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Abstract

The study investigated the effects of forest residue extraction on tree growth and base cations concentrations in soil water
under different climatic conditions in Sweden. For this purpose, the dynamic model ForSAFE was used to compare the
effects of whole-tree harvesting and stem harvesting on tree biomass and the soil solution over time at 6 different forest
sites. The study confirmed the results from experimental sites showing a temporary reduction of base cation concentration
in the soil solution for a period of 20-30 years after whole-tree harvesting. The model showed that this was mainly caused
by the reduced inputs of organic material after residue extraction and thereby reduced nutrient mineralisation in the soil. The
model results also showed that whole-tree harvesting can affect tree growth at nitrogen-poor forest sites, such as the ones in
northern Sweden, due to the decrease of nitrogen availability after residue removal. Possible ways of reducing this impact
could be to compensate the losses with fertilisation or extract residue without foliage in areas of Sweden with low nitrogen
deposition. The study highlighted the need to better understand the medium- and long-term effects of whole-tree harvesting
on tree growth, since the results suggested that reduced tree growth after whole-tree harvesting could be only temporary.
However, these results do not account for prolonged extraction of forest residues that could progressively deplete nutrient
pools and lead to permanent effects on tree growth.
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Introduction together with Germany, France and Finland (Lindner et al.

2017). As a consequence, the harvesting of forest residues

Forest biomass is one of the key resources that will be used
in the European Union to increase renewable energy pro-
duction and comply with emission reduction targets set by
climate change policies. One of the strategies implemented
to increase biomass production from forests is to increase the
extraction of harvest residues, such as tops and branches. It
was assessed that forest residues and stumps could contrib-
ute to 12% of the primary forest biomass potential in Europe
and Sweden would be one of the main supply countries
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is expected to increase in Sweden to meet the increasing
demand for biomass (SKA 2015). However, while the Swed-
ish Energy Agency advocates for a progressive increase of
bioenergy production from forest biomass to reduce GHG
emissions, it also requires that increased biomass extraction
from forests, such as residue extraction, does not compro-
mise the achievement of other environmental goals (Swedish
Energy Agency 2011).

One of the possible negative effects of extracting for-
est residues, through whole-tree harvesting, is the long-
term loss of base cations that can lead to soil acidification
(Clarke et al. 2021; Johnson et al. 2015; Kimmins 1976;
Kreutzweiser et al. 2008). Taking this negative effect
into account, de Jong et al. (2017) assessed that whole-
tree harvesting is sustainable only if wood ash recycling
is applied but also that ash production is only enough to
compensate for whole-tree harvesting of about 50% of the
clear-felled area in Sweden. That is, there is a constrained
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availability of suitable-quality ash that create a mismatch
between demand and supply of ash for recycling which
is likely to persist in the future. As a consequence, it will
be important to concentrate the ash recycling to the areas
which are most sensitive to acidification (Swedish Energy
Agency 2014).

The identification of acid-sensitive areas requires an
understanding of how the effects of whole-tree harvesting
vary in space and time. Long-term experiments have con-
firmed that residue extraction can temporarily reduce base
cation pools (Brandtberg and Olsson 2012; Clarke et al.
2021; Premer et al. 2019; Zetterberg et al. 2013, 2016) and
base cation concentrations in soil solution (Ring et al. 2017;
Zetterberg et al. 2013), but due to their limited spatial and
temporal distribution they cannot support general conclu-
sions on which areas are and will be more susceptible to
acidification (Ouimet et al. 2021; Premer et al. 2019). The
integration of model simulation with experimental results
is often suggested as a solution to better understand how
the effects of forest residue extraction on base cation avail-
ability and acidification differ in time and space (Aksels-
son et al. 2021; Lofgren et al. 2017; Valipour et al. 2018).
However, previous model assessments have shown stronger
negative effects of residue extraction than expected based on
the long-term experiments, both regarding base cation pools
in soil and ANC in surface water (Aherne et al. 2012; Zet-
terberg et al. 2013, 2014). Moreover, they have not been able
to reproduce the decreasing differences in acidity-related
effects between stem- and whole-tree harvesting, leading
to small or no differences in soil and soil solution after
30—40 years. It was hypothesized that the reason behind the
deviation between model results and measurements was a
lack of dynamics in these models in key processes regulating
base cation cycling (e.g. weathering and vegetation uptake)
(Erlandsson Lampa et al. 2020; Paré and Thiffault 2016).

