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Abstract: Growing of dense, naturally regenerated downy birch stands using rotations of 24-26
years has been shown to be profitable. Coppicing would be a low-cost regeneration method,
however, knowledge on the development of birch coppices is scarce. The height, stem number, and
biomass development of sprouts originating from six clearcut stands in three age classes (A: 10-12
years, B: 15-16 years, C: 22-24 years) located in northern Finland was studied. Equations for
estimating the aboveground biomass from height were developed for sprouts. The number of
sprouts, and their height and biomass were measured annually during nine growing seasons. In
addition, sprout damage was assessed. The number of sprouts per hectare was highest in the
youngest age class (A) throughout the study period, even though the decrease in the number of
stems due to self-thinning was also fastest (from 591,000 sprouts per ha to 105,000 sprouts per ha).
The stand age class did not have an effect on either the mean (2.7 m) or dominant height (5.4 m) of
birch sprouts. The total leafless above-ground biomass, the mean annual increment (MAI), and the
current annual increment (CAI) were highest in the youngest stand age class (A) and lowest in the
oldest age class (C). After 9 years, the biomass in the oldest age class was 15.1 Mg ha™! and 31.1 Mg
ha'in the youngest age class. During the first six years, the biomass of the sprouts correlated with
the number of stumps. A higher number of stumps produced more sprouts and biomass in the first
years. However, due to faster self-thinning in the densest stands and higher mass of average sprout
in the oldest stands, the correlation between the number of stumps and biomass decreased with the
increase of age so that it was no longer significant in years 7, 8, and 9. In the older stand age classes,
the MAI increased with the increase of the age of sprouts. The CAI varied considerably between the
study years. The study showed that due to coppice vigor, growth of the birch sprouts can be high.

Keywords: coppicing; sprouts; biomass; height; stand density; downy birch

1. Introduction

Fast-growing tree plantations subject to more intensive practices and shorter rotation periods
than conventional forestry are expected to yield high amounts of biomass for energy and other end
uses. Mostly, the growing of species in the genera of Populus and Salix has been studied and, for
example, the area of practical willow plantations in Sweden is almost 10,000 ha [1]. The potential
productivity of willow plantations decreases from south to north [2], and simultaneously the risk for
frost damage increases [3]. Thus a local species adapted to the climate could be an alternative option.
Downy birch (Betula pubescens Ehrh.) growing on peatland areas could be a feasible option in
northern Finland. According to the Finnish National Forest Inventory, 98% of the total birch volume
consists of downy birch on peatlands in Northern Finland [4]. Downy birch is a biologically
vigorous, early successional, pioneer tree species thriving on peatlands and in mineral soils with
poor drainage. Downy birch is used mainly for pulpwood and energy wood.

The current peat production area in Finland is about 68,000 hectares. The need to reduce
greenhouse gas emissions and environmental concerns are increasing the need to reduce the use of
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peat as fuel. Thus considerable amounts of peatlands will be released from production in Finland,
and therefore large areas of cutaway peatlands will need a new form of land use in the coming years.
Many studies have shown that dense downy birch stands can be cost-efficiently established on
cutaway peatlands by natural regeneration or by sowing following ash fertilization [5,6]. Ash
fertilization, or soil preparation on shallow peat layers is required due to the low potassium and
phosphorus reserves of the bottom peat.

Energy wood production by growing dense downy birch stands with rotations of over 20 years
has been calculated to be economically feasible on cutaway peatlands [7]. These calculations were
based on the assumption that the future stand can be achieved by coppicing and that coppicing
shortens the rotation by one year. However, results on the development of coppiced birch stands to
verify this assumption are lacking. Re-sprouting after harvest and maintaining productivity is
fundamental to short-rotation coppice forestry, which utilizes the exceptional growth rates of stump
sprouts or root suckers [8]. The initiation structure and sprouting characteristics of downy birch
dormant basal buds are well known [9-11]. Young sprouts are able to grow much faster than
seedlings of the same age, mainly due to the root system of parent trees. However, it is not fully clear
how long the growth advantage of downy birch coppice seedlings is maintained over
seed-originated trees [12]. Those factors (e.g., season of cutting, stump height, age, and size of the
trees) influencing the sprouting of downy birch are well known [13-18].

