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Abstract 19 

 20 

Biochar is charred material formed by the pyrolysis of organic matter. The addition of biochar to soil 21 

may offer a chance to mitigate climate change by increasing soil carbon stocks, improving soil 22 

fertility and enhancing plant growth. Vast majority of biochar studies are conducted in agricultural 23 

soils, and field experiments studying the effect of biochar on tree growth in boreal forests are lacking. 24 

We applied spruce biochar amendments of 5 and 10 Mg ha-1 to the soil surface in young boreal Scots 25 

pine (Pinus sylvestris L.) forests in Southern Finland and studied the responses in tree growth and 26 

needle nitrogen (N) and 15N concentrations during the first three years after treatment. The biochar 27 

amendment of 10 Mg ha-1 increased the diameter growth of dominant trees significantly, on average 28 

by 1 mm year-1, which corresponded to 25% increase compared to control during the three years study 29 

period. The positive growth responses were less pronounced in height than in diameter growth. The 30 

biochar amendment of 5 Mg ha-1 increased the height growth of dominant trees by 0.16 m or 12% 31 

compared to the control during three years. Biochar amendments did not affect N and 15N 32 

concentrations in needles. The results suggest that wood biochar amendment can be a climate-friendly 33 

method to increase tree biomass production in nutrient poor, xeric, young Scots pine forests.  34 

 35 

Key words: Biochar, growth, nitrogen, soil amendment, soil management  36 
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Introduction 37 

 38 

Biochar, bio-oil and gas are products of pyrolysis processes, where organic material (e.g. agricultural 39 

crop residues, wood or manure) is heated under low oxygen concentrations (Vijayaraghavan, 2019). 40 

Biochar can be used in environmental applications such as soil amendment, soil remediation and 41 

water purification (Lehmann and Joseph, 2012). Furthermore, biochar is identified to be a promising 42 

and significant negative emission technology for storing carbon (C) in soils (Minx et al., 2018; IPCC, 43 

2019). High C content, aromatic structure and long residence time in the soil makes biochar an 44 

efficient tool for C sequestration and climate change mitigation (Woolf et al., 2010; Gurwick et al., 45 

2013). Biochar has also been found to improve soil physical and chemical properties and plant growth 46 

(Biederman and Harpole, 2013). Biochar amendments have been shown to increase soil pH, C and 47 

nutrient stocks, water holding capacity, cation exchange capacity, microbial activity and the 48 

availability of nutrients (Biederman and Harpole, 2013; Page-Dumroese et al., 2017; Li et al., 2018; 49 

Pokharel et al., 2020).  50 

 51 

Vast majority of biochar studies have been conducted in agricultural soils. Meta-analyses, based on 52 

hundreds of experiments have shown that biochar amendment increases agricultural plant 53 

productivity on average by 10-25 % (Biederman and Harpole, 2013; Liu et al., 2013; Jeffery et al., 54 

2017). So far, few studies have examined the utility of biochar as soil amendment and promoter of 55 

tree growth in forests, especially in the boreal zone. In countries with large forested areas such as in 56 

Finland, there are plenty of forest biomass such as logging residues, small-diameter wood and sawmill 57 

waste available for biochar-based bioenergy production (Helmisaari et al., 2014). Traditional biomass 58 

burning releases CO2 immediately to the atmosphere, and intensive forest bioenergy harvesting 59 

decreases soil C and nutrient stocks, and subsequent tree growth (Helmisaari et al., 2014; Achat et 60 

al., 2015). Converting biomass into biochar and incorporating that biochar into forest soils can be a 61 
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solution to these shortcomings of traditional forest biomass use (Page-Dumroese et al., 2017; 62 

Campbell et al., 2018).  63 

 64 

A meta-analysis by Thomas and Gale (2015) indicates a potential for large tree growth responses 65 

after biochar additions, with a mean 41 % increase in biomass. This analysis consisting of 17 studies 66 

revealed that majority of studies are short-term (< 1 year) pot experiments with small tree seedlings 67 

and field trials are few. In addition, growth responses can be highly variable and depend on climate, 68 

soil type, tree species, biochar characteristics and added biochar amounts (Thomas and Gale, 2015; 69 

Li et al., 2018; Sherman et al., 2018; Sarauer et al., 2019). Thus, there is a clear need for field 70 

experiments examining a range of biochars, soils and forest types in different climatic conditions 71 

(Page-Dumroese et al., 2017). In agricultural soils, the greatest growth responses to biochar addition 72 

have been observed in acid, infertile and sandy textured soils (Liu et al., 2013; Jeffery et al., 2017). 73 

 74 

Shortage of nitrogen (N) limits tree growth in boreal mineral soils (Tamm et al., 1999). N fertilization 75 

increases tree growth but the production and use of N fertilizers is energy intensive and causes 76 

greenhouse gas emissions and the leaching of N to water courses (Saarsalmi et al., 2001; Skowroñska 77 

and Filipek, 2014). Thus, biochar could provide a more environmental friendly alternative to 78 

fertilization. Nitrogen availability may change after biochar amendments (Ameloot et al., 2015). 79 