Loss of nutrients through residues extraction can also
have negative consequences on tree growth, but the effects
vary significantly among different sites and over time (Achat
et al. 2015; Ouimet et al. 2021; Thiffault et al. 2011), fur-
ther contributing to the uncertainty around the management
measures that should be implemented to reduce negative
impacts of intensified wood extraction (Lim et al. 2020;
Raulund-Rasmussen et al. 2008; Vanguelova et al. 2010).

This study aimed to investigate the effects of forest resi-
due extraction on base cations concentrations in soil water
and tree biomass in different climatic regions in Sweden.
For this purpose, the dynamic model ForSAFE was used to
simulate the effects of whole-tree harvesting as compared
to stem harvesting at 6 forest sites distributed over Swe-
den. ForSAFE includes all the main processes regulating
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base cation cycling in forest ecosystems and can help clos-
ing knowledge gaps on the processes regulating base cation
losses in different environmental conditions.

Materials and methods
Description of sites

The study includes the simulation of tree biomass and soil
water chemistry under stem and whole-tree harvesting at
six sites included in the long-term monitoring Swedish
Throughfall Monitoring Programme (SWETHRO). SWE-
THRO is a unique monitoring network of about 60 Swed-
ish forests sites distributed across the entire country (Pihl
Karlsson et al. 2011). Data on deposition and soil water
chemistry are collected at the sites. In addition, data on
tree diameter distribution and soil chemistry are reported
for most of the sites. The length of the data series is vari-
able, stretching back up to 30 years for the initial sites
that were established in 1985. The SWETHRO sites are
often in forest areas included in the Level II of ICP forests,
i.e. forest sites part of the International Co-operative Pro-
gramme on Assessment and Monitoring of Air Pollution
Effects on Forests operating under the UNECE Convention
on Long-range Transboundary Air Pollution. Four of the
sites included in this study are also part of the ICP network
which provides additional data on tree diameter distribu-
tion at different points in time, soil chemistry and other
parameters such as foliage chemistry and defoliation. The
sites included in this study are all spruce dominated forests
but distributed in six different climatic regions in Sweden
as outlined in the CLEO project based on 18 regions used
by SMHI in weather forecasting (SEPA 2016) (Fig. 1).
Further information on the sites is reported in Table 1.

The ForSAFE model

ForSAFE is a dynamic ecosystem model developed to
assess the effects of environmental changes on forest eco-
systems. ForSAFE can simulate the effect of changes in
climate, forest management and deposition. Input data to
the model include time series of climate, deposition and
management scenarios, as well as soil and vegetation data
(Fig. 2). Based on climatic condition and tree species, the
model simulates the potential vegetation growth at the
site which is translated into a water and nutrient demand.
The potential growth is constrained to actual biomass
growth by water and nutrient availability in the soil and
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Fig.1 Location of the SWETHRO sites (red dots) simulated in this
study, distributed in 6 different climatic regions in Sweden (grey
line). Four of the sites are also ICP sites (black-red dots). (Color fig-
ure online)

by disturbances, such as harvesting and storm damage.
Nutrient availability is given by the nutrient concentra-
tions in the soil solution. This concentration is the result
of different processes: atmospheric deposition, hydrologi-
cal transport, decomposition of organic matter, mineral
weathering, adsorption and desorption in the soil and plant
uptake. Water availability is given by the soil water con-
tent above wilting point at each time step. The soil mois-
ture is calculated on a daily basis as the balance between
water inputs (infiltration) and outputs (evapotranspiration,
percolation).

ForSAFE is the combination of the algorithms of four
established models (Fig. 2): the tree growth model PnET
(Aber and Federer 1992), the soil chemistry model SAFE
(Alveteg 1998), the decomposition model Decomp (Wall-
man et al. 2006; Walse et al. 1998), and the hydrology model
PULSE (Lindstrom and Gardelin 1992).

