
   1

ARBETSRAPPORT 1014-2019

Sustainable cultivation of  
hybrid aspen with natural shoot  
regeneration
Uthållig odling av hybridasp med naturlig skottföryngring

Lars Rytter

PHOTO: LARS RYTTER/SKOGFORSK

https://www.skogforsk.se/kontakt/personal/lars-rytter/


2

 
 

©Skogforsk 2019     ISSN 1404-305X

Uppsala Science Park, S-751 83 Uppsala 
skogforsk@skogforsk.se 
skogforsk.se

Sammanfattning
Vedbiomassa är en viktig energikälla i Sverige i omställningen till ett fossilfritt samhälle. 
Samtidigt ska skogen nyttjas till många olika ändamål och skogen räcker sannolikt inte  
till för att tillfredsställa allt. För att förbättra situationen där virke används behöver till- 
växt och odlingsarealer öka. Det innebär att snabbväxande trädslag står högt på agendan. 
Hybridasp (Populus tremula L. × P. tremuloides Michx.) är ett trädslag som testats i  
Sverige under den senaste 70-årsperioden och nu även odlas kommersiellt. Vi behöver 
öka kunskapen om hur den kan odlas uthålligt. En hel del kunskap har inhämtats om  
hur den planterade första generationen kan anläggas och hanteras men det råder brist  
på kunskap om hur efterföljande skottbaserade bestånd fungerar och ska skötas på ett 
uthålligt sätt. Projektet om naturlig föryngring av hybridasp, som huvudsakligen finan- 
sierats av Energimyndigheten, har behandlat dessa frågor och bidragit med ny viktig  
kunskap. Slutsatsen hittills av den forskning som bedrivits i projektet visar att det finns 
en stor potential att nyttja skottbaserade bestånd av hybridasp. Skottskjutningen är god 
och tillväxten hög. Samtidigt har få negativa miljökonsekvenser framkommit. Det finns 
emellertid anledning att fortsätta studierna för att ytterligare förbättra och säkra odlings- 
materialet samtidigt som de optimala odlingssystemen för dessa bestånd ännu inte  
definierats. Det krävs också bättre underlag för att bedöma odlingarnas inverkan på  
miljön och de ekonomiska aspekterna behöver utredas.
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Preface
This report describes the research and the results obtained on cultivation of shoot gene- 
rated stands of hybrid aspen. The referred research spans the period 1997–2018, but 
funding has been received until 2021. The reason why a summary report is currently 
 published is that many interesting results have been published by now and that the 
project will soon change project leader. Therefore, it is appropriate to compile results 
and experiences into one report. Funding for research on hybrid aspen, and here specif-
ically for the naturally generated shoot-based stands arising after harvesting, has been 
obtained from the Swedish Energy Agency. Focus has varied somewhat between projects, 
but shoot-regenerated tree generations have been included as an important part. Table 1 
shows the various projects over time and the funding received from the Swedish Energy 
Agency. In total, the agency has financed projects with over 4.6 million SEK over a  
20-year period.

The author hereby wishes to thank the Swedish Energy Agency for the support this  
research has received and at the same time thank all colleagues who, over the years, have 
been involved in the projects, from experiment layout to completion of scientific articles 
and their dissemination.

It should also be added that the projects have contributed to a doctoral thesis (Mc Carthy 
2016). The PhD position was financed by the Nordic Energy Research in the project Wood 
based energy systems from Nordic forests (ENERWOODS) together with the frame work 
program of the Forestry Research Institute of Sweden (Skogforsk). A study of changes in 
clone composition after two rotation cycles was financed by the Swedish Forest Society 
Foundation (Stener et al. 2018). In parallel to the biological studies, a couple of studies 
on harvesting of the root suckers were carried out (Bergkvist & Fogdestam 2011,  
Grönlund 2018). These studies were financed by the frame work program of Skogforsk 
and the Royal Swedish Academy of Agriculture and Forestry (KSLA).

Project Project number Project period Financing (SEK)

Sustainable production of biofuels from forest land

Hybrid aspen for combined production of biomass, 
pulpwood, and logs

Hybrid aspen for combined production of biomass, 
pulpwood, and logs

Sustainable production of hybrid aspen after harvest

Sustainable production of hybrid aspen after harvest

Sustainable production of hybrid aspen after harvest

Analysis of biomass productivity, nutrient removal 
and soil changes through field measurements in 
hybrid aspen stands

Sustainable cultivation of root sucker generated 
hybrid aspen – growth and soil impact

 P8440-3

 P12705-1

  
 P12705-2

  
 30346-1

 30346-2

 30346-3

 41896-1

 
 
 41896-2

1999

2000–2003

 
2003–2004

 
2006–2008

2010–2014

2014–2016

2016–2017

 
 

2018–2021

 350 000

 1 100 000

  
 339 000

 
 573 600

 411 000

 309 000

 800 000

 
 