Biochar itself contains N part of which can act as a source of N for plants (Gaskin et al., 2008; Nelson 80 

et al., 2011; Bakshi et al., 2018). Biochar can have positive, neutral or negative effects on N 81 

mineralization rate in soil (Ameloot et al., 2015; Case et al., 2015). In boreal forest soils, wood biochar 82 

application has been shown to increase N mineralization rate and ammonium-N concentrations 83 

(Gundale et al., 2016). Increased N mineralization in biochar treated forest soils has been attributed 84 

to enhanced microbial growth and activity, decline in inhibitory phenolic compounds, and increased 85 

nitrification due to increased soil pH (DeLuca et al., 2006; Ameloot et al., 2015; Case et al., 2015; 86 
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Gundale et al., 2016). Biochar can also improve N retention and availability in the soil by reducing 87 

N leaching and N2O emissions (Case et al., 2015; Borchard et al., 2019).  88 

 89 

Improved N availability can increase needle N concentrations and photosynthetic rate (Kellomäki 90 

and Wang, 1997). Biochar amendment may also affect the soil and biomass isotope ratios of 15N/14N. 91 

Plants typically reflect the isotopic composition of soil in a way that if the soil has a comparably high 92 

15N/14N ratio (enriched), it also increases the 15N/14N ratio of plants (Ibell et al., 2012). Therefore, 93 

biochar may affect the biomass 15N/14N ratio in two different ways: either indirectly through affecting 94 

the soil N dynamics or directly via the 15N/14N ratio of the biochar itself (José and Knicker, 2011; Bai 95 

et al., 2014). The indirect effects of biochar on 15N may manifest through effects on ammonification, 96 

nitrification and N leaching (Hobbie and Högberg, 2012; Bai et al., 2014). These processes favor the 97 

lighter isotope over the heavier, thus producing depleted products and leaving behind the enriched 98 

material (Pardo et al., 2002; Bai et al., 2014). Alternatively, but not excludingly, the 15N/14N ratio of 99 

biochar affect the soil and biomass directly when plants uptake biochar-derived N (Bai et al., 2014). 100 

In this way, the tracking of 15N/14N values in soil and plant foliage provide information on the changes 101 

in the N cycle and N plant-soil pathways (Bai et al., 2014). 102 

 103 

The aim of this study was to investigate the effects of various application rates of spruce wood biochar 104 

to boreal forest soils on the Scots pine (Pinus sylvestris L.) growth and current-year needle N 105 

concentrations and 15N/14N ratio. As far as we know, this is the first field experiment in boreal forest 106 

which investigates the effect of biochar on tree growth. We hypothesize that biochar increases soil 107 

fertility in these nutrient poor, acidic, sandy forest soils which can be seen as increased tree growth 108 

and N concentrations in needles. Further, we assume that these effects increase with increasing 109 

biochar amount.  110 

 111 
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Materials and Methods 112 

 113 

The experiment was performed in Juupajoki, close to Hyytiälä Forestry Field Station (61° 51' N, 24° 114 

17' E, 181 m above sea level) in Southern Finland. The long-term (1981–2010) mean annual air 115 

temperature in the area is 3.5°C and the annual precipitation 700 mm (Pirinen et al., 2012). The long-116 

term average length of the growing season is 175–185 days and the effective temperature sum 117 

(threshold value +5 °C) is 1200–1300 degree days. The forest in the study area consisted of young   118 

(less than 20-year-old) Scots pine (Pinus sylvestris L.) stands that were naturally regenerated from 119 

seed trees after clear-cutting. The mean height of trees was 5.0 m, diameter at breast height (1.3 m) 120 

was 5.0 cm, and the number of trees (height > 1.3 m) was 3783 ha−1. The soil is well-drained, sorted 121 

coarse sand, and is classified as haplic podzol (IUSS Working Group WRB, 2015). The soil pH was 122 

3.7 in the organic layer and 4.1 in the upper 10 cm mineral soil. The C:N ratio in the organic layer 123 

was 33. The sites were nutrient poor xeric (Calluna) and sub-xeric (Vaccinium) forest site types 124 

(Cajander, 1949). The understory vegetation consisted primarily of ericaceous shrubs (Vaccinium 125 

vitis-idaea L., Calluna vulgaris (L.) Hull. and Empetrum nigrum L.), mosses (predominantly 126 

Pleurozium schreberi (Brid.) Mitt., Dicranum polysetum) and lichens (Cladina sp.). The annual 127 

atmospheric N deposition in the study area is 7.4 kg ha-1 (Korhonen et al., 2013). 128 

 129 

Experiment was established in May 2015 and it consisted of three treatments: biochar 5 Mg ha-1, 130 

biochar 10 Mg ha–1 and control plots without biochar addition. The experiment was replicated in four 131 

different forest stands that were located few hundred meters from each other. The experiment was 132 

randomized complete plot design (all four different forest stands contained all treatments in random 133 

order). There were in total 12 plots, each of which size was 15 m x 15 m. The distance between each 134 

plot within the stand was 10 m, and a 2.5-m wide buffer zone surrounding plot edges was not used 135 

for measurements to avoid the edge effects. We used biochar produced from Norway spruce (Picea 136 
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abies (L.) H. Karst) wood chips at 650°C by slow pyrolysis Pyreg process (manufactured by 137 