Model evaluation

In this study, we avoided site specific adjustment of param-
eters used as input to the model to be able to better evaluate
when the model is capable of describing correctly forest
ecosystem processes and when further research is needed
to improve model simulations. The identification of model
strengths and weaknesses is the basis, on one hand, of iden-
tifying reliable results and, on the other hand, to highlight
further research needs based on the identified weaknesses.
The identified reliable information can be used to draw gen-
eral conclusions on the effects of forest management inten-
sification on base cations pools, which is useful for decision
making.

Model results were evaluated against measurements avail-
able at the sites. The current tree biomass stocks at 5 sites
were compared to measure-based values of tree biomass.
The latter values were calculated based on Marklund’s
equations which convert measured tree diameter values
to tree biomass (Marklund 1988). The comparison could
not be done in Holmsvattnet where diameter data were not
available, and the forest was recently clear-felled. We also
compared the simulated nutrient content in the foliage to
measured values in 1996-2006 at three sites where data
were available (Vistra Torup, Bordsjo and Hogbrinna).
Finally, ForSAFE was also evaluated by comparing meas-
ured base cation concentrations in soil solution at 50-cm-
depth to model results. The term “base cations” (BC) is this
study includes magnesium, calcium and potassium, while it
excludes sodium which is not a tree nutrient and therefore
is not directly affected by forest management.

Effects of forest management alternatives

The future effects of forest management intensification were
evaluated by comparing tree biomass and soil water chem-
istry at the sites in 2010-2100 under two alternative forest
management scenarios: a stem harvesting scenario (SH) and
a whole-tree harvesting scenario (WTH). The timing of thin-
nings and clear-felling until 2100 reflects the historical man-
agement applied at the sites. When limited information on
historical management was available, such as in Hogbrédnna,
we applied practices that are commonly recommended in the
same region (Skogsstyrelsen 1985). The WTH includes the
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Table 1 Climate: mean annual temperature (7,,,) and annual precipita-
tion (P) in 2010-2018 from the database PTHBV managed by SMHI
(2006); Management: PL=planting year, CC =last reported clear-

felling; Productivity: mean annual increment calculated from tree
diameter data converted to stem biomass with equations by Marklund
(1988); n.a.: data not available

Site Region

Coordinates (Long, Lat) Climate

Soil type

Management Productivity

(m*ha! yr’l)

Vistra Torup ~ Southern Sweden 13.51, 56.14 Tm: 8.2 °C  Brown podzolic soil, texture: sandy 1940 (PL) 6.7
P: 831 mm loam 2010 (CO)

Bordsjo Southern Sweden 15.00, 57.84 Tm: 6.4 °C Brown earth, texture: sand 1952 (PL) 4.2
P: 714 mm n.a. (CC)

Sodra Averstad Central Sweden  13.11, 59.01 Tm: 7.3 °C  Brown podzolic soil, texture: loamy 1931 (PL) n.a
P: 731 mm sand 2016 (CC)

Hyttskogen Central Sweden  16.54, 59.91 Tm: 6.4 °C  Brown earth, texture: sand 1957 (PL) 1.6
P: 615 mm n.a. (CC)

Holmsvattnet  Northern Sweden 21.05, 64.54 Tm: 3.5 °C  Podzol soil, texture: sand n.a. (PL) n.a
P: 723 mm 2011 (CC)

Hogbrinna Northern Sweden 18.10, 65.41 Tm: 1.1 °C  Podzol soil, texture: sand n.a. (PL) 1.3
P: 682 mm n.a. (CC)

Fig.2 Illustration of the inter-

acting components of the For- ForSAFE

SAFE model and the processes Nutrient uptake

among them. The names of the Tree growth |

original models combined in (PnET)

ForSAFE are reported in brack-

ets. The model drivers are listed Litter production ! 2

in the arrow on the left. (Color Evapotranspiration  Soil moisture Nutrient

figure online) Drivers v | content

o Temperature
o Precipitation
. Radiation

O Deposition
¢ Disturbances /

¢ CO,concentration

Hydrology
(PULSE)

