5 0.6 <0.001 7.6 0.5 <0.001 16.2 3.1 0.24
SH 5.5 0.4 5.9 0.3 11.1 2.6
K (kg-ha™) CL 11.3 0.6 <0.001 5.4 0.4 <0.001 104 2.0 0.74
SH 4.5 0.4 3.4 0.3 9.5 1.7
Ca (kg-ha'l) CL 77.3 5.9 <0.001 28.6 4.3 0.57 113.2 44.7 0.36
SH 25.0 4.1 25.6 3.0 56.8 37.8
Mg (kg-ha™) CL 21.6 1.3 <0.001 7.0 0.8 0.48 19.8 6.6 0.48
SH 7.8 0.9 6.3 0.6 13.6 5.9

Table 5. Differences between soil stocks of C, N and base cations in Stump Harvested (SH) and
Control (CL) treatments at 0 - 20, 20 - 40 and 40 - 80 cm depth and the whole profile on both
brown earth and peaty gley soils are shown. Differences are expressed in tha™ but also they are
calculated as percentage higher (+) or lower (-) of SH than the CL in brackets.

Soil stock difference between SH and CL
Soil type Soil depth (cm)
C (tha™) N (t-ha™) K (tha') Ca(tha?) Mg(tha™)

Brown earth 0-20 79.7 (=38%) 4.1 (=39%) 5.0 (—42%) 5.5 (=25%) 7.5 (-41%)
20 - 40 133 (+18%) 0.1 (+3%) 0.2 (-4%) 1.6 (+34%) 1.0 (+30%)

Profile Total 0-80 66.4 (—23%)  4(-26%) 5.2 (=30%) 3.9(-14%) 6.4 (=30%)
Peaty gley 0-20 119.0 (-54%) 6.0 (-52%) 6.8 (—60%) 62.4 (—-68%) 13.9 (—64%)
20 - 40 190 (-17%) 1.7 (-23%) 2.0 (-37%) 3.0 (-11%) 0.7 (~10%)

40 - 80 845 (=36%) 5.1 (=32%) 0.9 (-9%) 56.4 (=50%) 6.2 (=32%)

Profile Total 0-80 222.5(=39%) 12.8 (-36%) 9.7 (-36%) 111.8 (=51%) 20.8 (—43%)

3.5. Tree Growth and Nutrition

Mean Sitka spruce height four years after planting was highly significantly lower (by
17%) in the SH treatment compared to CL on BE soil (p < 0.001) but was not signifi-
cantly different in PG soils (p = 0.08) (Figure 4(a)). Tree growth was significantly bet-
ter (p < 0.001) on BE CL plots compared with the same on the PG soil. Seedling sur-
vival rate was lower, e.g. 35 dead/yellow unhealthy seedlings (10% of total number) in
SH compared with 19 (3.5% of total number) in CL plots on the PG soil. No dead
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Figure 4. Seedlings height assessments (a) and survival (b) at Control and Stump Harvested sites
on both brown earth and peaty gley soils. In (a), bars represent mean values and vertical bars are
the standard errors of the mean (n > 320 < 530 trees per treatment). Different letters indicate sig-
nificant differences between treatments at p < 0.05; in (b) bars represents the total number of
dead seedlings per treatment.

seedlings were scored in the treatments on the BE soils (Figure 4(b)). Tree foliar N and
P concentrations were significantly reduced (p < 0.01) by stump removal on the PG
soil, while no differences were observed between treatments in the BE soil (Figure 5).
Foliar K" concentrations were significantly higher (p < 0.05) in SH compared to CL
plots on the BE soils and no changes have been observed for K* on the PG soils. On the
other hand, foliar Ca®* concentrations were significantly higher (p < 0.001) in SH com-
pared with CL plots on PG soils, but no changes in Ca®* were observed in the BE soil.
Foliar Mg** concentration were not different between either treatments or soils (Figure
5). Foliar N and P concentrations were below deficiency levels, stated by Van den Burg
(1985) and Taylor (1991) for these nutrients for Sitka spruce of similar age trees, in both
the CL and SH treatment with the exception of P in trees in CL plot on PG soils. Foliar
concentrations of K*, Ca®* and Mg’* were much higher than the suggested deficiency
levels for these cations (Figure 5) (Van den Burg, 1985; Taylor, 1991).

4. Discussion

4.1. Changes in Soil C and N Storage Due to Stump Harvesting

The disturbance of forest soils during normal harvesting operations is known to result
in mineralisation of soil organic matter, leading to carbon loss as carbon dioxide, and
potential elevated leaching of Dissolved Organic Carbon (DOC) (Reynolds, 2007;
Walmsley & Godbold, 2010). The extra practice of stump harvesting has thus been
questioned, as the benefits of fossil fuel substitution may be outweighed by soil carbon
loss to the atmosphere (Walmsley & Godbold, 2010; Moffat et al., 2011).