Sonnenerde GmbH, Riedlingsdorf, Austria). Biochar was spread manually on the top of the organic 138 

layer to avoid soil disturbance and damage to roots as the purpose of the experiment was to test the 139 

effect of biochar on growth on already established forest. The biochar grain size was 5–10 mm, pH 140 

8.9, and it contained 60.6% C and 0.29% N (Bruckman et al., 2015; Palviainen et al., 2018). A more 141 

detailed description of the study site and the properties of biochar are presented in previous 142 

publications (Palviainen et al., 2018; Zhao et al., 2019). The mean monthly air temperature and 143 

precipitation during the growing season, the length of the growing season, and temperature sum (i.e. 144 

sum of daily mean temperatures exceeding +5ºC in degree days (dd)) during the experimental period 145 

are presented in Table 1. 146 

 147 

Five dominant sample trees were felled from each plot three years after the biochar application (Table 148 

2). Thus, there were 60 sample trees in total and 20 sample trees per treatment. In the beginning of 149 

the experiment, diameter distributions were determined for each plot, trees were numbered, and five 150 

sample trees were randomly selected from the largest diameter class from each plot. The sample trees 151 

were located inside the 10 m x 10 m area in each plot, and the distance of sample trees within plot 152 

was 2–3 m. Total height and annual height growth during the last 3-year period were measured from 153 

each sample tree. Wood disc was cut from each sample tree at breast height (1.3 m) for diameter 154 

growth measurements. Wood discs were sanded, scanned and annual diameter increments were 155 

measured from the images with 0.001 mm accuracy using WinDENDRO™ software. In the 156 

beginning of the experiment, the average diameter of sample trees ranged from 5.4 to 6.7 cm, and the 157 

average height from 5.2 to 6.2 m in different treatments (Table 2). The study was focused on dominant 158 

trees because the growth of dominant trees reflects the availability of growth resources and they are 159 

less affected by the competition (stand density) than smaller trees. Furthermore, dominant trees are 160 

not removed in thinnings.  161 
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 162 

Current year needles were collected from each sample tree for N and 15N analyses. Needles were dried 163 

(40 °C, 48 h), and their dry mass was determined. Needles were ground and 3 mg of powder was 164 

weighted into tin capsules for isotope analyses with elemental analyzer coupled to an IRMS (EA–165 

IRMS, Thermo Finnigan Delta XP, Bremen, Germany). Isotope delta values (δ15N), that is the 15N/14N 166 

ratios, were expressed in mil-Urey (mUr) in relation to international reference standards (air for N). 167 

This can be defined as follows:    168 

 169 

δ15N = [(Rsamp/Rstd)−1]×1000  (1) 170 

 171 

where Rsamp is the isotope ratio of the sample (heavy to light) and Rstd is the ratio of the international 172 

reference standard. The method is further described in Figueiredo et al. (2014).  173 

 174 

Relative tree diameter and height growth (RG), which take into account the initial size of the sample 175 

trees, were calculated as follows:  176 

 177 

RG = G/initial×100   (2) 178 

 179 

where G is 3-year mean annual diameter or mean annual height growth and initial is the diameter or 180 

height of the sample tree at the start of the experiment. 181 

 182 

The effect of biochar on tree height and diameter growth rates, and needle N and 15N concentrations 183 

were analyzed using a linear mixed effect models and Tukey’s post hoc tests, with treatment, initial 184 

tree diameter or initial tree height and stand density (trees ha-1) as fixed factors, and stand as a random 185 

factor. Three linear mixed effect models were used:   186 
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yijk = α + β0 T0  + β2 T2 + ri  + eijk   (3) 187 

yijk = α + β0 T0 + β2 T2 + γ Dj + ri + eijk    (4) 188 

yijk = α + β0 T0 + β2 T2 + δ vijk + ri + eijk    (5) 189 

where yijk is the dependent variable (three-year diameter growth, relative diameter growth, three-year 190 

height growth, relative height growth, the N concentration of needles or the 15N concentration of 191 

needles) in stand i, plot j and tree k, α is intercept containing treatment 5 Mg ha-1 biochar, β0 is the 192 

deviation of control treatment from α, T0 is a dummy variable with value of 1 when treatment is 193 

control and 0 otherwise, β2 is the deviation of treatment 10 Mg ha-1 biochar from α, T2 is a dummy 194 

variable with value of 1 when treatment is 10 Mg ha-1 biochar and 0 otherwise, γ is a parameter, Dj is 195 

tree stand density in plot j, δ is a parameter, vijk is initial value for tree height or diameter, ri is random 196 

effect for stand with expectation value 0 and eijk is the residual term with expectation value 0. 197 