In this study, the development of six birch coppice stands was monitored annually for nine
years. The main hypothesis was that stand dynamics and biomass production depend on the age
and diameter of the clearcut birch trees.

2. Materials and Methods

Two naturally regenerated dense unthinned downy birch stands with some willow
undergrowth from each of the three age classes (A: 10-12 years; B: 15-16 years; C: 22-24 years) were
selected from the same cutaway peatland area located in northern Finland at Liminka (Hirvineva,
64°48' N, 25°24" E). The depth of the residual peat layer varied from 18 to 60 cm. The estimates of the
stand ages were based on the mean biological age of dominant trees on each sampled stand. Their
ages were determined from increment cores taken from the base and by adding two years to the
number of annual rings. The age variation within the dominant trees was small, mostly 2-3 years,
indicating that the stands were even-aged and had been established in a short period of time. The
mean age of the dominant trees in the six stands varied from 10 to 24 years, and their mean height
from 2.8 to 9.0 m (Table 1). Each of the stands was clear-cut manually except for the two oldest
stands which were cut by a harvester in the spring (6 May, 2011). After cutting, the trees were
removed from the study plots (size 520-1800 m?) established in the stands.

Circular sub-sample plots (1-4 in each stand, size 30-150 m? depending on the density of the
stands) were established on each of the study plots. Since the aim was to measure a similar number
of stumps from each stand, larger-sized sub-sample plots were established in the center of the
clearcut older stands. In the younger and denser stands, 3-4 smaller sub-sample plots distributed
uniformly over the clearcut areas were established. One study plot was destroyed after the eighth
year. The missing values for this plot were calculated using regression imputation [19], in which the
existing data from years one to eight were used to make the prediction. The degree of the
determination of the regression equations was high (e.g., biomass, 99.5%; biomass of average sprout,
99.4%; mean height, 99.5%; dominant height, 99.6%). During nine years of study, the height of all
sprout-originated birches and willows and naturally regenerated birches were measured at the end
fo the growing season from ground level to the top of the sprouts. In addition, the sprout damage
was assessed. The mean height of the origin of the sprouts [20] was deducted from the measured
height of the sprouts. The dominant height of sprouts was calculated as the mean height of 10% of
the tallest sprouts. The total number of sprouts measured in the first growing season was 6874.

Altogether, 90 birch and 86 willow sample sprouts covering the height variations were taken for
modeling the biomass production. Each year, new taller sample sprouts were taken and new
equations were calculated. The leafless sprouts were transported to the laboratory and their
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dry-mass was determined after drying at 105 °C to constant weight. The biomass of the sprouts was
estimated with an allometric model based on the sample tree data

Y = a*Xb (1)

In the model, Y = dry-mass (g), and X = height of sprouts (cm), while a and b = constants. The
models were corrected after logarithmic transformation linearizing the allometric equation with s?/s.
The R? values for the birch equations were 89.2%-95.3% and 93.7%-96.7% for the willow (Table 2).
The coefficient of variation was lower for willows than for birch. The biomass of the birch and
willow sprouts growing in the plots was calculated each year with the models based on sprout
height.

Table 1. Stand age, stand density, mean height and leafless above-ground biomass of the stands
before clearcutting, and the number of measured stumps, their mean diameter, number of measured
downy birch sprouts, and share of non-sprouting birch stumps after the first growing season after
clearcutting and number of sub-sample plots.

Mean stump

No. Mean diameter . No. No. Share of No.
Age R Biomass, non- sub-sample
Age stems height, (standard measured  measured . .
class . . Mg hat sprouting plots (size,
ha? m deviation), stumps sprouts o
stumps, % m?)
cm
10 A 129,100 28 1.0 (1.0) 26.8 262 978 6,7 4 (30)
12 A 57,800 3.6 24 (1.6) 29.3 183 1255 11,4 3 (40)
15 B 30,200 52 2.7 (1.6) 55.9 193 1229 15,0 1 (50)
16 B 45,400 4.8 2.6 (2.3) 33.6 423 2058 13,8 2 (100)
22 C 10,600 9.0 5.5 (3.5) 66.9 92 688 29,3 3 (150)
24 C 12,200 9.0 8.2 (4.2) 76.2 105 666 29,3 1 (100)

Table 2. Dry-mass equations for one- to nine-year-old birch and willow sprouts. Equations have the
form Y = aX®, which after logarithmic transformation have been corrected with s?/s. Y = dry-mass (g),
X = height of sprouts, a and b = constants, R?> = degree of determination, V = coefficient of variation,
and N = number of sample sprouts, SEE = standard error of estimate.