The results of this case study shows that stump harvesting practice could reduce soil
C and N and soil water retention (using residual water as an indicator), but the impacts

were three times larger in PG soils compared with BE soils. Four years after stump re-
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Figure 5. Tree foliar nutrient (N, P, K, Ca and Mg) concentrations at Control and Stump Har-
vested sites on both Brown earth and Peaty gley soils. Bars represent mean values and vertical
bars are the standard errors of the mean (n = 5 trees per treatment). Different letters indicate sig-
nificant differences between treatments at p < 0.05. Dashed lines show the deficiency levels for
nutrients according to Taylor (1991) and Van den Burg (1985).

moval, C stocks were depleted by 220 t C ha™' and N stocks depleted by 13 t-ha™, in the
0 - 80 cm of the soil profile of PG soil, compared with soils where stumps were left in
situ. This compares with 66 and 4 t-ha™ loss respectively for C and N from the BE soil.
Overall BE soils lost 23% of their total C compared with 39% C loss from PG soil. It is
important to note that 17% of C and 3% of N loss in the top 20 cm was compensated
for the BE soil beneath (20 - 40 cm) likely due to mineralised topsoil C and N move-
ment down the soil profile and retention in the mineral subsoil, but C and N stocks also
decreased down to 80 cm depth in the PG soils. The higher decomposition and minera-
lisation in the top 0 - 20 cm of PG soil in the SH plots were also confirmed by the sig-
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nificantly lower soil C/N ratio than in the CL plots. This was reverse in the deeper 20 -
40 cm BE soil with significantly higher soil C/N ratio in the SH compared to CL plots
(Figure 3(c)). This suggests that mixing organic with mineral soils could have larger
impact on soil C and N compared to mixing mineral with mineral soil. There was a
large increase in variability (see standard errors in Figure 3(a) and Figure 3(b) and
Table 3 and Table 4) of soil C and N with depth (40 - 80 cm) in PG soils suggesting
that soil disturbance is more homogeneous in the top soil.

Moffat et al. (2011) reviewed other studies which recorded a decrease in total soil
carbon following stump harvesting. In Canada, Hope (2007) suggested that over 1t C
ha™ y! might be lost compared with sites undisturbed by stump harvesting operations.
In Sweden, emissions of 6.8 t C ha™ y™' have been recorded following soil disturbance
analogous to that experienced during stump harvesting (Jarvis et al., 2009). Wass and
Smith (1997) found that soil on other stump harvested sites had significantly lowered
concentration of organic carbon and total nitrogen, and significantly higher pH than
undisturbed soil in the 0 - 10 cm layer, although there were no significant differences
for any of the soil chemical parameters for the 10 - 20 cm layer. Modelling also predicts
that soil carbon stocks will decline under a complete tree harvesting regime, including
removal of stumps and roots (Agren et al., 2007). Nevertheless, others have argued that
even though there may be substantial carbon losses at the time of harvest, stump re-
moval has a comparatively minor impact on the total carbon pool over a rotation pe-
riod (Egnell et al., 2007). Cowie et al. (2006) also considered the decline in soil carbon to
be negligible in comparison with the greenhouse gas mitigation of offset fossil fuel
emissions. Such assertions have been contested by Jarvis et al. (2009) who suggested that
significantly enhanced CO, emissions may continue throughout the next rotation. Re-
cent calculation of the potential contribution to GHG emission reduction through fossil
fuel substitution by woody chips from stump harvesting of Sitka spruce estimated 13
tha™ for brown earth soils and 10 t-ha™ for peaty gley soils, taking into account all
emissions from machine harvesting, transport and physical soil removal but not poten-
tial loss of soil C. Based on these values, potential stump removal benefits would be ne-
gated by soil C losses of >15% for a mineral soil and for a peaty gley a loss of >5% over
the next rotation (Morison et al., 2012).

In the Bala study site, it is likely that most of the carbon was lost in the first one to
two seasons after harvesting and has been unequal over the following years similar to
findings from other studies (Mojeremane et al., 2012). This suggests the calculation of
annual soil C loss rates is inappropriate. In addition, the proportion of soil C loss via
initial mineralisation and respiration, versus soil C loss through water drainage as dis-
solved or particulate, is unknown. Soil C loss in peaty gley soil at Kielder forest due to
drainage and deep ploughing was reported at a rate of 1.8 t-ha™ y™' over the first 30
years of first rotation Sitka spruce plantation (Vanguelova et al., 2017). Collison et al.
(2015) measured five times more soil volume disturbance by stump harvesting than
trench mounding forest preparation practices from a site in Scotland. Thus, the sub-
stantial loss of soil C (e.g. 220 t-ha™ from PG soils and 66 t-ha™' from BE soils) after
only 4 years in this stump harvesting study is difficult to compare to losses from soil

disturbance due to site preparation practices. The losses are expected to be the highest
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during the first few years after stump harvesting, and would equal the order of magni-
tude of aboveground C that one tree rotation generates (Morison et al., 2012).