I
Soil moisture

Management

removal of aboveground forest residues (tops and branches)
in addition to stem harvesting for all clear-fellings imple-
mented after 2010 at the 6 sites. It is also assumed that in
WTH 95% of foliage is removed together with the residues
(Erlandsson et al. 2019).
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Model evaluation

The simulated forest growth and tree biomass stocks were
comparable with measure-based values at three sites where
diameter data were available (Fig. 3). However, the model
overestimated the tree biomass at Hyttskogen and under-
estimated it in Véstra Torup. In Holmsvattnet, we could
not evaluate the accuracy of the model in estimating tree
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Fig.3 Comparison of simulated (grey line) against measure-based tree biomass (points) at the different sites. (Color figure online)

Table 2 Measured and simulated nutrient contents in foliage, as aver-
age values in 1996-2006 (BC: base cations; N: nitrogen)

BC (%) N (%)

Measured Modelled Measured Modelled
Vistra Torup  0.93+0.09 1.13+£0.00 1.30+0.11 1.37+0.06
Bordsjo 1.02+0.08 1.11+0.01 1.30+0.10 1.28+0.03
Hogbranna 1.13+0.15 1.13+£0.00 096+0.09 1.08+0.01

The variation around the mean is given by the standard deviation. The
data are reported as % nutrient weight on dry needle weight

biomass due to lack of measurements. Nevertheless, the
simulated tree growth and biomass were comparable to the
other northern site in Hogbranna.

The comparison of measured and simulated nutrient con-
tent in the needles showed that model results on nutrient

storage in the canopy agreed with observations (Table 2).
The main detected difference was that the model simulated
very stable BC content across the sites while measurements
show some slight variation between sites, with increasing
content from South to North of Sweden. This measured
trend is opposite to the BC deposition gradient in Sweden
(Lovblad et al. 2000), and therefore, it is not related to higher
BC atmospheric inputs but might be related to other fac-
tors, such as the type of bedrock or plant uptake. Regard-
ing N contents, both the simulated and the measured values
decreased with latitude, suggesting a decreasing nutrient
availability from southern to northern forests compatible
with the N deposition gradient in Sweden and the decreasing
availability of nitrogen from southern to northern Sweden
(Hogberg et al. 2021).

The comparison of measured and modelled base cation
concentrations in the soil solution at 50 cm ([BC]) shows

@ Springer
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Fig.4 Comparison of simulated against measured BC concentration
in soil water at 50-cm-depth at the different sites. For each site, there
are two types of graphs. In the first type, daily modelled results (grey
line) and the moving average on a yearly basis (black line) are com-
pared to measured data (points) over the years. In the second type of
graph, the simulated and the measured value at the same point in time

that the model values were mostly comparable to measured
[BC] in sites in southern and central Sweden (Fig. 4). In
Hyttskogen, the statistical metrics indicated a model under-
estimation of [BC], which was mainly due to a very high
measured value in 2002 in connection to the recent installa-
tion of lysimeters. However, [BC] was still underestimated
if the outlier value was excluded. Discrepancies also existed
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are plotted against each other. The discrepancy between simulated
and measured data is assessed through two statistical metrics: Bias,
which is the absolute average difference between the two data series
and root-mean square deviation (RMSD) which aggregates the mag-
nitudes of the errors in predictions. Note that the scales on the y axis
differ between the two types of graph. (Color figure online)

in the simulation of dynamics, in terms of peaks and mini-
mum values, which became evident when comparing val-
ues against a 1:1 line. Nonetheless, the model captured the
long-term trends of [BC], such as decreases over time (more
evident in Vistra Torup and Sodra Averstad) and changes
after clear-felling, such as the temporary increase of [BC] in
Vistra Torup. Differently, the model failed to simulate the



European Journal of Forest Research (2021) 140:1417-1429

1423

[BC] at the two northern sites, where modelled [BC] were
substantially lower than measured values.

Effects of forest management intensification

The comparison of different management scenarios showed
that the extraction of residues had a short-time effect on the
simulated nutrient concentrations in the soil solution at all
sites and reduced tree biomass growth in northern Sweden
(Fig. 5).