Unstructured covariance matrix was assumed for the random factors.     198 

 199 

The analyses were performed with R (i386 3.6.3) by using lme4 and multcomp packages (Hothorn et 200 

al., 2008; Bates et al., 2015). The relative height,relative diameter, and needle N and 15N 201 

concentrations  were expressed as percentage values, and they were arcsin square-root transformed 202 

before the statistical analyses to improve normality and homogeneity of variances of the binomially 203 

distributed percentage data (Gotelli and Ellison, 2004). Diagnostic residual and normal quantile-204 

quantile (Q-Q) plots were made to assess how well the data satisfy mixed linear modelling 205 

assumptions of normality and homogeneity of variances (Figs. S1-S4). Differences were considered 206 

significant at p ≤ 0.05.   207 

 208 

Results 209 

 210 
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 The diameter growth of dominant trees was significantly higher (P < 0.001) in the 10 Mg ha-1 biochar 211 

plots than in the control plots (Fig. 1a, Table 3). The mean (± SE) diameter growth was 11.6 ± 0.49 212 

mm, 12.9 ± 0.54 mm, and 14.5 ± 0.76 mm over the three-year-period in control, 5 Mg ha-1 and 10 213 

Mg ha-1 biochar treatments, respectively. Thus, the biochar addition of 10 Mg ha-1 increased the 214 

diameter growth on average by 2.9 mm during the first three years which corresponds to 1 mm 215 

increase in annual diameter growth. The relative diameter growth was also significantly higher (P= 216 

0.005) in the 10 Mg ha-1 biochar plots (30.6 ± 3.4%) than in the control plots (23.8 ± 1.7%) (Fig. 1b, 217 

Table 3). Stand density was not a significant factor in any of the conducted statistical analyses (Table 218 

3) and stand density did not differ between the treatments (P =0.826). Initial stand diameter, in turn, 219 

was a significant factor in diameter growth analyses (Table 3). 220 

 221 

The height growth of dominant trees was significantly higher (P=0.005) in 5 Mg ha-1 biochar 222 

treatments than in the control (Fig. 1c, Table 3). The mean (± SE) height growth over the three-year-223 

period was 1.37 ± 0.04 m, 1.53 ± 0.03 m and 1.44 ± 0.04 m in the control, 5 Mg ha-1 and 10 Mg ha-1 224 

biochar treatments, respectively. Relative height growth did not differ between the treatments (Fig. 225 

1d). Initial height was not a significant factor in the linear mixed model analyses (Table 3).  226 

 227 

Weather conditions during the study period were rather normal (Table 1), except that the effective 228 

temperature sum in the third year (year 2017) was somewhat lower (978 dd) than the long-term 229 

average temperature sum in the area (1200-1300 dd). 230 

 231 

The average current-year needle N and 15N concentrations were always lowest in the control plots. 232 

However, there were no statistically significant differences in needle N and 15N concentrations 233 

between the treatments (Fig. 2, Table 3). The mean (± SE) current-year needle N concentrations were 234 

1.42 ± 0.05%, 1.56 ± 0.05% and 1.52 ± 0.09%  in the control, 5 Mg ha-1 and 10 Mg ha-1 biochar 235 
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treatments, respectively (Fig. 2a). Residual and Q-Q plots of the studied variables did not indicate 236 

any remarkable deviations from the normal distribution or homoscedasticity (Figs. S1-S4). 237 

  238 

Discussion 239 

 240 

This is the first field study, which assesses the applicability of biochar in improving tree growth in 241 

boreal forests. We observed that the average absolute tree height and diameter growth were always 242 

lowest in the control plots which did not receive biochar (Fig. 1). Biochar amendment of 10 Mg ha-1 243 

increased significantly both absolute and relative tree diameter growth. Initial tree diameter affected 244 

the growth increment response (Table 3). However, there were no statistically significant differences 245 

in initial tree diameter, height and height/DBH ratio between the treatments (Table 2). We also found 246 

that tree height growth was significantly higher in the 5 Mg ha-1 biochar treatment than in the control. 247 

Previous studies have indicated that the tree growth response to biochar addition can be highly 248 

variable and specific to particular environments or tree species (Heiskanen et al., 2013; Thomas and 249 

Gale, 2015; Lin et al., 2017; Li et al., 2018; Rockwood et al., 2019; Sarauer et al., 2019). Growth 250 

responses are especially pronounced at early growth stages (Robertson et al., 2012; Pluchon et al., 251 

2014; Thomas and Gale, 2015; Lefebvre et al., 2019), and the growth responses appear to be higher 252 

in boreal and tropical than in temperate forests (Thomas and Gale,  2015). Positive tree growth 253 

responses to biochar addition have been also observed in urban environments (Scharenbroch et al., 254 

2013; Ghosh et al., 2015; Somerville et al., 2020) and degraded restoration sites (Sovu et al., 2012; 255 

Drake et al., 2016). In temperate coniferous forests, tree diameter growth remained unchanged after 256 

2.5 and 25 Mg ha-1 biochar amendment during 1-6 years field experiments (Sherman et al., 2018; 257 