Reduction in mineral soil C and N concentrations and also forest floor thickness has
been recorded 20 years after stump harvesting in various sites on mineral forest soils in
the USA (Zabowski et al., 2008). In those sites, stocks of soil C and N were 21% and 19%
respectively less in stump harvested areas compared to non-harvested areas. Long term
impacts on soil C in the organic layer were also recorded in Sweden, 25 years after
stump and residue removal (Strémgren et al., 2011). In that study, losses rose from 12 to
18 tha™ over time, which still represents a 34% difference. Therefore the long term
impact of stump removal needs to be considered in the evaluation of the sustainability
of this practice for future forest rotations.

The changes in soil N concentrations, C/N ratios and total N stocks in this case study
provide information on likely mineralisation rates and their magnitude following
stump harvesting in different soil types. Changes of total soil profile N stocks of 4 t-ha™
on BE and 13 t-ha™ on PG soils were observed, which suggest that mineralisation due to
stump harvesting could be three times higher on organo-mineral soils compared to
mineral soils. Change in soil C/N ratio due to SH also confirmed the higher mineralisa-
tion in top PG soil (e.g. lower soil C/N ratio) compared to lower mineralisation in BE
subsoil (e.g. higher soil C/N ratio). The highest and most significant changes in both
soils C and N were observed in the topsoil (<20 cm depth) compared to subsoil (>20
cm depth) suggesting that the rooting zone for second rotation plantation would be af-
fected. It has long been known that mixing organic and inorganic soil components,
coupled with increased aeration, will initially elevate soil pH and thus promote miner-
alisation. This leads to the production of ammonium and loss of nitrate (e.g. Salonius,
1983; Lundmark, 1984; Staaf & Olsson, 1994). In the absence of vegetation, these poten-
tial pollutants can leach from the site, posing a risk to water quality and potentially
compromising the growth of following rotations. This will be partly countered by faster
rate of re-vegetation on destumped sites, which should shorten the period of nutrient

loss as plants take up nutrients (Emmett et al., 1991; Palviainen et al., 2007).

4.2. Changes in Soil Nutrient Status and Acidity
Due to Stump Harvesting

The effects of stump harvesting on soil chemistry can be considered in two main ways:
firstly nutrient supply to future forest rotations, and secondly through the possible ef-
fects on soil biogeochemistry and water quality (Pitman, 2008; Moffat et al., 2011). For
sites and soil types already considered at risk from stump removal or forest residue
harvesting because of their inherent infertility (Moffat et al., 2006; Nisbet et al., 1997;
Nisbet, 2009), extra nutrient removal in stumps and roots would appear to increase this
threat. Results from this case study on soil base cations, acidity, ECEC and base satura-
tion have shown that the effects of destumping on those soil properties was distinctly
different between soil types. Destumping had decreased K, Ca and Mg stocks with 42%,
25% and 41%, respectively in the 0 - 20 cm BE, of which 30% of the Ca and 14% of the
Mg were captured then in the 20 - 40 cm soil (Table 3 and Table 4). These changes

were mostly driven by effects of the soil bulk density rather than soil base cations con-
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centrations. Base saturation and ECEC also changed significantly (Table 1). On the
other hand, stump removal reduced soil K, Ca and Mg stocks by 60%, 68% and 65%
respectively in the 0 - 20 cm PG soils and also in the deeper soils, in which no recovery
was observed (Table 4). These changes were driven by both changes in soil cation con-
centration (Table 2) and bulk density (Figure 4). Disturbing soils with higher levels of
cations and mixing mineral with organic layers, as in the PG soil, caused larger ex-
change of cations and the higher likelihood of loss.

At Bala, four years after stump harvesting and mixing of upper BE soil horizons, pH
had increased, but no change in PG upper soil horizons was measured though soil
acidification in deeper PG soil was detected. The study of Hope (2007) which found no
evidence that stump harvesting had caused pH changes in either the forest floor or
mineral soil horizon after 10 year. Staaf and Olsson (1994) undertook a study in a Nor-
way spruce (Picea abies (L) Karst) forest in southwest Sweden and found that soil water
pH fell where stumps had been removed-indicative of enhanced nitrification, nitrate
leaching and soil acidification. Acidification effects associated with all treatments ap-
peared to be greatest over the short term, with soil solution pH returning to
pre-treatment levels after five years. Soil acidification coupled with declines in base
saturation and cation exchange capacity have also been observed following whole-tree
harvesting compared with stem-only conventional harvesting—similar results have
been obtained across a number of different sites (Nykvist & Rosen, 1985; Staaf & Olsson,
1991; Dahlgren & Driscoll, 1994; Olsson et al., 1996; Rosenberg & Jacobson, 2004).
Meanwhile, Olsson and Staaf (1995) considered the acidifying and nutrient depleting
effects of residue harvesting to represent a far greater threat to forest sustainability than
the loss of soil organic matter (SOM), and suggested that such effects can be adequately
addressed by returning wood ash to sites.

Preliminary guidance on site selection for stump harvesting (Forest Research, 2009)
recommends that stump harvesting is avoided on soil types which are nutrient poor
and naturally prone to acidification, notably unflushed peatland/bog soils, Molinia

bogs, ironpan soils, podzols, littoral soils, rankers and skeletal soils.