R?, V,
Age N a b % % SEE N a b R%,% V,% SEE
Birch Willow
1 30 0.0001432 2496 89.2 549 0.,5133 28 0.0002614 2.211 93.7 28.6 0.2806
2 35 0.0001567 2.468 91.8 50.8 0.4793 35 0.0001245 2.399 949 33.7 0.3278
3 45 0.0001569 2.46 93 471 04474 46 0.0000567 2.588 95.6 36,5 0.354
4 55 0.0000723 2.638 95.1 474 045 51 0.000039 2.675 959 382 0.3692
5 75 0.0000579 2.686 942 534 05006 71 0.0000296 2.754 953 41.1 0.3955
6 78 0.0000478 2.729 945 539 0505 74 0.000026 2734 956 409 0.3937
7 83 0.0000405 2.766 949 53.7 0.5035 79 0.0000217 2.814 963 40.2 0.3868
8 88 0.0000315 2.821 95.1 54.6 0.5111 84 0.0000202 2.838 96.5 39.7 0.3828
9 90 0.0000297 2.833 953 543 0.5087 86 0.0000191 285 96.7 394 0.3800

The average (1990-2019, 30 year period) temperature sum (dd, +5 °C as the threshold) was 1149
dd and the average June to August precipitation was 193 mm (Figure 1). Five of the study years were
warmer than average, and the average temperature sum of the nine study years (1214 dd) was
higher than the 30 year average. Seven of the nine study summers had a higher precipitation than
the average figure and the average precipitation for the study years (222 mm) was higher than the 30
year average. The average precipitation (as snowfall) for January-March was, on average, 85 mm.
Exceptionally high precipitation was recorded in winter 2015 (138 mm).
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Figure 1. Annual temperature sum (A), (dd threshold value 5 °C) and precipitation (B) in June to
August 2011-2019. Dotted lines show a 30-year average.

Repeated measures analysis of variance was used to test the effect of stand age class and time
on the studied variables. The homogeneity of variances was tested with Levene’s test. When testing
figures in percentage form, variance stabilizing transformation of square root arcsine was used. To
compare the means of the results, a significance level of p < 0.05 was used. All statistical analyses
were carried out using IBM SPSS Statistics 25 software.

3. Results

3.1. Number of Sprouts

The number of sprouts per hectare was highest one growing season after clearcutting in all
stands (Figure 2A). The stem number was highest in the youngest age class (A) throughout the study
period, even though also the decrease of the number of stems due to self-thinning was also fastest
(from 591,000 sprouts per ha in year 1 to 105,000 sprouts in year 9). Both the stand age class (p =
0.011) and age of spouts (p < 0.001) significantly affected the number of sprouts per ha. The
significant (p < 0.001) age class and sprout age interaction indicated that the number of sprouts per
ha in the different age classes approached each other. The share of willows has the highest and that
of birches the lowest (59%—61%) in the youngest age class. The number of willows decreased slightly
with the increase of the age of stands. In the oldest age class, 95%—99% of the sprouts consisted of
birch (Figure 2B).

Two to three years after clearcutting, naturally regenerated birch seedlings also started to
appear in the stands (Figure 3). Their number was highest 4-5 years after clearcutting, but
subsequently, their number decreased. The time following clearcutting had a significant effect (p <
0.002) on the number of naturally regenerated seedlings. However, the number of naturally
regenerated birch seedlings in the three age classes (age 9—A, 2600; B, 4800; C, 7300 seedlings per
ha) did not differ significantly from each other.
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Figure 3. The number of naturally regenerated birch seedlings.