 739 100

Total  4 621 700

Table 1. Economic support from the Swedish Energy Agency in projects where root sucker dynamics in hybrid 
aspen were studied on various sites in southern Sweden.
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Summary
Woody biomass is an important source of energy in Sweden in the transition to a fossil- 
free society. At the same time, the forest will be used for many different purposes, and the 
forest can probably not satisfy all the wishes laid on it. To improve the situation where 
wood material is used, productivity and cultivation areas need to increase. This means 
that fast-growing tree species are high on the agenda. Hybrid aspen (Populus tremula L.  
× P. tremuloides Michx.) is a tree species which has been tested in Sweden during the past 
70 years and is now also grown commercially. We need to increase knowledge about how 
it can be cultivated sustainably. Substantial knowledge has been gathered about establish- 
ment and use of the first generation of planted stands, but there is a lack of knowledge 
about how subsequent shoot-based stands perform and should be sustainably managed. 
The project about natural regeneration of hybrid aspen, funded mainly by the Swedish 
Energy Agency, has examined these issues and contributed with new important know- 
ledge. The conclusion from the research work of the project so far shows that there is a 
great potential to use naturally regenerated stands of hybrid aspen. The sprouting is good, 
and the growth level is high. At the same time, few negative environmental impacts have 
been identified. However, there is reason to continue the studies to further improve and 
safeguard the planting material, and the optimal cultivation systems for these stands has 
yet not been defined. We also need a better basis for assessing the impacts of the crop on 
the environment and the economic aspects have to be investigated.
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Background
The use of wood for heating has a history almost as long as humanity itself and until the 
nineteenth century was in total dominance. Then a change took place and other energy 
sources were introduced. Coal was followed by oil which was followed by electric heating 
largely based on nuclear energy. However, energy use has again become more directed  
towards wood (Oljekommissionen 2006). Schulz (1993), for example, concluded that 
wood and forestry will become increasingly important, and relied on a theory with three 
phases predicting that a period when wood could largely be replaced by other materials, 
will now be followed by a period where the wood raw material once again will be of great 
importance. To accelerate the development towards the use of renewable energy sources, 
where woody biomass is an important part, the Nordic countries have adopted visions of 
becoming carbon-neutral in 2050 (IEA 2013). This put great demands on the renewable 
alternatives. IEA (2013) concludes that bioenergy will be the largest single energy source 
in 2050, and particularly important in the transport sector. Biomass from woody plants 
will thus be an important source of renewable energy as Sweden and its neighboring 
countries have large forested areas and thereby great potentials to use woody biomass as 
raw material (Rytter et al. 2016). This also means that biomass production needs to be 
increased in a sustainable way to cope with the various services that forest can deliver. It 
can be done, for example, by using fast-growing tree species.

A commission was appointed in the early 2000s with the aim to present concrete propo- 
sals on how Sweden should reduce its dependence on oil by 2020. The commission report 
(Oljekommissionen 2006) stated five significant opportunities for decommissioning the 
oil dependence, one of which was to use and develop the energy resources from forest and 
field. Intensive cultivation of broadleaves on forest land and fast-growing broadleaved 
trees on arable land were proposed as two long-term strategies. A later investigation on 
possibilities for intensified forest cultivation (Larsson et al. 2009) showed, like the oil 
commission report, that 400,000–500,000 hectares of agricultural land could be used. 
At the same time, the production potential was judged to be considerably higher on forest 
land, where an estimated 3.5 million hectares could be used for intensive cultivation. The 
conclusion in the report by Larsson et al. (2009) was that, in the future, forest cultivation 
can provide a strong contribution, with biomass for various purposes on both agricultural 
and forest land. Thus, there is a strong belief that fast-growing tree species and intensive 
forest cultivation can contribute with significant and increasing amounts of woody 
biomass. The genus Populus, which covers much of the northern hemisphere, includes 
promising candidates of fast-growing tree species. These have also been identified as  
having a great potential for capture atmospheric carbon in Sweden (Rytter 2012).

Hybrid aspen is a crossing between European aspen (Populus tremula L.) and trembling 
aspen (P. tremuloides Michx.) from North America. It is a likely tree species alternative in 
the future efforts to increase the production and substitution of oil with renewable energy. 
It has been tested in southern Sweden for about 70 years (Johnsson 1953, 1976, Ilstedt & 
Gullberg 1993, Stener & Karlsson 2004, Stener 2010) and commercial cultivations have 
been established since the 1990s (Hugosson et al. 2001, Rytter et al. 2011). Larsson et al. 
(2009) judged hybrid aspen cultivation as a well-tried intensive forest management  
model. One of the benefits of hybrid aspen is that cultivation can be directed toward  
different end products, from biofuel-oriented cultivation (e.g. Rytter 2006), via conven-
tional forestry with a large pulpwood share (e.g. Rytter & Stener 2005, 2014), to pro-
duction of valuable saw logs (e.g. Rytter & Jansson 2009). In the first generation with 
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planted hybrid aspen, an average productivity of 20–25 m³sk ha-1 yr-1 (~8–10 Mg DM 
of aboveground biomass ha-1 yr-1) has been reported (Liesebach et al. 1999, Karačić et al. 
2003, Tullus et al. 2012a, Johansson 2013, Rytter & Stener 2014) and there is a signifi-
cant potential to raise the level further by breeding (Stener & Karlsson 2004). Given the 
growth potential that hybrid aspen possesses at northern latitudes, it has a large future 
potential as a biomass producer. Economic evaluations of the tree species have also 
shown good profitability (Rytter et al. 2011, Tullus et al. 2012b).

There is today relatively good experience of the production in the first generation of  
planted hybrid aspen stands (Jakobsen 1976, Einspahr & Wyckoff 1978, Einspahr 1984, 
Telenius 1999, Rytter 2002, Karačić et al. 2003, Tullus et al. 2009, 2012a, Johansson 
2013, Rytter & Stener 2014), although more information is still needed to get a solid 
knowledge base. However, there is more limited knowledge about the following genera-
tions, which after final felling start with a sprouting of root suckers. A significant part of 
the continued research on hybrid aspen has therefore focused on these coming genera-
tions. Studies from the last two decades indicate that there are large amounts of biomass 
available in the root sucker generated stands (Liesebach et al. 1999, Rytter 2006). These 
results need to be followed up. We also need to investigate how sustainable the root  
sucker production is and how the harvesting intervals affect growth and vitality. There  
are indications that short rotation times can reduce growth and sustainability in aspen 
(Berry & Stiell 1878, Liesebach et al. 1999) and we do not know if there are differences 
between clones in sprouting.

An advantage of natural sprouting compared to replanting is a lower establishment cost. 
Plantations become expensive because of a costly plant material that has to be produced 
by micropropagation, green cuttings or shoots from root segments (Zsuffa et al. 1993, 
Louis & Eils 1997, Haapala et al. 2004). Root suckers and stump shoots appear at no cost, 
but they most likely require early thinning measures to allow remaining trees to develop 
well. In addition, planted stands must be protected against browsing and fraying ungula- 
tes (Johansson 2010, Edenius et al. 2011). The abundant number of shoots produced from 
the second generation makes it possible to let the stand grow up without fencing as there 
are many stems to choose from in future selection. The initial growth is also high in root 
suckers, which means that they quickly reach browsing safe height. (Myking et al. 2011). 
The alternative of using natural shoot regeneration is thus of great interest.