4.3. Soil Disturbance during Stump Removal

The evaluation of stump removal at Bala in this study covered only areas physically
disturbed by pulling tree stumps out of the soil, which covered about 75% - 80% of the
site (estimated by aerial photography). Extraction areas and brash mats, which cover
20% - 25% of the study site, were excluded from this study. Similar disturbance per-
centages were found in stump removal trials in British Columbia, 72% - 85% of the area
(Smith & Wass, 1994; Wass & Smith, 1997) where 74% of disturbance was caused by the
stump removal, and only 11% by the harvesting (Wass & Smith, 1997). Comparative
analysis of available studies clearly indicates that impact on site will depend on stump
removal method (Pitman, 2008; Vasaitis et al., 2008), with least disturbance when
stumps are drilled out or, when uprooted, are left upended at the extraction holes
(Smith & Wass, 1994). The impacts of stump transportation across the site, with the
likely creation of soil compaction (Smith & Wass, 1989, 1991), would result in a differ-

ent mean site figure to those reported here. However, the area evaluated in this study
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represents a high proportion of the Bala site, and the results can be taken as a good
overall assessment of the impact that stump harvesting can have on soil properties.

It is clear from the reduced soil bulk density, residual soil water content and C and N
concentrations (Figure 2 and Figure 3) in the SH compared with the CL plots that the
disturbance of the PG soil had larger impact on soil physics, water and soil aeration and
mineralisation compared to BE soil, which has less topsoil C content. The PG soils were
also disturbed more deeply than the BE soils (Figure 2(b) and Figure 3). Other studies
on organo-mineral soils in Scotland have found a significant net decrease in soil bulk
density by stump harvesting and an increase in soil volume disturbance (Collison et al.,
2015).

The level of disturbance on the site by stump harvesting procedures may be particu-
larly large, as the Bala site was set up as a machinery trial site and results from this case
study should be taken as potentially “the worst case scenario”. Current stump harvest-
ing best practice (Forest Research, 2009) considers that sites with a peat depth of >45 cm
are at high risk from stump removal, resulting in a presumption against the practice.
Soils with a peat layer of between 5 and 45 cm such as here are classed as medium risk,
but this study shows that the impact of stump removal could be significant for soil dis-
turbance. Other soil types, with relatively low soil organic matter are classed as low risk
(Forest Research, 2009).

4.4. Stump Harvesting Impact on Second Rotation Tree Performance

The difference in tree growth between CL and SH plots was much more pronounced on
the BE soil compared to the PG soils. Stump harvesting on BE soil significantly reduced
tree growth, which is probably due to the reduction of soil moisture content on this al-
ready freely draining sandy brown soil (Figure 2(b)).

Although the impact of destumping on soil C, N, other nutrients and base cations
was much higher on the PG than BE soils, seedling survival rate was much higher in CL
compared with SH plots (Figure 4(b)). This was not reflected in the seedling growth
however, which was similar between SH and CL on PG soil (Figure 4(a)). This may be
because the N and base cation contents were naturally much higher in PG than BE soils
(compare Control plots (0 - 20 cm) in Figure 3(b) and Table 1 and Table 2). In addi-
tion, the nutrient status differences may be emphasised by the soil water status, using
residual water content as a surrogate indicator, which is higher in the PG compared
with the BE soils (Figure 2(b)). Positive impact by stump removal on seedling survival
has been reported in many studies reviewed by Vasaitis et al. (2008), but some other
studies were not as clear or had reported negative impacts of stump harvesting on seed-
ling survival rate. Soil compaction and stagnant water were deemed as the main reasons
for such observed lower survival (Smith & Wass, 1991). Some surface waterlogging
could have affected the Bala PG soils at the bottom of the hillslope.

Although this may be true for young seedling trees, the influence of lower supply of
N and base cations in the PG soils in the SH site is likely to affect the growth of the
Sitka spruce more in subsequent years, when tree nutrient demand increases. This is
already seen in the significantly reduced levels of seedling foliar N and P content

(Figure 5). The reduction of foliar P levels in PG soils is of particular concern as stump
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removal reduced P from normal to deficient levels. Conversely, foliar cation levels were
not influenced by the stump harvesting and soil disturbance. On the other hand, con-
sequent release of base cations in SH plots had increased K and Ca uptake by seedlings
(Figure 5).

The response of second rotation seedlings to changes in soil nutrient levels, found
only five years following stump harvesting, suggest that tree growth and P status could
be impaired in the long term. In addition, depending on water and nutrient supply, as
trees invest more or less carbon below-ground in coarse and fine roots, the net impact

of stump harvesting on tree growth and C sequestration could be affected.