Sarauer et al., 2019). Moreover, growth responses to biochar addition depend on soil texture and site 258 

fertility. In agricultural soils, the greatest growth responses to biochar addition have been observed 259 
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in acid, infertile and sandy textured soils (Liu et al., 2013; Jeffery et al., 2017), i.e. in the soils, like 260 

in our study site.  261 

 262 

The possible reasons for increased tree growth after biochar addition can be improved soil physical 263 

properties (i.e., bulk density, water retention), increased microbial activity, increased nutrient 264 

mineralization and reductions in nutrient losses (Gundale et al., 2016; Page-Dumroese et al., 2017; 265 

Li et al., 2018). Biochar improved soil water holding capacity and increased soil moisture in our study 266 

plots (Zhao et al., 2019) which may have improved tree growth. We found also that biochar increased 267 

soil temperature and soil respiration in the first summer (Palviainen et al., 2018). Furthermore, N 268 

mineralization rate in the organic layer tended to increase with increasing biochar amount in our study 269 

plots (Palviainen et al., 2018). Biochar amendment of 10 Mg ha-1 increased organic layer pH by 0.4 270 

units in our study plots (Palviainen et al., 2018), which may have contributed to N mineralization in 271 

these nutrient poor, acid forest soils. The connection between pH and N mineralization has been also 272 

found in liming experiments (Persson et al., 1989). In several studies, biochar has been also shown to 273 

improve the nutrient availability by increasing microbial growth and enzyme activities that are 274 

associated with nutrient cycling, especially on acidic, nutrient-poor soils (Pokharel et al., 2020). 275 

Organic layer and the upper 15 cm mineral soil in our study sites contained 720 kg ha-1 N, and 276 

altogether 14.5 kg ha−1 and 29 kg ha−1 of N were added to the soil in the biochar of the 5 Mg and 10 277 

Mg ha−1 biochar treatments, respectively. Part of the biochar contained N can be a source of plant-278 

available N (de la Rosa and Knicker, 2011; Bakshi et al., 2018) and may have directly contributed to 279 

tree growth. Biochar can also increase the abundance of ectomycorrhizal fungi in tree roots, which 280 

can improve the nutrient uptake of trees (Robertson et al., 2012). Improved nutrient availability, in 281 

turn, may decrease the biomass allocation to roots and consequently increase aboveground biomass 282 

growth (Lehtonen et al., 2016).  283 

 284 
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We found that 10 Mg ha-1 biochar addition increased the annual diameter growth of dominant trees 285 

by 1.0 mm, which corresponds to 25% increase compared to the control during three years. Nitrogen 286 

fertilization of 100–600 kg ha-1 has been shown to increase the annual diameter growth by 0.3–3 mm 287 

in Scots pine stands (Saikku, 1975; Kellomäki et al., 1982; Mäkinen and Uusvaara, 1992). In contrast, 288 

liming or ash fertilization have not markedly increased Scots pine growth in boreal upland forests 289 

(Saarsalmi and Mälkönen, 2001; Moilanen et al., 2013). However, the combined N fertilization with 290 

ash has been shown to increase tree growth more than N fertilization alone (Saarsalmi et al., 2006). 291 

Biochar treatment seems to have a greater impact on diameter than on height growth. Tree height 292 

growth increased statistically significantly in 5 Mg ha-1 biochar treatments being on average 0.16 m 293 

(12%) greater than in the control plots after three years.  Therefore, our results suggest that biochar 294 

can be used to improve tree growth instead of synthetic N fertilizers which production and use is 295 

energy consuming, causes greenhouse gas emissions and N loading to water courses (Saarsalmi et 296 

al., 2001; Skowroñska and Filipek, 2014).   297 

 298 

Based on the biomass functions by Repola (2009) it can be calculated that the tree-wise increase in 299 

the total biomass of dominant trees was 3.9, 6.4 and 5.0 kg during three years in the control, 5 Mg ha-300 

1 and 10 Mg ha-1 biochar treatments, respectively. Using measured height and diameter and volume 301 

functions (Laasasenaho, 1982), it can be calculated that tree-wise volume growths were 0.004, 0.007 302 

and 0.006 m3 in dominant trees during three years in the control, 5 Mg ha-1 and 10 Mg ha-1 biochar 303 

treatments, respectively. The volume growth of dominant trees was 75% and 50% higher in 5 Mg ha-304 

1 and 10 Mg ha-1 biochar treatments than in the control plots. In Finnish Scots pine forests, N 305 

fertilization has been shown to increase volume growth by 53%, and combined N and ash fertilization 306 

by 30–80% (Saarsalmi et al., 2006). Since only one stem disk was taken from 1.3 m height, it is not 307 

possible to assess the effects of biochar treatment on the diameter growth along the stem or changes 308 
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in stem taper. Furthermore, the measurements were concentrated on dominant trees and the results 309 

cannot be generalized to the plot level.  310 

 311 

Needle N concentrations were on average 1.4–1.5%, which is close to the optimum needle N 312 

concentrations (1.4-1.7%) suggested for Scots pine (Sikström et al., 1998; Tamm et al., 1999). 313 