The effects on soil and crop as consequence of large biomass removal is an important 
aspect. Recycling of nutrients will eventually be necessary and may, for example, be done 
with ash or sludge. Initial studies have shown significant nutrient withdrawal, especially 
when harvesting small-dimension trees (Rytter 2002, Rytter & Stener 2010). Questions 
about nutritional balance and nutrient supply need to be better surveyed as well as how 
the soil is affected by intensive cultivation.

The long-term main objective of the project is to evaluate the potential of hybrid aspen as 
a biofuel producer and its role in the future energy supply. Milestones are to investigate:

 - production level and harvest sizes in shoot generated stands,

 - nutrient removal in connection with harvest and changes in soil properties  
  and nutrient status,

 - sustainability in sprouting and production after varying harvest intervals,

 - the economy of cultivations focused on biofuel production.
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Studies performed within the project
The stated objectives are intended to be answered through the completed and ongoing  
research efforts below. These are presented according to the studies carried out on specific 
sites and their generated reporting. The experimental sites used over the years are shown 
in Table 2. In addition to the scientific articles referred to at each study, the same or 
similar results have been presented in the final reporting to to the Swedish Energy Agency 
(Rytter et al. 2000, 2003, Rytter 2004, Rytter & Stener 2010, Rytter & Mc Carthy 2016). 
In this section, results are presented and discussed based on previously available know- 
ledge. The concluding discussion thus becomes a summary of the most important results.

SPROUTING AND GROWTH OF ROOT SUCKERS AFTER  
FINAL FELLING
It is known since earlier that both European aspen (Bärring 1988, Almgren 1990,  
Langhammer & Opdahl 1990) and trembling aspen (Fraser et al. 2002, Frey et al. 2003) 
have good ability to regenerate with root suckers after final felling. In this project, detailed 
studies have been carried out to investigate how many shoots that appear, how compe-
tition between them affects survival and how high productivity can be initially expected 
under southern Swedish conditions. Six of the eight sites were used for this purpose 
(Table 2).

Experimental 
site

Latitude Logitude Altitude 
(m)

Age of original 
planted stand (yr)

Type of study

Snogeholm 

Stehag

Maltesholm

Ekebo

Sofielund

Jordkull

Ramsås

Dimbo

55°33’N

55°54’N

55°55’N

55°57’N

55°59’N

55°59’N

56°42’N

59°08’N

13°43’E

13°23’E

14°00’Ö

13°06’E

13°01’E

13°02’E

14°13’E

15°44’E

45

50

40

88

77

85

145

35

12

30–31

47

22

25

11

45

33

- Sprouting of root suckers and growth after felling
- Growth of shoots after varying rotation periods
- Nutrient removal at thinning and final felling
- Effects on soil of management strategies
- Clone composition in later generations

- Clone composition in later generations

- Sprouting of root suckers and growth after felling
- Effects on soil of management strategies

- Sprouting of root suckers and growth after felling
- Clone differences in sprouting ability

- Sprouting of root suckers and growth after felling
- Clone differences in sprouting ability

- Sprouting of root suckers and growth after felling
- Effect of early thinning on root sucker development
- Effect of early thinning on future main stems

- Sprouting of root suckers and growth after felling
- Nutrient removal at thinning and final felling

- Thinning effects on growth and dimensional development
- Nutrient removal at thinning and final felling

Table 2. Information about experimental sites and the studies carried out there.
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The sprouting of root suckers after harvesting of the first planted generation stands has 
consistently been abundant. Measurements after one year showed a variation in the  
number of root suckers from 49,000 to 106,000 ha-1 (Figure 1). After 2 years, shoots had 
disappeared through self-thinning and the numbers were then 47,000–73,000 shoots  
ha-1. After 4 years the number was further reduced to 39,000–56,000 shoots ha-1. It 
should be noted that it was not exactly the same stands at the different ages, but the trend 
that hard competition reduces the number of root suckers is clear. In dense cultivations,  
grazing and fraying had little impact on sites without fences at the measurement occa-
sions. Liesebach et al. (1999) observed that self-thinning was lower in hybrid aspen than 
common aspen after 5-10 years in densely planted trials in Germany.

Growth in root sucker generated stands has proved to be initially very high and levels of 
about 40 tonnes of DM ha-1 have been recorded at two sites after 4 years (Figure 2). This 
means that after a few years, the stands have reached an average productivity of 10 tonnes 
DM ha-1 yr-1, which is high for Swedish conditions and roughly corresponds to 25 m³ of 
stemwood ha-1 yr-1. Dense stands (Figure 2) and a rapid height development explains the 
high production. Root suckers have a faster height growth than planted stands, especially 
early during the rotation period (Figure 3).

Figure 1. The number of recorded 
root suckers 1–4 years after final 
felling at six investigated sites in 
southern Sweden. Data taken 
from Rytter (2002), Mc Carthy & 
Rytter (2015) and Rytter &  
Jacobson (2018).

Figure 2. Standing woody  
biomass, including dead shoots, 
in root sucker generated stands at 
different experimental sites after  
1 to 4 years. Data gathered from 
Mc Carthy & Rytter (2015) and 
Rytter & Jacobson (2018).
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Figure 3. Height development in hybrid 
aspen stands. Arithmetic mean values 
for conventionally thinned stands are 
shown. Orange-coloured lines = root 
sucker generated stands; dotted lines  
= stands planted with 1,100–1,600  
plants ha-1; blue dotted line = stand 
planted with 2,500 plants ha-1. Lines 
named SI 1-3 are height development 
curves for three site indices given by 
Jakobsen (1976). Figure taken from 
Rytter & Stener (2014).

Shoot sprouting has also been measured in thinned stands since root suckers are  
produced after this measure. The number of shoots was considerably lower than at final 
felling (Rytter et al. 2000). There were usually 10,000–20,000 shoots ha-1 with a ten- 
dency to more shoots with increasing thinning intensity. Later inventories also showed 
that the shoots will disappear when the main stands continue to grow and capture more 
and more of available light (Rytter et al. 2003).