5. Conclusion

The experimental site at Bala proved a useful case study of the possible medium term
effects of stump harvesting of Sitka spruce on key soil nutrient characteristics. Stump
harvesting at this site had some negative effects on soil C, N, residual water and base
cations in both brown podzolised soils and peaty gley soil types. The peaty gley soils
show almost three times higher changes in C, N and base cations concentrations com-
pared with sandy brown mineral soils. Soil C and N stocks reductions of 23% in BE and
39% in PG soils found in the stump harvested plots were mainly driven by the large re-
duction of soil bulk density caused by stump harvesting. The soil disturbance and soil
mixing by stump harvesting also had an effect on soil cations concentrations and
stocks. Tree growth may initially have been driven primarily by water availability, so
that soil water has overridden the negative impacts of stump harvesting on soil quality.
Further investigation is needed to determine if this remains the case for older trees
(e.g. >four years old). Determination of C allocated in the trees above and below
ground in all treatments and soil types is also needed to evaluate the overall impact of
stump harvesting on C storage on the site.

The results of this study should be interpreted with caution as the CL and SH plots
could not be chosen entirely at random and the differences interpreted as increases or
decreases in various stocks were based on the assumption of soil uniformity before
treatments took place. The Bala site was a trial site for testing the feasibility of mecha-
nised stump harvesting, using different machines across the site. Therefore, the magni-
tude of the impacts on the soils and tree growth found in this study could be seen as the
“worst case scenario”, particularly for the peaty section (>40 cm) of the site. Current
stump harvesting practices that follow carefully the sustainable guidelines for minimum
disturbance (Forest Research, 2009) on appro- priate soil types may be expected to show

reduced impacts of this practice.

Acknowledgements

We would like to thank UPM Tillhill, UK for giving us permission to carry out the
study at their destumped experimental site at Bala, Wales and Dr. James Walmsley for
the initial contact. Also, the Technical Support Unit at Forest Research is gratefully ac-
knowledged for carrying out the soil sampling and Dr. Helen Cariss for helping with

the tree measurements at the site. Forest Research laboratory undertook all soil chemi-

74

%

0:: Scientific Research Publishing

R
%®



E. l. Vanguelova et al.

cal analysis. This work was funded through the Forestry Commission C&FS pro-
grammes on Soil Sustainability and Managing Forest Carbon and Greenhouse Gas

Balances.

References

Agren, G. L, Hyvonen, R., & Nilsson, T. (2007). Are Swedish Forest Soils Sinks or Sources for
CO, Model Analyses Based on Forest Inventory Data. Biogeochemistry, 82, 217-227.
https://doi.org/10.1007/510533-006-9064-0

Collison, J., Wilson, C. A., Moffat, A. J., & Gallacher, J. (2015). Soil Disturbance Resulting from
Stump Harvesting. Scottish Forestry, 69, 20-27.
Cowie, A. L., Smith, P., & Johnson, D. (2006). Does Soil Carbon Loss in Biomass Production Sys-

tems Negate the Greenhouse Benefits of Bioenergy? Mitigation and Adaptation Strategies for
Global Change, 11,979-1002. https://doi.org/10.1007/s11027-006-9030-0

Dahlgren, R. A., & Driscoll, C. T. (1994). The Effects of Whole-Tree Clear-Cutting on Soil Proc-
esses at the Hubbard Brook Experimental Forest, New Hampshire, USA. Plant Soil, 158,
239-262. https://doi.org/10.1007/BF00009499

DEFRA. (2013). Government Forestry and Woodlands Policy Statement. Final Report, PB13871.
https://www.gov.uk/government/uploads/system/uploads/attachment_data/file/221023/pb138

71-forestry-policy-statement.pdf

Egnell, G., Hyvonen, R., Hogbom, L., Johansson, T., Lundmark, T., Olsson, B., Ring, E., & Von
Sydow, E. (2007). Miljokonsekvenser av stubbskérd-en sammanstillning av kunskap och
kunskapsbehov. Energimyndigheten Rapport ER 2007 40, Statens Energimyndighet.

Emmett, B. A., Anderson, J. M., & Hornung, M. (1991). Nitrogen Sinks Following Two Intensi-
ties of Harvesting in a Sitka Spruce Forest (N. Wales) and the Effect on the Establishment of
the Next Crop. Forest Ecology and Management, 41, 81-93.
https://doi.org/10.1016/0378-1127(91)90120-K

European Commission (2016). Proposal for a Directive of the European Parliament and of the
Council on the Promotion of the Use of Energy from Renewable Sources. Brussels, 30.11.2016
COM (2016) 767 Final, 2016/0382 (COD).
https://ec.europa.eu/energy/sites/ener/files/documents/1_en_act_partl_v7_1.pdf

European Union Committee (2008). The EU’s Target for Renewable Energy: 20% by 2020. 27th
Report of Session 2007-2008, Volume 1: Report, Published by the Authority of the House of
Lords London: The Stationery Office Limited.
http://www.publications.parliament.uk/pa/ld200708/ldselect/ldeucom/175/175.pdf

Forest Research. (2009). Stump Harvesting: Interim Guidance on Site Selection and Good Prac-
tice. Farnham: Forest Research.
http://www.forestresearch.gov.uk/pdf/FC_stump_harvesting_guidance_April09.pdf

Forestry Commission (2007). A Woodfuel Strategy for England. Bristol: Forestry Commission
England.