Regarding base cations, residue extraction temporarily
reduced the [BC] in the soil solution for a period of about
20-30 years and the difference could go up to 48% (Fig. 5;
Table 3). The analysis of model results showed that this dif-
ference is caused by a higher simulated BC mineralisation
from the soil organic matter pool under SH, linked to the
decomposition of residues left on the forest floor. Whereas,
weathering rates of BC remained nearly unchanged (data not
shown). The simulations also showed that residue extraction
reduced [BC] for longer periods the further south the site is.
In addition, at the two northern sites, after the initial period
of 20 years, when [BC] was lower under the WTH scenario,
[BC] became slightly higher under WTH than under SH.
This shift was linked to a lower simulated BC uptake under
WTH as compared to SH due to a reduced simulated tree
growth in WTH under the same period of time (2040 years
after felling) (Figs. 5, 6).

The extraction of residues also temporarily reduced the
N peak which is usually observed after clear-felling (Fig. 5)
(Kubin 1998). As for [BC], this effect was linked to a lower
simulated N mineralisation in WTH linked to the reduced
litter inputs which resulted in lower simulated N concentra-
tions in soil water.

Effects of WTH on tree biomass were seen only at the two
northern sites. In areas with higher N deposition such as in
southern and central Sweden, forest residue extraction did
only produce a small decrease of simulated biomass growth,
ranging between 3.8-5.4% difference at 40 years after clear-
felling. At the northern sites, Hogbrinna and Holmsvattnet,
the simulated tree biomass was 15.9% and 26.9% lower
30 years after clear-felling under WTH. However, this dif-
ference was smaller 40 years after clear-felling: 7.3% lower
in Hogbranna and 18.3% in Holmsvattnet. At the end of the
simulation period in 2100, the tree biomass difference was
reduced to 1.3% in Hogbranna and 1.6% in Holmsvattnet
(Fig. 6). When the forest was more mature, the simulated
tree growth slowed down at similar rates under both man-
agement scenarios because of canopy closure which limits
light absorption in mature forests. That is, the canopy closed
more rapidly under SH because of the faster growth linked

to higher N availability, as shown by the lower under-canopy
light earlier than under the WTH scenario (Fig. 6). As a
counterpart, the forest keep growing at higher rates under
WTH for a longer period of time until canopy closure was
also reached. As a consequence, the biomass reached similar
biomass levels under both scenarios at a later maturity stage.

Discussion
Model limitations

Based on the results of the model validation, the main model
limitations identified in this study are connected to a mis-
match between simulated and measure-based biomass at
some of the sites and the underestimation of [BC] concen-
trations in soil water at the northern sites.

We hypothesize that the difference between simulated and
measure-based tree biomass in Hyttskogen and Véstra Torup
was caused by a mismatch between actual and simulated
water limitation at the two sites. The soil in Hyttskogen is
very sandy and has a large fraction of gravel (50% of soil
weight excluding stones) and stones (60% of total soil vol-
ume) which are conditions often linked to low water avail-
ability. In addition, there was a limited number of measure-
ments of soil water chemistry at Hyttskogen, because the soil
water content was below the threshold for taking samples.
This further supports the hypothesis that the site had low
water availability. The model simulated a slower tree growth
than at other sites, but probably failed to fully capture the
extent to which such extreme soil conditions can affect tree
growth. Conversely, it is possible that the underestimation of
biomass in Vistra Torup was partially linked to an overesti-
mated effect of water limitation in Vistra Torup (Lucander
et al. 2021). In ForSAFE water-use efficiency is regulated
by CO, concentration, vapour pressure deficit and a con-
stant which was shown to vary depending on site conditions
such as leaf area index and soil water content (Aber and
Federer 1992; Beer et al. 2009). Therefore, future research
should better investigate the parameters and functions regu-
lating tree water use in ForSAFE. A study by Lu and Zhuang
(2010) confirms that there is a general need to improve the
mechanisms describing water-use efficiency in ecosystem
modelling, since this efficiency does not constantly increase
in response to water stress.