3.2. Height of Sprouts

The mean height of sprouts increased from 0.6 m after the first growing season to 2.7 m after the
ninth growing season (Figure 4). Willows in the stands had a similar mean height after the first
growing season than birches, but they were 0.6 m shorter than birches after nine years. The stand age
class did not affect the mean height of sprouts. The dominant height of sprouts increased faster with
age than the mean height (Figure 4). The dominant height after nine growing seasons (5.4 m) was
two times higher than the mean height. The age class did not have a significant effect on the mean
height (p = 0.993) or the dominant height (p = 0.698).
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Figure 4. Mean height and dominant height of birch sprouts.

3.3. Biomass

The total leafless above-ground biomass was highest in the youngest age class and lowest in the
oldest age class (Figure 5A). The effect of age class was significant (p = 0.038). After the first growing
season, the biomass in the oldest age class was 0.3 Mg ha™ and it was 18 times higher (3.5 Mg ha™) in
the youngest. After 9 years, the biomass in the oldest age class (C) was 15.1 Mg ha! and two times
higher (31.1 Mg ha™) in the youngest (A). The share of birches out of the total biomass was highest in
the oldest stand age class (99%-100%) and lowest (73%—-82%) in the youngest age class (Figure 5B).
The rest of the biomass was almost exclusively willows. The average mass of a sprout increased with
the increase of age (Figure 5C). However, the age classes did not differ significantly from each other.
During the first six years, the biomass of the sprouts was related to the number of stumps (Table 1).
A higher number of stumps produced more sprouts and biomass in the first years. However, due to
faster self-thinning in the densest stands and a higher mass of average sprout in the oldest stands,
the correlation between the number of stumps and biomass decreased with the increase of age so
that it was no longer significant in years 7, 8, and 9.

The age class had a significant effect (p = 0.030) on the mean annual increment (MAI). The MAI
was highest in the youngest age class being similar after one and nine growing seasons (3.5 Mg ha™;
Figure 5D). In the older age classes, the MAI increased with the increase of the age of sprouts,
reaching 2.5 Mg ha™ in the second age class (B), and 1.7 Mg ha™ in the oldest age class (C). The
current annual increment (CAI) varied considerably between the study years. The effect of age class
on the CAI was not significant (p = 0.201), but the effect of year was (p = 0.011). The CAI increased
annually up to the fourth growing season, reaching 6.2 Mg ha! in the youngest age class. However,
in the following year, the CAI decreased sharply in all the age classes, especially in the youngest age
class, due to snow-damage during the winter following the fourth growing season. Recovery from
the damage started in the following summer, but in the youngest age class, the CAI exceeded the
MATI only three years after the damage. In the older age classes, the CAI exceeded the MAI already in
the following summer.
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Figure 5. Biomass of sprouts (A), share of birch out of total biomass (B), biomass of average birch
sprout (C), and MAI and CAI of birch and willow in the age classes (D).

3.4. Damage

The share of moose browsed sprouts did not differ significantly by age classes or study years.
The worst damage took place already in the first year when 19% of the sprouts in age class B had
been browsed (Figure 6). Later, at age 6, damage to the same stands was 7%. Other major damage
occurred in winter 2014-2015, when heavy snowfall bent the birch stems to the ground. However,
the birch stems did not break and the number of bent stems was not measured.
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Figure 6. Amount of sprouts damaged by moose.
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4. Discussion

Several factors, such as stump height, stump diameter, and age of trees, affecting the sprouting
of downy birch are well known [20]. The sprouting of downy birch has been studied with the aim
mostly at finding means to control birch sprouting since fast-growing sprouts often impair the
development of softwood forest plantations. However, the development of coppiced birch stands
has been studied much less. In this study, birch stands were cut at the beginning of May when the
trees were still leafless and the growing season had not yet begun. Results after the first growing
season showed that an increase in the diameter of stumps led to higher numbers of sprouts
produced per stump, and a higher mean, dominant and cumulative height of sprouts per stump
with a higher biomass of sprouts per stump [20]. In addition, the oldest stands (22-24 years old) had
the highest numbers of non-sprouting stumps, which may decrease their suitability for the coppice
system [20]. In this study, the number of sprouts, their height, and the biomass development of the
coppices was followed for nine years.