A dense sprouting of root suckers is generally seen after harvesting the first-generation planted stand.  
Photo: Lars Rytter, Skogforsk
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EFFECTS OF EARLY THINNING ON ROOT SUCKER DEVELOPMENT
Since there is an abundant amount of root suckers after harvesting, the question arises 
how to best handle the shoots in order to get high biomass yield and avoid heavy self- 
thinning. Studies of this topic were carried out at the Jordkull site during a 12-year period 
and are reported in two scientific articles (Rytter 2006, Mc Carthy & Rytter 2015).

To study the effects of early thinning on growth dynamics, three different treatments were 
performed two years after harvesting: 1) control without thinning; 2) corridor thinning 
with 2 m wide corridors and 1 m wide strips with remaining shoots, i.e. 67% of the surface 
was cleaned; 3) cross-corridor thinning with 2 m wide corridors perpendicular to each 
other so that 1 × 1 m patches remained, i.e. 89% of the area was cleaned. The experiment 
contained four repetitions and was allowed to grow for another 10 years after thinning.

The results showed that the number of living shoots did not differ at the end of the period, 
despite the fact that large differences arose in the beginning with the various thinning 
intensities. Self-thinning was strong in the control treatment, where the number of shoots 
decreased from 72,000 ha-1 year 2 to just over 12,000 ha-1 after 12 years (Figure 4). It  
was also shown that the basal area weighted mean diameter of the shoots in the cross- 
corridor treatment became higher than in the other treatments. However, the arithmetic 
mean height was not affected by treatment.

The standing available biomass was around 120 Mg DM ha-1 after 12 years (Figure 5a).  
It was not until the end of the study that the control with no thinning began to decrease 
compared to thinned treatments. The average growth was almost immediately on a level 
of about 8 Mg DM ha-1 yr-1 (Figure 5b). The thinned treatments had for natural reasons a 
slightly lower growth in the beginning, but thereafter all treatments ended up on a similar 
level that slowly rose to 10–11 Mg DM ha-1 yr-1 at 10 years age. Later, a somewhat down-
ward trend was seen, especially for the control. This indicated that there was a need for 
new thinning operations. The results also showed that the available biomass was roughly 
the same regardless of treatment, but in the thinned alternatives, biomass was extracted 
twice during the period against only one time during 12 years in the control.

Figure 4. Density of living shoots  
by stand age for the three treat- 
ments control, corridor thinning  
and cross-corridor thinning, which  
were carried out at 2 years shoot  
age. Different letters indicate signi- 
ficant differences between treat 
ments for respective year. The figure 
is redrawn from Mc Carthy & Rytter 
(2015).
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Figure 5. b). Mean annual increment 
(MAI) during 12 year for respective  
treatment. The figures are redrawn  
from Mc Carthy & Rytter (2015).

EFFECTS OF EARLY THINNING ON FUTURE MAIN STEM  
DEVELOPMENT
At the Jordkull site it was also studied how early thinning affects the development of 
future main stems (Mc Carthy & Rytter 2015). Initially, the same thinning regime was 
carried out after 2 years as above, i.e. 1) non-thinning control; 2) corridor thinning 
where 67% of the area was cleaned; 3) cross-corridor thinning where 89% of the area 
was cleaned. After 4 years, main stems were released in all treatments to 1,100 trees ha-1. 
The development of these trees was then followed in the experiment for 8 years with four 
repetitions.

The results showed that early thinning significantly affected the development of the 
released trees. At the time of release, the length of the green crown was strongly linked 
to thinning strength. Trees from the cross-corridor thinning had a green crown share of 
64%, while those from the non-thinned control had a significantly lower share of only 
44% (Figure 6). A crown share of at least 50% is recommended in later thinning stage 
forests (Niemistö 1996, Cameron 1996, Rytter & Werner 1998) and in the early thinning 
stage it should be even larger (cf. Rytter 2013). The crown shares of the different treat-
ments then came close to each other and at 10 years there was no difference between 
them and the crown share was 63–67%. After that, the crowns decreased considerably, 

Figure 5. a) Obtainable biomass,  
including dead and harvested biomass, in 
the treatments during a 12-year period;
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which showed that a new thinning measure should be done at about 10 years of age. The 
condition of the green crown at the release after 4 years affected development of stem 
diameter (but not height growth) and thus also the volume production of released trees 
(Figure 7). The stem volume was 175 m³ ha-1 in the previously cross-corridor thinned 
plots but only 129 m³ ha-1 in the control. This meant that the average production of  
remaining trees after 12 years was 14.6 m³ ha-1 yr-1 after cross-corridor thinning and 10.7 
m³ ha-1 yr-1 in the control. In the corridor thinned alternative, stem volume was 156 m³ 
ha-1 which, like cross-corridor thinning, was significantly higher than in the control.

It should be observed that total growth was significantly higher than the volumes above 
indicated. The thinnings carried out implied that 32, 21 and 20 Mg DM ha-1 were har-
vested in control, corridor thinning and cross-corridor thinning respectively. By applying 
a basic wood density of 330 kg m-3 (Stener 2010), this can be translated to 95, 64 and 60 
m³ of wood for respective treatment. The total production thus became 224 m³ ha-1 in the 
control, 220 m³ ha-1 in corridor thinnin and 235 m³ ha-1 in cross-corridor thinning. This 
corresponds to average productions of 19, 18 and 20 m³ ha-1 yr-1 after 12 years, which is 
in line with what has been found in about 25-year-old planted stands (Rytter & Stener 
2014).

Figure 6. Development of the green 
crown share in remaining trees, at 4  
years age, in the different treatments 
in root sucker generated hybrid aspen. 
Different letters for specific ages show 
significant differences among the treat-
ments. The figure is redrawn from Mc 
Carthy & Rytter (2015).