The model underestimated the [BC] in soil water at the
northern sites. There are two possible explanations which
combined can explain why the model failed to fully capture
the [BC] in the North. First, the historical BC deposition
used as input data in the model might be underestimated,

@ Springer



European Journal of Forest Research (2021) 140:1417-1429

1424

o o o o o
< &4 &4 5 4
o o K= <49 =)
) ) ) ® )
= <
g o o o | o =)
g Q Q Q Q Q
z
-2 = = = =
<~ O e A o . . <) —L < o — o . .
008 oo L 008 00¢ 00L 0 00s 00¢ 00L 0 008 00¢ 00L 0 00s 00¢€ 00L 0 00¢ 00¢ o0l O
o o o o o
< &4 ¥ 5 5
o Lo lo =) o
& ) ) ® ®
>
° o Lo lo Lo lo
=2 Q Q 2 Q Q
O
m
= = = 2 =
) ; . o —r o —— ) . : o —
0S¢ 0 0¢¢ (0] 0§ 0 0S¢ oSt 0 0 0¢¢ (0] 0 0 o0¢¢ oSt 0§ 0 0s¢ (0] 0 O
o o o o o
< < 5 < <
o o o o o o
< @ @ ) F & ) r
0
]
«© o Lo lo = o
= Q Q Q Q Q
9]
2
) o Lo =) o )
8 2 2 2 2 2
T
. —o ————1lo ———— ) —————Ho ——Ho R —
00¢€ oov 0 00¢€ 00C OO0t 0 00€ 00C 00} 0 00€ 00Z 00L 0 00€ 00C 00} 0 00€ 00C O0O0L 0
QEO 1 elisen ofspiog uaboyspAH pejsIony g euuelqboH JoURBASWIOH

30 40

20

10

20 30 40

10

20 30 40

10

pringer

Qs



European Journal of Forest Research (2021) 140:1417-1429

1425

«Fig.5 Effect of whole-tree harvesting (red line) and stem harvest-
ing (black line) on tree biomass, base cation (BC) concentrations
and nitrogen (N) concentrations in soil water over a time period of
40 years after clear-felling. (Color figure online)

leading to an underestimation of current BC content in the
soil pools. The BC deposition used as input to ForSAFE was
a constant value equal to the average measured BC deposi-
tion at the sites since the 1990 or later. However, Hedin et al.
(1994) showed that BC deposition significantly declined
in the 1970-1990s at several sites in North America and
Europe, supporting the hypothesis that BC inputs in the
model can be historically underestimated. Second the cur-
rent simulations might underestimate BC uptake in northern
sites, thereby understating the importance of the biological
cycle in retaining BC in the ecosystem over time. Literature
shows significant differences between general allometric
nutrient contents used in modelling and site specific values
of BC concentrations in tree woody tissue (Tremblay et al.
2012). This issue can be further exacerbated by the fact that
broad-leaf deciduous trees, which have higher Mg and K
concentrations in foliage (Alriksson and Eriksson 1998),
are often more present in northern forest stands and are
currently not included in model simulations. Moreover, the
model currently simulates an aggregated BC uptake by trees
limiting the possibility to capture the variation of different
BC availability at different sites. This simplification can also
be the reason why the different BC concentration in needles
showed by measurements was not captured by the model.

Effects of forest management intensification

The model simulate a temporary reduction of BC con-
centrations in soil solution ([BC]) for a period of about
20-30 years after WTH and greatest effects in the first
10 years after clear-felling (Fig. 5; Table 3), which is in
line with observation at experimental sites (Achat et al.
2015; Ring et al. 2017; Zetterberg et al. 2013). This nega-
tive effect persisted for a longer period of times at sites
in southern Sweden supporting research results showing
greater effects of WTH in warmer climates (Clarke et al.
2021). These results are encouraging, since they can lead
to an improved agreement between model simulations and
measurements, as compared to previous model estimates
that assessed longer negative effects of WTH on the BC
pools in the soil and the acidity of surface water (Aherne
et al. 2012; Zetterberg et al. 2014). In addition, in agree-
ment with other studies, they stress the importance of
including processes such as weathering and vegetation in
model simulations to capture the effect of management

intensification on BC cycling (Erlandsson Lampa et al.
2020; Paré and Thiffault 2016).