GenStat (2003). The Guide to GenStat Release 7.1 Part 2: Statistics. Payne, R. W., Ed., Lawes Ag-
ricultural Trust, Rothamsted, Experimental Station, Oxford: VSN International.

Hope, G. D. (2007). Changes in Soil Properties, Tree Growth, and Nutrition over a Period of 10
Years After Stump Removal and Scarification on Moderately Coarse Soils in Interior British

Columbia. Forest Ecology and Management, 242, 625-635.
https://doi.org/10.1016/j.foreco.2007.01.072

IUSS Working Group WRB (2015). World Reference Base for Soil Resources 2014, Update 2015.
International Soil Classification System for Naming Soils and Creating Legends for Soil Maps.
World Soil Resources Reports No. 106, Rome: FAO.

%
035: Scientific Research Publishing

75


https://doi.org/10.1007/s10533-006-9064-0
https://doi.org/10.1007/s11027-006-9030-0
https://doi.org/10.1007/BF00009499
https://www.gov.uk/government/uploads/system/uploads/attachment_data/file/221023/pb13871-forestry-policy-statement.pdf
https://www.gov.uk/government/uploads/system/uploads/attachment_data/file/221023/pb13871-forestry-policy-statement.pdf
https://doi.org/10.1016/0378-1127(91)90120-K
https://ec.europa.eu/energy/sites/ener/files/documents/1_en_act_part1_v7_1.pdf
http://www.publications.parliament.uk/pa/ld200708/ldselect/ldeucom/175/175.pdf
http://www.forestresearch.gov.uk/pdf/FC_stump_harvesting_guidance_April09.pdf
https://doi.org/10.1016/j.foreco.2007.01.072

E. l. Vanguelova et al.

Jarvis, P. G., Clement, R. J., Grace, J., & Smith, K. A. (2009). The Role of Forests in the Capture
and Exchange of Energy and Greenhouse Gases. In D. J. Read, P. H. Freer-Smith, J. I. L. Mori-
son, N. Hanley, C. C. West, & P. Snowdon (Eds.), Combating Climate Change—A Role for UK
Forests. An Assessment of the Potential of the UK's Trees and Woodlands to Mitigate and
Adapt to Climate Change (pp. 21-47). Edinburgh: TSO.

Kennedy, F. (2002). The Identification of Soils for Forest Management. Forestry Commission
Field Guide, Edinburgh: Forestry Commission.

Lundmark, J.-E. (1984). The Effect of Stump Harvesting. Soil Mixing Can Give Rise to Loss of
Nutrients. In B. Andersson, & S. Falk (Eds.), Forest Energy in Sweden (pp. 100-102). Report
from Seven Years of Whole Tree Utilization Research, Garpenberg: Swedish University of Ag-
ricultural Sciences.

McKay, H., Bijlsma, A., Bull., G., Coppock, R., Dutchworth, R., Halsall, L. et al. (2003). Woodfue/
Resource in Britain. Final Report to DTI, Scottish Enterprise, Welsh Government and the For-
estry Commission.

Moffat, A. ]., Jones, W. M., & Mason, W. L. (2006). Managing Brash on Conifer Clearfell Sites.
Forestry Commission Practice Note (FCRNO013), Edinburgh: Forestry Commission.

Moffat, A. J., Nisbet, T. R., & Nicoll, B. (2011). Environmental Effects of Stump and Root Har-
vesting. Forest Commission Research Note 9, Edinburgh: Forestry Commission.
Mojeremane, W., Rees, R. M., & Mencuccini, M. (2012). The Effects of Site Preparation Practices

on Carbon Dioxide, Methane and Nitrous Oxide Fluxes from a Peaty Gley Soil. Forestry, 85,
1-15. https://doi.org/10.1093/forestry/cpr049

Morison, J. I., Matthews, R. W., Perks, M. P., Randle, T. J., Vanguelova, E. I., White, M. E., &
Yamulki, S. (2012). Understanding the Carbon and Greenhouse Gas Balance of Forests in Brit-
ain. Forestry Commission Research Report, Edinburgh: Forestry Commission.
http://www.forestry.gov.uk/PDF/FCRP018.pdf/$FILE/FCRP018.pdf

Nisbet, T.R. (2009). Guidance on Site Selection for Brash Removal. Farnham: Forest Research.
http://www.forestry.gov.uk/pdf/Brash_residue_protocol.pdf

Nisbet, T., Dutch, J., & Moffat, A. (1997). Whole-Tree Harvesting: A Guide to Good Practice.
Forestry Commission Practice Guide, Edinburgh: Forestry Commission.
http://www.forestresearch.gov.uk/PDF/wth.pdf/$FILE/wth.pdf

Nykvist, N., & Rosen, K. (1985). Effect of Clear-Felling and Slash Removal on the Acidity of
Northern Coniferous Soils. Forest Ecology and Management, 11, 157-169.
https://doi.org/10.1016/0378-1127(85)90024-6