Figure 7. Development of standing 
stem volume of released trees from 
the different treatments. Different  
letters for specific ages show significant 
differences among the treatments. The 
figure is redrawn from Mc Carthy & 
Rytter (2015).
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EFFECTS OF LATER THINNING ON GROWTH AND DIMENSIONAL 
DEVELOPMENT IN ROOT SUCKER GENERATED HYBRID ASPEN
The previous section clearly showed that early thinning activities will have a significant 
influence on the development of future hybrid aspen trees. A supplementary study was  
intended to investigate how different thinning measures affect the remaining trees at 
a later stage in the rotation period. A study of thinning effects has been going on at the 
Dimbo site south of lake Hjälmaren since the stand was 7 years old and was still in use at 
the age of 28 years in the autumn of 2018. When the experiment started in 1997, the stand 
had been precommercialy thinned to 2,000–2,800 stems ha-1. Latest scientific reporting 
was done in 2014 when the stand was 23 years old.

Three thinning treatments have been in use: 1) weak thinning (a thinning at 13 years to 
1,500 stems ha-1); 2) standard thinning (thinning at age 7 to just under 1,500 stems, at 
age 10 to 1,000 stems, at age 13 to just over 700 stems, and at age 17 to just below 500 
stems ha-1); 3) strong thinning (thinning at age 7 to just below 1,000 stems and at age 13 
to just below 500 stems ha-1). Treatments and results are described in Rytter and Stener 
(2014).

The mean annual increment (MAI) differed slightly between treatments and was some-
what higher in the weak thinning with 22 m³sk ha-1 year-1 compared to 19–20 in the  
two other thinning alternatives. Stem diameter at 1.3 m, expressed as the diameter of the 
tree of mean basal area, was significantly higher in standard (26 cm) and strong thinning 
(28 cm) than in the weak thinning (19 cm; Figure 8). The difference between standard 
and strong thinning was small. A significant difference remained even when the 400 
thickest trees ha-1 were selected from each treatment. However, the distance between the 
weak and the other two thinning alternatives got smaller, since the stronger thinnings 
had about the same stem diameters (27 and 29 m, respectively) as before, while the weak 
thinning got a considerably higher average diameter (25 cm; Figure 9).

The results of the early and later thinning studies show that there were small differences 
in total production between the different treatments, but that the remaining trees grew 
better with faster diameter development, which possibly pays off at the end of the rotation 
period.

Figure 8. Development of the stem  
of mean basal area (DG) in the root 
sucker generated stand at the Dimbo 
site for three different thinning 
strengths. Different letters for specific 
ages show significant differences 
among the treatments. The figure is 
redrawn from Rytter & Stener (2014).
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Intensive thinning measures, both early and later, are necessary to achieve large stem dimensions at the end 
of the rotation period. Photo: Lars Rytter, Skogforsk

Figure 9. Development of the stem of 
mean basal area for the different treat-
ments when calculated from the 400 
thickest trees ha-1 (DG400). Different 
letters for specific ages show significant 
differences among the treatments. The 
figure is redrawn from Rytter & Stener 
(2014).
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GROWTH PERFORMANCE AT DIFFERENT ROTATION TIMES
An important and interesting question is how hybrid aspen cultivation systems should 
be designed. A fundamental factor is the rotation period. How often can hybrid aspen be 
harvested without negatively affecting a sustained production, and will growth levels  
be different due to rotation time and management measures? The Snogeholm site was  
established to study these issues. The original planted stand was harvested after 12 years 
in the winter of 2008/2009 and the study of sustainability in root sucker generated 
stands could start.

There are 12 plots in the Snogeholm site used for the experiment. Three different cultiva-
tion strategies have been applied: 1) 4-year rotation periods; 2) 8-year rotation periods 
with corridor thinning and biomass withdrawal after 4 years; 3) 16-year rotation with 
corridor cleaning and biomass withdrawal after 2 years and release of future stems with-
out biomass harvest after 4 years. All cultivation alternatives are randomly placed in four 
different blocks. Measurements have been made continuously at 2-year intervals, and 
in addition, the 1-year-old shoots have always been recorded. The experiment had come 
halfway in 2016 and the results so far have been published in Rytter and Rytter (2017). It 
should also be mentioned that at the Ekebo site there is a stand that follows cultivation 
option 3) and serves as a demonstration object for visitors.

Literature tells that trembling aspen should not be harvested at shorter intervals than 10 
years (Stiell & Berry 1986), and Perala (1979) noted that 4-year cycles or shorter were not 
sustainable. One-year rotations ceased working after 7 years.

Results from the Snogeholms experiment show so far that biomass production is at the 
same level after 8 years regardless of cultivation strategy (Figure 10) and mean annual  
increment rapidly reached about 10 tons of DM ha-1 year-1 (Figure 11). A tendency  
towards lower productivity could be seen in the 16-year rotation after the two thinnings  
at age 2 and 4 years, but this management strategy recovered in year 8.

A comparison of the two 4-year cycles in cultivation strategy 1) showed about the same 
production after 4 years (Figure 12). The number of shoots was also at the same level  
after the first year, about 100,000 shoots ha-1 (Figure 13). Self-thinning showed similar 
patterns with high mortality during the 4-year periods. This is in contrast to the two 
strategies with longer rotation times, where the thinning measures significantly reduced 
self-thinning (Figure 13).

Figure 10. Total obtainable  
woody biomass after 8 years for  
respective cultivation strategy. 
Figures for the blocks I–IV as well 
as average values per strategy 
(dashed bars) are shown. Both  
living and dead shoots are  
included. The figure is redrawn 
from Rytter & Rytter (2017).

Clear-cut Thinning 1
Thinning 2 Standing
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Figure 11. Mean annual increment  
(MAI) of the three management  
strategies during 8 years. The lines  
represent averages of the 4 blocks for  
respective strategy. Different letters 
show significant differences among  
the treatments at a certain year. The 
figure is redrawn from Rytter & Rytter 
(2017).

After 1 year 
After 2 years
After 4 years 

Figure 12. Produced and accessible 
woody biomass in the first and second 
4-year cycle of option 1). Values for block 
I–IV and the average per cycle (dashed 
bars) are shown. Different letters mean 
differences between the cycles. The 
figure is redrawn from Rytter & Rytter 
(2017).