The model also suggested that none of the sites was cur-
rently BC limited, given that the BC contents in needles were
close to the maximum value allowed in the model. These
results are compatible with the fertilisation experiments
that showed a non-significant change of forest growth after
ash fertilisation only, but positive responses to combined
N and ash fertilisation (Jacobson et al. 2014). However, it
should be considered that under a continuous management
intensification, BC availability in forest ecosystems could be
progressively reduced, with possible risks for reduced soil
fertility and forest productivity over periods longer than a
rotation period (Vangansbeke et al. 2015; Walmsley et al.
2009). Negative effects on nutrient availability could also
increase if residues are extracted not only after clear-felling
but also after thinnings. However, the effects of whole-tree
thinning on BC can differ depending on the cation and the
soil compartment (Clarke et al. 2021), and the effects on
tree growth are not consistent among studies (Jacobson et al.
2000; Lim et al. 2020).

Effects on tree growth were simulated only at northern
sites where N deposition was historically low and which
therefore are more N deficient (Binkley and Hogberg 2016).
The model results on tree growth are consistent with experi-
mental results in spruce forests in southern and central Swe-
den, showing no significant effects of WTH on standing
volume (Egnell 2016) and tree growth reduction at N-poor
sites (Jacobson et al. 2000; Proe et al. 1996). That is, resi-
due extraction can further reduce N availability at N-poor
sites and therefore potentially reduce forest growth, unless
N fertilisation is performed or foliage is left on site (Egnell
2011; Jacobson 2001). The results in this study showed that
WTH reduced the well-known temporary N peak occurring
after clear-felling (Likens et al. 1970), confirming a reduc-
tion of N availability after WTH. This is in agreement with
experimental studies showing a decrease of N stock in the
soil and of N concentrations in the soil solution after WTH
(Clarke et al. 2021; Hume et al. 2018; Ring et al. 2017). The
reduction of the N peak after WTH also has the positive
effect of reducing the risk of N leaching after clear-felling.
However, it was shown that this positive effect is outweighed
by the losses from residues extraction that are more impor-
tant for the longer-term site nutrient status (Stevens et al.
1995; Walmsley et al. 2009).

The simulated effects on tree biomass at N limited sites
decreased over time suggesting that the effect of WTH on
tree biomass might be temporary. After the decrease of tree
biomass after WTH caused by lower N availability, other
limiting factors dominated tree growth at a later maturity
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Table 3 Difference of BC

R . Years after clear- Site SH (peq N WTH (peq N Difference (%) Significance
concentration in soil water felling
under stem (SH) and whole-tree
(WTH) harvesting at different 10 VT 945+72.6 60.3+57.1 — 1362 ook
s :lg’rvzfs’tfn(;a“d 40 years BS 132.2:468.1 88.4+54 _ 331 s
HS 79.4+38.3 63.4+31.3 —-20.2 Hokok
SA 59.7+43.4 46.4+38.9 -222 hokok
HB 34.6+204 17.8+10 — 484 otk
HV 33.2+294 22.9+239 -31.2 okok
20 VT 17.8+14.9 14.8+12.9 - 169 ok
BS 43.3+14.8 37.6x+12.7 —13.1 otk
HS 42.6+9 37.9+7 - 109 ook
SA 13.9+12.2 12.3+10.5 —-12.1 ns
HB 12.9+20.4 10.7+5.8 -17.2 wokok
HV 12.1+4.7 10.5+4 —-12.8 ook
30 VT 25.1+22 22.7+20.9 —-94 ns
BS 35.8+12.2 34+113 -5 ook
HS 41.7+7.6 39.3+6.7 -59 otk
SA 25.7+23.4 23.9+22 —-69 ns
HB 13.1+59 14.1+5.8 7.6 *
HV 17.3+6.4 20.2+6 16.7 ook
40 VT 29.9+19.6 28.7+19.4 —-42 ns
BS 22.7+9.8 23.1+9.8 1.7 ns
HS 33.7+7.8 31.9+6.6 -52 ok
SA 21.9+20.8 20.2+19.4 -7.8 ns
HB 11.3+4.3 11.9+4.2 5.8 *
HV 17.1+11.1 19.6+12.1 15 ok