Olsson, B. A., & Staaf, H. (1995). Influence of Harvesting Intensity of Logging Residues on
Ground Vegetation in Coniferous Forests. Journal of Applied Ecology, 32, 640-654.
https://doi.org/10.2307/2404659

Olsson, B. A., Bengtsson, J., & Lundkvist, H. (1996). Effects of Different Forest Harvest Intensi-
ties on the Pools of Exchangeable Cations in Coniferous Forest Soils. Forest Ecology and
Management, 84, 135-147. https://doi.org/10.1016/0378-1127(96)03730-9

Palviainen, M., Finér, L., Laurén, A., Mannerkoski, H., Piirainen, S., & Starr, M. (2007). Devel-
opment of Ground Vegetation Biomass and Nutrient Pools in a Clear-Cut Disc-Ploughed Bo-
real Forest. Plant and Soil, 297, 43-52. https://doi.org/10.1007/s11104-007-9317-2

Pitman, J. I. (2008). A Review of the Environmental Impacts of Tree Stump Harvesting on UK
Coniferous Forests. Forest Research Report, Forest Research Contract CR2007/08/164.

Read, D. J., Freer-Smith, P. H., Morison, J. I. L., Hanley, N., West, C. C., & Snowdon, P. (2009).
Combating Climate Change—A Role for UK Forests. An Assessment of the Potential of the
UK’s Trees and Woodlands to Mitigate and Adapt to Climate Change. Edinburgh: TSO.

Renewable Energy Review (2011). Committee on Climate Change.

76

K
0:53: Scientific Research Publishing


https://doi.org/10.1093/forestry/cpr049
http://www.forestry.gov.uk/PDF/FCRP018.pdf/$FILE/FCRP018.pdf
http://www.forestry.gov.uk/pdf/Brash_residue_protocol.pdf
http://www.forestresearch.gov.uk/PDF/wth.pdf/$FILE/wth.pdf
https://doi.org/10.1016/0378-1127(85)90024-6
https://doi.org/10.2307/2404659
https://doi.org/10.1016/0378-1127(96)03730-9
https://doi.org/10.1007/s11104-007-9317-2

E. l. Vanguelova et al.

https://www.theccc.org.uk/archive/aws/Renewables%20Review/The%20renewable%20energy%

20review_Printout.pdf

Reynolds, B. (2007). Implications of Changing from Grazed or Semi-Natural Vegetation to For-
estry for Carbon Stores and Fluxes in Upland Organo-Mineral Soils in the UK. Hydrology and
Earth System Sciences, 11, 61-76. https://doi.org/10.5194/hess-11-61-2007

RHI. (2016). Non-Domestic Renewable Heat Incentive (RHI) Quarterly Report Covering July
2016 to September 2016.
https://www.ofgem.gov.uk/system/files/docs/2016/10/ndrhi-quarterly-oct2016.pdf

Rosenberg, O., & Jacobson, S. (2004). Effects of Repeated Slash Removal in Thinned Stands on
Soil Chemistry and Understorey Vegetation. Si/va Fennica, 38, 133-142.
https://doi.org/10.14214/sf.423

Salonius, P. O. (1983). Effects of Organic-Mineral Soil Mixtures and Increasing Temperature on
the Respiration of Coniferous Raw Humus Material. Canadian Journal of Forest Research, 13,
102-107. https://doi.org/10.1139/x83-015

Smith, R. B., & Wass, E. F. (1989). Soil Displacement in Stump-Uprooting Equipment Trials on a
Root Rot Infested Cutover. Journal of Soil and Water Conservation, 44, 351-352.

Smith, R. B., & Wass, E. F. (1991). Impacts of Two Stumping Operations on Site Productivity in
Interior British Columbia (43 p). Information Report BC-X-327 Victoria: Forestry Canada, Pa-
cific Forestry Centre.

Smith, R. B., & Wass, E. F. (1994). Impacts of a Stump Uprooting Operation on Properties of a
Calcareous Loamy Soil and on Planted Seedling Performance (19 p). Information Report
BC-X-344, Victoria: Canadian Forest Service, Pacific Forestry Centre.

Staaf, H., & Olsson, B. A. (1991). Acidity in Four Coniferous Forest Soils after Different Harvest-
ing Regimes of Logging Slash. Scandinavian Journal of Forest Research, 6, 19-29.
https://doi.org/10.1080/02827589109382643

Staaf, H., & Olsson, B. A. (1994). Effects of Slash Removal and Stump Harvesting on Soil Water
Chemistry in a Clearcutting in SW Sweden. Scandinavian Journal of Forest Research, 9, 305-
310. https://doi.org/10.1080/02827589409382844

Stromgren, M., Egnell, G., & Olsson, B. A. (2011). Long-Term Effects of Stump Harvesting on
Carbon Pools in Four Forest Stands in Sweden.

Taylor, C. M. A. (1991). Forest Fertilisation in Britain. Forestry Commission Bulletin 95, London:
HMSO.