Although biochar increased tree growth, needle N concentrations did not differ between the control 314 

and biochar treatments (Fig. 2). A review study concerning the fertilization experiments has also 315 

indicated that needle N concentration explains only a small part of the variation of the stand volume 316 

growth (Saarsalmi and Mälkönen, 2001). Although needle N concentrations were similar, needle 317 

biomass was higher in the biochar than control treatments. Based on the biomass functions by Repola 318 

(2009) it can be calculated that the net growth of needle biomass in the dominant trees during the 319 

three years was higher in 5 Mg ha-1 (0.27 kg tree-1) and 10 Mg ha-1 (0.24 kg tree-1) biochar treatments 320 

than in the control plots (0.18 kg tree-1).  321 

 322 

Norway spruce woody parts tend to be depleted of 15N (Zeller et al., 2007; Chen et al., 2019), which 323 

may be the case also for biochar material derived from Norway spruce wood chips, unless altered by 324 

pyrolysis. In a study of Bai et al. (2014) it was discovered that adding of 15N enriched poultry litter 325 

biochar resulted in increased δ15N values in vegetation and soil, whereas addition of δ15N depleted 326 

green waste biochar did not increase the δ15N values in vegetation. Thus, adding 15N depleted biochar 327 

to forest soil is not likely to lead to enrichment with 15N in the needles in our study. There was also 328 

no indication of significant depletion in needles between treatments. Further, a previous study from 329 

the same biochar experiment showed that biochar addition did not cause significant differences in 330 

ammonification or nitrification rates (Palviainen et al., 2018), which are processes that discriminate 331 

towards heavier isotope. Therefore, it could be expected that there would not be discrimination-332 

induced differences in needle δ15N-values between treatments. 333 
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 334 

The results indicated that biochar addition increases tree growth already during the first three years. 335 

It remains to be seen how long the biochar induced positive growth responses last. Weathering, 336 

leaching and microbial degradation of biochar may alter biochar structural, physical and chemical 337 

properties (Mia et al., 2017) and influence tree growth responses with time (Thomas and Gale, 2015). 338 

Our study covered a short response period relative to a typical forest rotation length, but it is an 339 

important first step in evaluating the impacts of potential biochar application in boreal forests on tree 340 

growth and C sequestration. In fertilization experiments, growth responses in boreal upland forests 341 

have typically lasted < 10 years (Saarsalmi and Mälkönen, 2001). Biochar does not only increase the 342 

nutrient amount and availability but also changes soil physical and chemical properties for long time. 343 

For example, the aging of biochar is known to increase its cation exchange capacity, which may 344 

improve soil nutrient retention with time (Mia et al., 2017). The recalcitrance of biochar to microbial 345 

degradation and long residence time in the soil implies that biochars can potentially have long-346 

persistent positive effect on plant growth as has been shown in anthrophogenic char rich Terra Preta 347 

soils (Glaser and Birk, 2012). 348 

  349 

Conclusions 350 

 351 

The results indicate that wood-derived biochar amendments of 5–10 Mg ha−1 can increase 352 

significantly the growth of dominant trees already during the first three years in young boreal Scots 353 

pine forests growing on nutrient poor sandy soils. The positive growth responses were more 354 

pronounced in diameter than in height growth. Biochar addition of 10 Mg ha-1 increased tree diameter 355 

growth by 25% compared to the control during three years. Biochar treatments did not change needle 356 

N or 15N concentrations. We can conclude that biochar amendment does not only increase soil C 357 

stocks but also tree biomass production. The results suggest that biochar could provide an alternative 358 



16 
 

to synthetic N fertilizers, and the use of biochar is potentially more climate friendly option for 359 

increasing forest growth than synthetic fertilizers which production is energy intensive.  360 
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Table 1. The mean monthly air temperature and precipitation during the growing season, the length 579 

of the growing season, and temperature sum (i.e. sum of daily mean temperatures exceeding +5 ºC in 580 

degree days (dd)) during the experimental period in weather station located in Juupajoki, Hyytiälä 581 

(61⁰85’ N, 24⁰29´ E). Data was acquired from open database of Finnish Meteorological Institute. 582 

 583 

Year (length of the 

growing season) 

Month Temperature  

(⁰C) 

Precipitation 

(mm) 

Temperature sum  

(dd) 

2015 (8.4.–4.10.) April 3.4 38 1166 

 May 8.4 47  

 June 11.9 82  

 July 14.6 87  

 August 15.2 13  

 September 10.9 39  

     

2016 (27.4.–2.10.) May 11.8 53 1280 

 June 13.9 87  

 July 16.1 89  

 August 14.1 85  

 September 10.4 56  

     

2017 (1.5.–19.10.) May 7.3 14  978 

 June 12.1 99  

 July 13.9 59  

 August 13.8 89  

 September 9.2 63  

 October 3.6 106  

 584 

  585 
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Table 2. The mean (±SE) age, breast height (1.3 m) diameter (DBH) and height of sample trees (N=20 586 

per treatment) in the beginning of the experiment, and site index (H100, which is the dominant tree 587 

height at 100 year age, see Gustavsen 1980) and stand density in control and biochar amended (BC) 588 

plots. 589 

 590 

 Control BC 5 Mg ha-1 BC 10 Mg ha-1 

Age (yrs) 14 (0.5) 16 (0.9) 13 (0.7) 