After clearcutting the number of sprouts in the study stands were very high, especially in the
youngest stand age class (A) in which the number of stumps was highest. In the youngest stand age
class, especially during the first few years after clearcutting, the self-thinning was also strong,
halving the original stem number in four years, whereas in the oldest age class (C), the stem number
almost halved after nine years. Thus the stand density approached each other in the different age
classes with the increase of time. Self-thinning in the stands is expected to continue with a reduced
rate and the stem number will decrease. In earlier studies in coppiced birch stands, dense planted
stands and naturally regenerated stands on cutaway peatlands, the stem number has reached 9000-
11,000 stems ha after 20-25 years [21-23].

The age class of the original stands did not affect the mean or dominant height of the sprouts
originating from the stumps. The dominant height development of the birch sprouts in this study
was up to eight years faster than in the study by Hytonen and Issakainen [24], but the mean height
development was slower than in the study by Hyténen and Aro [22].

The height development of the sprout-originated birches was faster than that of the
seed-originated seedlings. Already after the first growing seasons, the sprout-originated birches
were, on average, 116 cm tall while the height of 10-20 cm had been reported for one-year-old
seed-originated seedlings [5,25]. Kauppi et al. [26] compared the height development of both
seed-originated and sprout-originated downy birches. Sprouts developed much more rapidly than
seedlings during the first three seasons, as a consequence of the free growth pattern and associated
pronounced growth flushes. Their annual height increment declined somewhat after a few years,
however, whereas that of trees of seed origin remained constant or increased slightly. On the same
cutaway peatland area, Huotari et al. [5] studied the development of seeded and naturally
regenerated birches for four years. The dominant height of sprout-originated seedlings in this study
was 12, 9, 6, and 5 times higher than that in the best fertilization treatment (mixed ash) of their study
after the first, second, third and fourth growing seasons, respectively. The dominant height of
four-year-old sprout originated birches in this study was much higher than that of seed originated
birches (3.1 m vs. 0.7 m) in the study of Huotari et al. [5]. The dominant height of sprout-originated
birches reached 5.5 m after nine growing seasons. However, there is very little knowledge on the
long term development of sprout-originated birches. It is believed that sprout-originated seedlings
will lose their growth advantage after some years. However, there are indications that
seedling-originated birch stands outstrip sprout-originated seedlings in height after 2040 years
[10,27].

The biomass development depended on the age of the original clearcut downy birch stand. The
younger the original stand, the faster the biomass increased. The older the stands age class was, the
fewer stems there were due to self-thinning. The main factor in the first years after clearcutting
explaining the differences between the age classes was the number of stumps in the stands.
However, the effect of the number of stumps decreased with age, and this was no longer significant
after six growing seasons. There are only a few studies on the biomass production of dense
sprout-originated downy birch stands. In the study by Hytonen and Aro [22], leafless above-ground
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biomass was 20-25 Mg ha' eight years after the clearcutting of ash or PK-fertilized 16-year-old birch
stands on cutaway peatlands. In the same age class (B, 15-16 years), the corresponding biomass was
19 Mg ha™ and in the youngest stand age class (A, 10-12 years) similar (25 Mg ha™) in this study.

The MALI of the coppices depended on the age class of the stands, being highest throughout the
study period in the youngest age class (A). Studies on the development of coppiced birch stands are
rare. Hytonen and Aro [22] studied the development of birch coppices following the clearcutting of
16-year-old naturally regenerated birch stands. In their study, the MALI of fertilized (PK or wood ash)
coppices at the age of 8 years (2.5-3.1 Mg ha! a™') was similar than in this study in stand age classes
A and B. However, in the unfertilized coppices, the MAI was 1.4 Mg ha a™' [22], is lower than in the
age class C of this study. After eight growing seasons following the coppicing of 20-year-old downy
birch stands, Hytonen and Issakainen [24] found similar MAI in central Finland than stand age
classes A and B in this study. In northern Finland, the MAI was similar than in stand age class C.