Vanguelova, E. I, & Nisbet, T. (2010). Protection of Forest Soils and Water in a Changing Cli-
mate-Management and Policy Challenges. In K. Crighton, & R. Audsley (Eds.), SAC/SEPA
Proceedings of “Climate, Water and Soil Science, Policy and Practice (pp. 146-153).

Vanguelova, E. I, Pitman, R., Luiro, J., & Helmisaari, H.-S. (2010). Long Term Impacts of Whole
Tree Harvesting on Soil Carbon and Nutrient Sustainability in the UK. Biogeochemistry, 101,
43-59. https://doi.org/10.1007/s10533-010-9511-9

Vanguelova E. I, Crow, P., Benham, S., Pitman, R., Forster, J., Eaton, E. L., & Morison, J. I. L.
(2017). Impact of Sitka Spruce Afforestation on the Carbon Stocks of Peaty Gley Soils—A
Chronosequence Study in the North of England. Accepted in Forestry.

Vasaitis, R., Stenlid, J., Thomsen, I. M., Barklund, P., & Dahlberg, A. (2008). Stump Removal to
Control Root Rot in Forest Stands. A Literature Study. Si/va Fennica, 42, 457-483.

Van Den Burg, J. (1985). Foliar Analysis for Determination of Tree Nutrient Status—A Compila-
tion of Literature Data. Report No 414, Wageningen: Rijksinstituut voor Onderzoek in de
Bos-en Landschapsbouw “de Dorschkamp”.

Walmsley, J. D., & Godbold, D. L. (2010). Stump Harvesting for Bioenergy—A Review of the En-
vironmental Impacts. Forestry, 83, 17-38. https://doi.org/10.1093/forestry/cpp028

Wass, E. F., & Smith, R. B. (1997). Impacts of Stump Uprooting on a Gravely Sandy Loam Soil

%
035: Scientific Research Publishing

77


https://www.theccc.org.uk/archive/aws/Renewables%20Review/The%20renewable%20energy%20review_Printout.pdf
https://www.theccc.org.uk/archive/aws/Renewables%20Review/The%20renewable%20energy%20review_Printout.pdf
https://doi.org/10.5194/hess-11-61-2007
https://www.ofgem.gov.uk/system/files/docs/2016/10/ndrhi-quarterly-oct2016.pdf
https://doi.org/10.14214/sf.423
https://doi.org/10.1139/x83-015
https://doi.org/10.1080/02827589109382643
https://doi.org/10.1080/02827589409382844
https://doi.org/10.1007/s10533-010-9511-9
https://doi.org/10.1093/forestry/cpp028

E. l. Vanguelova et al.

and Planted Douglas Fir Seedlings in South-Coastal British Columbia (15 p). Information Re-
port BC-X-368, Victoria: Canadian Forest Service, Pacific Forestry Centre.

Zabowski, D., Chambreau, D., Rotramel, N., & Thies, W. G. (2008). Long-Term Effects of Stump
Removal to Control Root Rot on Forest Soil Bulk Density, Soil Carbon and Nitrogen Content.
Forest Ecology and Management, 255, 720-727. https://doi.org/10.1016/j.foreco.2007.09.046

RS
903
“::0

Scientific Research Publishing

Submit or recommend next manuscript to SCIRP and we will provide best service
for you:

Accepting pre-submission inquiries through Email, Facebook, LinkedIn, Twitter, etc.
A wide selection of journals (inclusive of 9 subjects, more than 200 journals)
Providing 24-hour high-quality service

User-friendly online submission system

Fair and swift peer-review system

Efficient typesetting and proofreading procedure

Display of the result of downloads and visits, as well as the number of cited articles
Maximum dissemination of your research work

Submit your manuscript at: http://papersubmission.scirp.org/
Or contact ojf@scirp.org

K2
78 0:53: Scientific Research Publishing


https://doi.org/10.1016/j.foreco.2007.09.046
http://papersubmission.scirp.org/
mailto:ojf@scirp.org

	Impact of Tree Stump Harvesting on Soil Carbon and Nutrients and Second Rotation Tree Growth in Mid-Wales, UK
	Abstract
	Keywords
	1. Introduction
	2. Methods
	2.1. Site Description
	2.2. Soil Sampling and Methodology
	2.3. Tree Growth Assessments 
	2.4. Statistical Analysis

	3. Results 
	3.1. Soil Acidity and Moisture
	3.2. Soil Carbon, Nitrogen, C:N Ratio and Bulk Density
	3.3. Soil Exchangeable Base Cations, ECEC and Base Saturation
	3.4. Soil Carbon, Nitrogen and Cation Stocks
	3.5. Tree Growth and Nutrition 

	4. Discussion 
	4.1. Changes in Soil C and N Storage Due to Stump Harvesting 
	4.2. Changes in Soil Nutrient Status and Acidity Due to Stump Harvesting
	4.3. Soil Disturbance during Stump Removal
	4.4. Stump Harvesting Impact on Second Rotation Tree Performance

	5. Conclusion
	Acknowledgements
	References