Figure 13. Development of living 
shoot numbers in the three culti-
vation strategies during 8 years. 
The 4-year strategy was clear-cut 
after 4 years, the 8-year alterna-
tive was corridor thinned after 4 
years, and the 16-year treatment 
was corridor thinned after 2 years 
and future stems (c. 1,100 ha-1) 
were released after 4 years. The 
figure is redrawn from Rytter & 
Rytter (2017).
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The conclusions so far from the experiment with different rotation times is that biomass 
production is only little affected by the different cultivation strategies, which means that 
there is great flexibility in choosing cultivation method without significant loss of growth. 
Self-thinning is high if no early thinning operations are made. No growth reduction could 
be seen in the second 4-year cycle compared to the first, but the experiment will continue 
for another 8 years, and then a more secure evaluation can be done.

An observation made in Snogeholm (Rytter & Rytter 2017) and also seen by Perala (1979) 
is that the sprouting after short cultivation cycles turns from pure root suckers, which 
happens after harvesting older stands, to increasingly consist of stump shoots.

NUTRIENT REMOVAL FROM HYBRID ASPEN STANDS AT  
THINNING AND CLEAR-CUT
Removal of biomass always means that nutrients are also removed from the cultivation 
area. This can be compensated for by deposition of nutrients from the atmosphere, by 
weathering from minerals, by fertilization or by returning nutrients for example with 
sludge and ash. The withdrawal of nutrients depends on the site and its fertility. High 
nutrient availability leads to a larger uptake of nutrients into the crop and also to "luxury 
consumption" of certain elements. However, a fertile site can also better manage nutrient 
removal. The nutrient outtake also depends on tree species, the amount of biomass 
extracted and which fractions that are harvested or left on the site. In addition, stand 
age and season is of great importance for the amount of nutrients that are harvested and 
removed.

Investigations have shown that as much as 70–80 kg N ha-1 yr-1 can be taken out from 
productive stands of Salix and poplar (Hansen & Baker 1979, Adegbidi et al. 2001).  
Palviainen and Finér (2012) compiled data on nutrient content in Scots pine, Norway 
spruce and birch and showed that whole-tree harvests mean significantly larger nutrient 
withdrawal from stands than harvest of only stems. Under Nordic conditions, significant 
differences in nutrient content in stemwood and branches have been demonstrated 
among different clones of hybrid aspen (Table 3) in a planted stand (Rytter & Stener 
2003). Other properties such as fiber characters (Yu et al. 2001), wood density and energy 
content (Stener 2010, Hytönen et al. 2018) also show clonal differences. Figure 14 illus-
trates how the concentration of phosphorus varies with tree height in large and small 
trees of hybrid aspen, and Figure 15 shows how nutrient concentrations in hybrid aspen 
stems decrease with age (Rytter 2002). Thus, there are great opportunities to reduce the 
nutrient withdrawal at harvest by choosing nutrient-efficient clones, by leaving nutrient- 
rich biomass fractions at the site and by harvesting when the stands have become slightly 
older.
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Table 3. Nutrient content in stems and branches of 14 different hybrid aspen clones at 14 
years age in a planted stand in southern Sweden. Mean values and range is given for  
nutrient concentrations expressed as mg g-1. Data is gathered from Rytter & Stener (2003).

Fraction Element Mean value Range

Stems Nitrogen (N)
Potassium (K)
Phosphorus (P)
Calcium (Ca)
Magnesium (Mg)
Sulphur (S)

 2.15
 1.56
 0.281
 2.28
 0.234
 0.179

1.45–2.95
1.11–2.32

0.159–0.369
1.67–3.26

0.150–0.333
0.113–0.236

Branches Nitrogen (N)
Potassium (K)
Phosphorus (P)
Calcium (Ca)
Magnesium (Mg)
Sulphur (S)

 6.02
 3.01
 0.814
 6.73
 0.681
 0.476

4.00–8.50
2.34–4.14

0.590–1.07
4.66–9.64

0.425–1.03
0.327–0.633

a)

b)

Figure 14 a and b. Concentration of 
phosphorus along the stem in small  
trees a) (Ramsås, 3,9–7,3 m high) and 
large trees b) (Bulstofta, 13,9–22,4 m). 
H% is relative height of included trees. 
The figures are taken from Rytter  
(2002).
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a)

All biomass removed from the Snogeholm sample plots was analyzed for macronutrients. 
The three cultivation strategies compared have rotation times of 4, 8 and 16 years. See 
section 2.5 for more information on the strategies. The results clearly showed that more 
nutrients are taken out the shorter the rotation time (Table 4). This is to some extent  
explained by the high bark share in the young shoots. Bark contains higher levels of  
nutrients than wood (Hansen & Baker 1979, Uri et al. 2003, Tullus et al. 2009). The 
picture is not entirely accurate in Table 4 because the standing trees in the strategy with 
16 years rotation have yet not been harvested. Since they will have a comparatively high 
proportion of nutrient-poor wood and growth is so far at about the same level among the 
different strategies, the total nutrient withdrawal will most likely be clearly lower for the 
longest rotation time.

Figure 15 a and b. Nutrient concentration in stems, including bark, in 
five hybrid aspen stands of various ages. Figure a), nitrogen potassium  
and calcium; figure b), phosphorus, magnesium and sulphur. Figures 
are redrawn from Rytter (2002).

b)
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Table 4. Nutrient amounts removed up to 8 years in the three cultivation strategies in the Snogeholm experi-
ment. Values are averages from the four blocks (n = 4). The table is compiled from Rytter & Rytter (2018).