DBH (mm) 53.5 (3.6) 66.6 (4.1) 54.6 (3.9) 

Height (m) 5.22 (0.36) 6.23 (0.37) 5.22 (0.38) 

Height/DBH ratio 97 (2.2) 94 (2.1) 96 (2.7) 

Site index (H100) 17 17 17 

Density (trees ha-1) 4125 (1099) 3975 (1430) 3250 (333) 

 591 

  592 
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Table 3. Parameter estimates, standard errors of the mean and P-values of linear mixed effect models (Eqs. 3-5) for three-year diameter and height 593 

growth, relative diameter and height growth and current year needle N and 15N concentrations. BC refers to the amount of added biochar. 594 

Coefficients α, β0, β1, γ and δ can be plugged in Equations 3-5 to obtain modelled values for each treatment. Variables Control – BC 5 Mg ha-1, 595 

Control – BC 10 Mg ha-1 and BC 10 Mg ha-1– BC 5 Mg ha-1 denote for pair-wise comparisons between the treatments.  596 

 

 

Variable                                                

 

 

Coefficient 

Model 1  

(Eq. 3) 

Parameter 

 

 

SE 

 

 

P-value 

Model 2 

(Eq. 4) 

Parameter 

 

 

SE 

 

 

P-value 

Model 3 

(Eq. 5) 

Parameter 

 

 

SE 

 

 

P-value 

3-year diameter growth           

Intercept                                      α 12.896 0.886 0.993 13.050 1.496 < 0.0001 7.952 2.514 0.002 

Control – BC 5 Mg ha-1              β0 -1.268 0.772 0.228 -1.265 0.777 0.234 -0.193 0.871 0.973 

Control – BC 10 Mg ha-1            β2 -2.866 0.762 < 0.001 -2.833 0.807 0.001 -2.724 0.724 0.0005 

BC 10 Mg ha-1– BC 5 Mg ha-1  1.597  0.772 0.096 1.568 0.806 0.126 2.531 0.839 0.007 

Stand density (trees ha-1)           γ    0.00004 0.0003 0.898    

Initial diameter                          δ       0.073 0.032 0.022 

Random effect                      var(rj) 1.918 1.385  2.286 1.512  0.002 0.039  

Residual                               var(eijk) 5.799 2.408  5.861 2.421  0.004 0.064  

Relative diameter growth           

Intercept                                     α 0.467 0.055 0.992 0.536 0.079 < 0.0001 0.766 0.061 <0.0001 

Control – BC 5 Mg ha-1             β0 0.038 0.023 0.213 0.041 0.022 0.163 -0.027 0.024 0.508 

Control – BC 10 Mg ha-1           β2 -0.071 0.023 0.004 -0.056 0.024 0.046 -0.080 0.020 0.0003 

BC 10 Mg ha-1– BC 5 Mg ha-1  0.109 0.023 < 0.001 0.097 0.023 <0.001 0.053 0.023 0.055 

Stand density (trees ha-1)           γ    -0.00002 0.00001 0.0812    

Initial diameter                          δ       -0.004 0.020 <0.0001 

Random effect                    var(rj) 0.011 0.105  0.018 0.133  0.002 0.039  

Residual                            var(eijk) 0.005 8.938  0.005 0.069  0.004 0.064  

3-year height growth           

Intercept                                     α 1.522 0.054 < 0.001 1.518 0.092 <0.0001 1.576 0.085 <0.0001 

Control – BC 5 Mg ha-1             β0 -0.152 0.049 0.005 -0.152 0.049 0.006 -0.151 0.049 0.006 

Control – BC 10 Mg ha-1           β2 -0.065 0.048 0.365 -0.066 0.051 0.397 -0.069 0.049 0.330 

BC 10 Mg ha-1– BC 5 Mg ha-1  -0.087 0.049 0.175 -0.086 0.051 0.208 -0.083 0.049 0.006 

Stand density (trees ha-1)           γ    0.000001 0.00001 0.956    

Initial height                              δ       -0.010 0.013 0.423 

Random effects                  var(rj) 0.007 0.082  0.008 0.090  0.006 0.078  

Residual                            var(eijk) 0.020 0.004  0.023 0.153  0.023 0.153  

Relative height growth           

Intercept                                    α 0.467 0.027 < 0.001 0.473 0.035 <0.0001 0.444 0.031 <0.0001 
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Control – BC 5 Mg ha-1            β0 0.019 0.013 0.260 0.019 0.013 0.258 0.020 0.012 0.262 

Control – BC 10 Mg ha-1          β2 -0.007 0.012 0.853 -0.005 0.013 0.916 -0.005 0.012 0.917 

BC 10 Mg ha-1– BC 5 Mg ha-1  0.026 0.013 0.090 0.025 0.013 0.139 0.024 0.013 0.126 