The data at different points in time reported are: mean BC concentration and standard deviation; percent-
age difference of BC concentration under WTH and SH, i.e. (WTH-SH)/SH x 100; statistical significance
of the difference (ns: P>0.05; *P <0.05; **P<0.01, ***P<0.001). The significance was tested through
Wilcoxon signed-rank test for non-normally distributed samples)

VT Vistra Torup, BS Bordsjo, HS Hyttskogen, SA Sodra Averstad, HB Hogbrianna, HV Holmsvattnet

stage. Vanguelova et al. (2010) showed that WTH decreased
tree growth, but after a period of 15-20 years the trees grew
at similar rates as after SH. The results also agree with
(Egnell 2011) that showed that reduction of site productiv-
ity after WTH was temporary and linked to increased N
losses from residue extraction. Future measurements in
the whole-tree harvesting experiments would be needed to
confirm this simulated shrinkage of the biomass gap. The
modelling results might also change if more than one rota-
tion period is considered. WTH might progressively reduce
N availability and thereby increase the N limitation period
when trees grow slower than under SH. This would lead to
the situation where the forest would not be able to reach the
same biomass stock as under the SH scenario at the end of
the rotation period.

@ Springer

Conclusions

The study results confirmed that whole-tree harvesting
can temporarily reduce the base cation concentration in
soil water for a period of 20-30 years, in agreement with
experimental data. This effect is linked to the reduced inputs
of organic material which lead to reduced nutrient miner-
alisation in the soil. Therefore, it can be expected that the
more intensive residue extraction is in terms of total biomass
extracted and the frequency of extraction, the more reduced
the base cation availability will be by whole-tree harvest-
ing, with possible consequences on acidification. However,
results also suggested that base cations do not currently
limit forest growth at any of the sites and that the temporary
decrease of base cation availability after residue extraction
would not limit forest growth within the next rotation period.

Nevertheless, results showed that whole-tree harvesting
can affect tree growth at nitrogen limited forest sites, such



European Journal of Forest Research (2021) 140:1417-1429

1427

Hoégbranna Holmsvattnet
o | Q]
o [s2]
0 | v |
&\ N N
E QA Q-
(o]
= w0 | w
»n v -~
@
£ 21 =
Q
AT 0 4
o o4
2030 2040 2050 2060 2070 2080 2090 2100 2020 2040 2060 2080 2100
o o
o | Q]
—~ O o
- o w0
>
(\II y 4
E Q o
o 8- o
£ S 3
= i J
=)
T 9 o
5 8 SN
o - -
O o] o4
2030 2040 2050 2060 2070 2080 2090 2100 2020 2040 2060 2080 2100
Years Years

Fig.6 Effect of whole-tree harvesting (red line) and stem harvesting (black line) over a rotation period on tree biomass and on under-canopy

light. (Color figure online)

as the ones in northern Sweden. Whole-tree harvesting had
a similar effect on nitrogen as on base cation concentrations
in soil water. As a consequence, nitrogen availability was
further reduced by residue extraction and lead to a slower
forest growth at northern sites. A possible way of reducing
this impact is to compensate the losses with nitrogen fertili-
sation or extract residue without foliage in areas of Sweden
with low nitrogen deposition.

The study also highlighted the need to better understand
the medium- and long-term effects of whole-tree harvesting
on tree growth. The results suggested that over a rotation
period, other limiting factors might level up the earlier dif-
ference in tree growth under stem and whole-tree harvesting.
On the other hand, there is a concrete risk that prolonged
extraction of forest residues will progressively deplete nutri-
ent pools in the forest ecosystems and increase the period
of slower tree growth after whole-tree harvesting. As a con-
sequence, the biomass difference could become permanent.
Given that even long-term experiments do not provide data
for periods longer than 50 years, it is fundamental to pro-
mote studies combining measurements with model simu-
lations to evaluate the long-term sustainability of residue
extraction.
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