Cultivation strategy Measure Age Nutrient withdrawal (kg ha-1)

(yr) N P K Ca Mg S

4 years rotation

8 years rotation

16 years rotation

Harvest
Harvest
Total

Thinning
Harvest
Total

Thinning
Thinning
Total

4
4
-

4
8
-

2
4
-

 159
 163
 322

 88
 135
 223

 144
 0
 144

 24.7
 31.9
 56.6

 15.1
 26.1
 41.2

 15.6
 0
 15.6

 109
 122
 232

 67
 111
 178

 66
 0
 66

 190
 292
 482

 118
 206
 324

 104
 0
 104

 21.0
 22.7
 43.7

 12.8
 21.6
 34.4

 12.6
 0
 12.6

 11.4
 15.1
 26.5

 6.9
 11.0
 17.9

 8.7
 0
 8.7

EFFECTS ON SOIL OF MANAGEMENT STRATEGIES IN 
SHOOT-GENERATED HYBRID ASPEN
A large harvest of biomass means a large withdrawal of nutrients from the soil via uptake 
of trees. This means that, at least in the long term, the access to nutrients, which is  
important for sustainable growth, is likely to be reduced. This topic has been discussed  
for intensive cultivation systems (e.g. Hansen & Baker 1979, Adegbidi et al. 2001, Paris 
et al. 2015) and also mentioned in this project (Rytter 2002). As previously mentioned, 
the nutrient removal can be compensated passively by atmospheric deposition and  
weathering of minerals. Actively, it can be compensated by fertilization and recycling 
of for example ash. In order to reduce biomass and nutrient withdrawal, harvesting of 
young crops can be avoided and nutrient rich fractions can be left at the site. However, 
some opportunities with high productivity and short rotation will then disappear. On the 
other hand, tree species and clones with an efficient nutrient use can be utilized and  
harvest can be performed during periods when nutrient levels in wood and bark are low 
and when the leaves have fallen off. In intensive cultivation systems, which this project 
represents, knowledge and monitoring of harvested nutrient amounts is necessary and 
also how it affects the nutritient availability in the soil.

In the experiment in Snogeholm, the effects of an intensive nutrient withdrawal on soil 
properties are followed for the three cultivation strategies with varying rotation times 
(Rytter & Rytter 2018). Few differences were detected in the soil after 8 years regardless 
of cultivation strategy. The afforestation of arable land had somewhat altered the vertical 
distribution of ammonium nitrogen (NH4-N), potassium (K) and magnesium (Mg), and 
the amount of nitrate nitrogen (NO3-N) had decreased. In the latter case, changes are 
uncertain, and it was not possible to draw any conclusions of the result. The different 
cultivation strategies showed so far no impact on the soil pools of nutrients and organic 
carbon (Table 5).

In a related tree species experiment on previous arable land, studies have been made to 
see how Salix, poplar and hybrid aspen affect soil characteristics (Rytter 2016). Only a  
few changes appeared due to the afforestation of arable land during the first 5 years and 
no differences were found between the tree species. However, the carbon balance seems 
to rapidly be positive (Rytter et al. 2015).
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Table 5. Organic carbon pools in the 0–30 cm layer of soil (SOC), nutrients and C:N-ratio in the  
three cultivation strategies with different rotation times at Snogeholm. Values are averages from  
four blocks and each block value is based on 20 soil samples. No significant differences between  
strategies could be seen. The result is taken from Rytter & Rytter (2018).

Element (Mg ha-1) Cultivation strategi

4-year rotation 8-year rotation 16 year rotation

Soil organic carbon (SOC)
Total nitrogen (N)
C:N-ratio
Ammonium nitrogen (NH4-N)
Nitrate nitrogen (NO3-N)
Phosphorus (P)
Potassium (K)
Calcium (Ca)
Magnesium (Mg)

 64.70
 5.35
 12.20
 0.0217
 0.0119
 0.500
 0.417
 5.64
 0.517

 54.80
 4.47
 12.30
 0.0272
 0.0057
 0.570
 0.437
 3.45
 0.497

 65.90
 5.44
 12.20
 O.0305
 0.0082
 0.477
 0.489
 4.83
 0.615

Studies of afforestation of fast-growing deciduous trees on agricultural land also include soil sampling to 
evaluate the effect of cultivation on soil properties. Photo: Lars Rytter, Skogforsk
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CLONAL VARIATION IN ROOT SUCKERING ABILITY
Hybrid aspen is commercially cultivated as a clone mixture. These clones contribute  
almost invariably to a satisfactory sprouting of root suckers after harvesting of the  
original stand (e.g. Liesebach et al. 1999, Mc Carthy & Rytter 2015). However, it is less 
known how different clones respond to harvesting. Skogforsk has two experimental sites 
where hybrid aspen has been planted in monoclonal plots, Ekebo and Sofielund. Both 
sites were recently clear cut and there was an opportunity to study eventual clonal diffe- 
rences in the ability to regenerate with root suckers.  Measurements were carried out for  
2 years after harvesting to study sprouting and early growth of respective clone (Rytter  
& Jacobson 2018). At the Ekebo site there were four clones in three repetitions and at  
Sofielund there were nine clones in four repetitions. The results showed that there are 
clonal differences in number of shoots, height and diameter development as well as in 
growth per hectare (Table 6). There is thus a possibility in the breeding work to take into 
account how different clones behave after harvesting. At the same time it was found that 
all tested clones produced enough shoots to secure a new generation. However, to obtain 
a safer evaluation of the clone-wise shoot dynamics in hybrid aspen forestry, further  
studies on vitality, self-thinning and thinning effects are required.

Table 6. Characteristics of the 1- and 2-year-old root sucker generation of the different  
clones measured at the Sofielund site. The table was taken from Rytter & Jacobson (2018).

Year Clone Diameter 
(Da, mm)

Height 
(Ha,m)

Shoots 
(no. ha-1)

Biomass
(Mg DM ha-1)

1    2
   5
   8
 10
 12
 35
 47
 56
 65

   4.73
   3.28
  4.25
   4.11
   4.30
   3.65
   4.53
   3.73
   4.18

1.50
1.09
1.27
1.38
1.36
1.13
1.51
1.32
1.30

 127 600
   96 900
   61 000
   73 100
 108 800
 131 100
 150 900
   73 300
 101 700

   4.22
   1.18
   1.29
   1.66
   2.43
   1.86
   4.15
   1.27
   2.02

2   2
   5
   8
 10
 12
 35
 47
 56
 65

 11.0
   9.0
  12.2
   11.2
   10.9
   10.7
   10.9
   11.6
   12.2

3.17
2.51
3.19
2.88
2.96
2.88
3.17
3.07
3.22

 78 900
   49 500
   38 900
   50 500
 68 100
 73 800
 98 000
   43 700
 70 100

 16.18
   6.14
   9.37
   9.85
   12.03
   13.12
   18.39
   8.28
  15.17
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Another interesting question about clone dynamics is how clone composition changes  
in coming shoot generations. An investigation on this matter was carried out on the 
Snogeholm and Stehag sites where the clone composition in the second shoot generation 
was compared with the originally planted clones (Stener et al. 2018). The clones were 
identified using DNA technology and the frequency with which the clone occurred was 
calculated. The results indicated a change in clone composition with new generations 
in shoot-regeneration hybrid aspen stands (Table 7). This means that a large number of 
clones should be used in planting to reduce the risk to get a low clone diversity with an 
increased risk of clone-associated damage in the future.