Stand density (trees ha-1)           γ    -0.000002 0.000005 0.784    

Initial height                              δ       0.004 0.003 0.175 

Random effects                   var(rj) 0.003 0.051  0.003 0.054  0.002 0.049  

Residual                             var(eijk) 0.002 0.039  0.002 0.039  0.002 0.039  

N concentration           

Intercept                                    α 0.125 0.003 < 0.001 0.128 0.005 <0.0001    

Control – BC 5 Mg ha-1            β0 -0.005 0.003 0.224 -0.005 0.003 0.251    

Control – BC 10 Mg ha-1          β2 -0.004 0.003 0.512 -0.003 0.003 0.667    

BC 10 Mg ha-1– BC 5 Mg ha-1  -0.002 0.003 0.864 -0.002 0.003 0.785    

Stand density (trees ha-1)           γ    -0.000001 0.000001 0.400    

Random effects                   var(rj) 0.00001 0.004  0.000001 0.002     

Residual                            var(eijk) 0.00011 0.011  0.00012 0.011     
15N           

Intercept                                    α 0.798 0.024 0.859 0.782 0.045 <0.0001    

Control – BC 5 Mg ha-1            β0 0.052 0.031 0.216 0.052 0.031 0.223    

Control – BC 10 Mg ha-1          β2 0.032 0.031 0.563 0.028 0.032 0.655    

BC 10 Mg ha-1– BC 5 Mg ha-1  0.020 0.031 0.792 0.023 0.032 0.744    

Stand density (trees ha-1)           γ    0.000004 0.000009 0.650    

Random effects                   var(rj) 0.0003 0.017  0.0009 0.03     

Residual                             var(eijk) 0.009 0.098  0.010 0.09     

 597 

  598 



29 
 

Figure captions 599 

 600 

Fig. 1. Three-year absolute and relative tree diameter (a-b) and height (c-d) growth in control plots 601 

and 5 Mg ha-1 and 10 Mg ha-1 biochar (BC) treatments. The boxes represent the interquartile range, 602 

whiskers show the largest and smallest value within 1.5 times interquartile range above 75th 603 

percentile and 1.5 times below 25th percentile, respectively. The horizontal lines in the boxes 604 

represent median. Dots indicate measurement points outside >1.5 times and <3 times interquartile 605 

range. Different letters denote statistically significant differences (P < 0.05) between the treatments. 606 

Fig. 2. Needle nitrogen and 15N concentrations in control plots and 5 Mg ha-1 and 10 Mg ha-1 biochar 607 

(BC) treatments. The boxes represent the interquartile range, whiskers show the largest and smallest 608 

value within 1.5 times interquartile range above 75th percentile and 1.5 times below 25th percentile, 609 

respectively. The horizontal lines in the boxes represent median. Dots indicate measurement points 610 

outside >1.5 times and <3 times interquartile range. Different letters denote statistically significant 611 

differences (P < 0.05) between the treatments. 612 

 613 

Fig. S1. Normal quantile-quantile (Q-Q) plots of diameter growth for whole data (a), control plots 614 

(b), 5 Mg ha-1 biochar treatment (c) and 10 Mg ha-1 biochar treatment (d). The lowermost four figures 615 

represent Q-Q plots of relative diameter growth for whole data (e), control (f), 5 Mg ha-1 biochar 616 

treatment (g) and 10 Mg ha-1 biochar treatment (h). 617 

 618 

Fig. S2. Normal quantile-quantile (Q-Q) plots of height growth for whole data (a), control plots (b), 619 

5 Mg ha-1 biochar treatment (c) and 10 Mg ha-1 biochar treatment (d). The lowermost four figures 620 

represent Q-Q plots of relative height growth for whole data (e), control (f), 5 Mg ha-1 biochar 621 

treatment (g) and 10 Mg ha-1 biochar treatment (h). 622 

Fig. S3. Normal quantile-quantile (Q-Q) plots of needle nitrogen concentrations for whole data (a), 623 

control plots (b), 5 Mg ha-1 biochar treatment (c) and 10 Mg ha-1 biochar treatment (d). The lowermost 624 

four figures represent Q-Q plots of needle 15N concentrations for whole data (e), control (f), 5 Mg ha-625 
1 biochar treatment (g) and 10 Mg ha-1 biochar treatment (h). 626 

Fig. S4. Residual plots for the diameter growth (a), relative diameter growth (b), height growth (c), 627 

relative height growth (d), needle nitrogen concentrations (e) and needle 15N concentrations (f). Note 628 

that relative diameter growth, relative height growth, N concentrations and 15N concentrations are arc 629 

sin square root transformed values. Blue dots (0), yellow dots (1) and green dots (2) denote for control, 630 

5 Mg ha-1 biochar treatments and 10 Mg ha-1 biochar treatments, respectively. Kernel distributions 631 

for residuals are presented on secondary y-axis with respective colors. 632 
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Fig.1. 636 
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Fig. 2.  640 
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Fig. S1  642 
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643 
Fig. S2  644 
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Fig. S3 646 
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