Compared to the very dense (250,000 seedlings per ha) seed-originated birch stands of Huotari
et al. [5], the woody biomass in this study was manifold after four growing seasons despite the fact
that the study by Huotari et al. [5] included foliage, which in young plants may constitute a high
proportion of the biomass. The MAI of the naturally regenerated stands of this study before
clearcutting was in stand age class A (10-12 years) 2.6 Mg ha'a™!, and considerably higher (3.5 Mg
ha'a™!) in the coppiced stands after nine growing seasons. Thus, after nine years, the total biomass in
the coppiced stands was higher than in the same stands before clearcutting at the age of 10-12 years.
Therefore, to reach the same biomass production coppiced stands, 2-3 years shorter rotation was
needed than in the seed-originated clearcut mother stands. This verified the assumption that coppice
stands develop faster than seed-originated stands when the age of clearcut trees is 10-12 years. In the
older stand age classes, the MAI before clearcutting was 3.0-3.1 Mg ha' a and 1.7-2.5 Mg ha'a™
following clearcutting after nine years. Hence, in the older clearcut stands, a longer rotation is
needed to reach a similar MAI than in the naturally regenerated stands.

The above-ground MALI in the seed-originated downy birch stands studied by Hyttnen et al.
[27] increased with the age of trees up to 15 years, when it reached 3.2 Mg ha-a™. A similar MAI was
reached in the youngest age class of coppiced stands of this study already in the first growing season
and was still similar after nine growing seasons. Similar or slightly higher values have been reported
in dense unthinned seed-originated downy birch stands in Finland (2.5-5.7 Mg haa™; [12,22,28—
30]), in Ireland (from 3.1. to 5.8 Mg haa™, [31]), and in Sweden (0.5-4.4 Mg ha'a’, [32]). However,
the MALI in the older clearcut stands with fewer stumps per ha was smaller in the age class B 2.5 Mg
ha-.

The CAI of all of the stands exceeded the MAI at the age of nine years. Thus the optimum
rotation period of coppiced birch stands is much longer than nine years. During winter 2014-2015,
heavy snowfall and wet snow caused damage to trees in Central and northern Finland [33,34]. In the
study areas, snow bent birch sprouts close to the ground but did not break them. Especially strong
damage was noted in the youngest age class. The bending of birch trees in 2015 was widely reported
(e.g., [35]), which caused a marked decline in growth in the following year, seen as much lower CAL
Birches are susceptible to bending, and birch-dominated forests are, in most cases, less severely
damaged than coniferous forests [36-38]. Moose can also damage birch sprouts, but the damage
remained quite small during the nine study years. The highest damage was measured in the age
class B in the first summer, where moose had mostly eaten leaves from the birches. Probably, the
selection of these stands was based on their location farther away from forest roads.

The dry weight of sprouts on a stump has shown to increase with increases in stump diameter
from 1 to at least 9 cm, and fast-growing young stands producing stumps sized 9 cm have been
considered to be ideal for short-rotation management of birch [20,39] The total biomass of the
sprouts on an area basis in the study stands was related to the number of trees in the stands. Those
young stands having more stumps per hectare than the older stands had a higher biomass on an area
basis. However, due to self-thinning, the stem numbers in younger, clearcut dense stands decreases
faster than in the older clearcut stands and the difference in stem numbers is smaller. As well as this,
in the older clearcut stands with fewer stumps per hectare, the weight of one sprout was higher than
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in the denser stands. The stump number correlated in the beginning with the biomass production
but not at the end of the study period. Thus with the increase of age, it is expected that growth in the
older stand age classes will increase, and their biomass will also reach that of the seed-originated
clearcut stands so that coppice rotation will be shorter.

5. Conclusions

The younger the clearcut stand is, the higher the initial number of spouts was. However, due to
self-thinning, sprout densities approached each other in the different age classes with the increase of
time. Since the age of trees before clearcutting did not affect the height development of sprouts
biomass is mainly a function of the number of sprouts. The study by Jylha et al. [7] demonstrated the
economic feasibility of energy biomass production in dense naturally regenerated downy birch
stands with rotations over 23 years. They assumed that after the clearcutting, subsequent tree
generations were assumed to be established by coppicing. This study verifies that at least one
coppice rotation is possible. Additionally, the assumption that, due to coppicing vigor, the coppice
rotation was expected to be one year shorter than the first seed-originated rotation was verified in
the youngest age class. However, it is likely that this is true also in the older age classes since coppice
vigor increases the growth of sprouts, and sprout-originated downy birches grow more quickly than
seed-originated trees for 15-20 years [25]. Thus, the coppice management of birches aged 25-30
years may be possible.
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