Table 7. Change of clone composition (%) between original planted stand (generation 1) and the second 
shoot generation (generation 3) in the Snogeholm experimental site. It should be noted that clones not 
included in the net plot from the beginning appeared after two harvests.

Clone 1st generation 3rd generation

Plot 3 Plot 5 Plot 7 Plot 9 Mean

12
19
13

8
5
14

4
9
Other clones

 11
 13
  9

 14
 15
  9

 14
 15

 22.7
 14.8
 10.9

 14.8
   6.2
   4.7

-
 0.8
 24.9

 17.7
 19.1
 12.8

 7.1
   5.0
   5.7

-
-

 32.5

 24.8
 19.1
 18.4

 5.7
   1.4
   2.8

 4.3
-

 23.3

 15.3
 12.4
 18.2

 11.7
   5.8
   1.5

-
 0.7
 34.4

 20.1
 16.4
 15.1

 9.8
   4.6
   3.6

 1.1
 0.4
 28.9
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Concluding discussion
The research efforts in the project, which is not yet completed, has delivered new and 
important knowledge for long-term cultivation of hybrid aspen. This section specifically 
discusses the knowledge contribution from this project.

Like observations in common aspen and trembling aspen, the sprouting is also powerful 
in hybrid aspen (Rytter 2006, Mc Carthy & Rytter 2015, Rytter & Rytter 2017). In most 
cases it is possible to rely on the natural shoot sprouting in the next generation. Only in 
one case, the second shoot generation in Maltesholm, there were problems when the  
regeneration area was small and the exposure to high populations of browsing wildlife 
was high. Biologically, no problems have been encountered. The results from the project 
also show that repeated harvesting is possible, but it is uncertain how often harvests can 
be carried out and still keep growth sustainable. Two repeated harvests with a 4-year  
rotation have proved to work (Rytter & Rytter 2017), but it is planned to follow another 
two short harvest intervals before firmer conclusions can be drawn.

Investigations of clonal differences in the ability to sprout and grow after harvest (Rytter 
& Jacobson 2018) show that there are differences between tested clones, which means 
that there is an improvement potential to choose clones also for future natural regenera- 
tion. At the same time, all of the clones included in the test were found to have a satisfac-
tory ability to produce root suckers. Since it has been found that the clone composition 
changes with new generations (Stener et al. 2018), there is reason to think about how 
many clones are required to get a sufficient number in the future and secure the coming 
cultivations.

The abundant sprouting of shoots has also proved to reach a high productivity level  
(Rytter 2006. Mc Carthy & Rytter 2015. Rytter & Rytter 2017). Growth has quickly 
reached a level of about 10 tonnes DM of aboveground woody biomass ha-1 year-1 at the 
most fertile sites. We have also seen that self-thinning soon occurs and that large biomass 
amounts disappear that way unless thinning operations are carried out early. The experi-
ments with different rotation times have shown that, regardless of which cultivation  
strategy was applied, the total production became quite similar during the first 10-year 
period. This means that the choice of cultivation strategy is flexible and that the economic 
value of the end product is of great importance. If the purpose is to achieve high produc-
tion of future trees with large stem dimensions, the early thinning becomes critical (Mc 
Carthy & Rytter 2015). It should be done as early as after 2-3 years if the best develop-
ment is to be expected on remaining trees. We have also seen that later thinning oper-
ations are of significance for the dimensional development of individual trees (Rytter & 
Stener 2014).

Intensive cultivation to produce biomass also means that a lot of nutrients are withdrawn 
from the cultivation site (Rytter & Rytter 2018). The shorter the cycle times, the higher 
the nutrient concentrations will be in the harvested biomass. It is possible to reduce the 
nutrient outtake by omitting the smallest dimensions (cf. Rytter 2002), extend the rota- 
tion time and harvest during the winter months when the leaves have fallen. But no  
matter how it is done, large nutrient amounts will disappear from the cultivation area  
and it is not likely that deposition and weathering can counteract the withdrawal. It will 
probably be necessary to replace the nutrients that have been removed. But it does not 
have to be done instantaneously since studies of soil changes during intensive cultivation 
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have initially not showed any noticeable changes in nutrient availability (Rytter & Rytter 
2018). Even during the 4-year cycle, the changes were non-existent during the first 8 
years on fertile former arable land.

Few major problems have been noted in the trials included in the project. We have seen 
damage of browsing and fraying, which means that the planted stands in the first gene- 
ration probably need fencing for successful and damage-free establishment. At the same 
time, we have also seen that the dense stands produced after harvesting are relatively 
robust and only in exceptional cases will there be problems with damage caused by game. 
We have observed that older root sucker generated plots (Dimbo) contained trees with 
stem cancer (Entoleuca mammata), but the resistance against the cancer has increased 
as the problem is handled in the breeding efforts. Problems with stem cracks are also 
handled that way and we have not observed this problem in the project stands. We have 
noted a tendency for the root suckers to become slightly more wind-sensitive than trees in 
planted stands.

The conclusion so far of the research on root suckers is that there is a great potential to 
utilize shoot-generated stands of hybrid aspen. The sprouting of shoots is good and 
growth is high. However, there is reason to continue the studies to further improve and 
secure the cultivation material, and the optimal cultivation systems for these kinds of 
stands have not yet been defined. The economic aspects also need to be better investi- 
gated.

The continuation
As previously mentioned, the project has not been completed but continues for a number 
of years. During the ongoing project period, further studies will be made on the sustain- 
ability of growth at different rotation periods and at the same time the development of soil 
conditions is followed.
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