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Abstract 5 

To assess general effects of tree species mixtures on forest production, in 1994 an experiment was 6 

established in an afforestation landscape in southern Sweden with 66 plots: 18 planted with single 7 

trees species (including most native Swedish trees, plus Populus and Larix hybrids) and 48 with 8 

various non-replicated mixtures. Fifteen years after planting, growth was analyzed in these plots. 9 

Production varied substantially among the monocultures, while the mixtures had grown more evenly 10 

and moderately (particularly mixtures of more than two species). Detailed comparison of mixtures 11 

containing Picea abies or Quercus robur with their monocultures indicated that admixture of these 12 

species has positive and negative effects, respectively, on early production, and admixture of 13 

pioneer/nurse tree species had no significant positive effect, except when using pooled data for 14 

mixtures and monocultures of late-successional or intermediate tree species. In addition no 15 

consistent differences in the mean height and mean diameter growth of Picea abies and Quercus 16 

robur between mixtures and monocultures were detected. A major conclusion is that adding more 17 

than two species did not increase volume growth. 18 

Keywords: southern Sweden, mixed forest, monoculture, stand volume production, height growth, 19 

early development 20 

 21 

Introduction 22 

Mixed forests have several widely recognized advantages over monocultures, including greater 23 

resilience (Bolte et al. 2009, Hantsch et al. 2013, Hulvey et al. 2013), biodiversity (Felton et al. 2010) 24 

and aesthetic appeal. Some authors have also argued that mixed forests are generally more 25 

productive than monocultures (Vandermeer 1989, Nadrowski et al. 2010, Hulvey et al. 2013). 26 

However, effects of mixtures on growth rates are complex, and linked to effects of facilitation and 27 

competition among tree species (see Kelty 1992, Pretzsch 2009) associated (for instance) with 28 

ecologically important traits such as nitrogen-fixation  (Richards et al. 2010, Pretzsch 2013, Forrester 29 

2014). Furthermore, few experimental studies have compared production rates in mixed stands and 30 

monocultures. Pretzsch et al. (2010, 2013) found that Norway spruce and oak species had 31 

complementary relationships with European beech in mixed forest experimental plots spread across 32 

a wide nutrient-richness gradient in Central Europe, as mean productivity was ca. 20% higher in the 33 

mixed stands than in the monocultures. 34 

There have been no previous experimental comparisons of the productivity of mixed stands with 35 

corresponding monocultures at the same site in the northern temperate forests of Sweden. 36 

However, attempts have been made, for instance by Agestam (1985), to estimate growth rates of 37 
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mixed pine-birch and spruce-birch stands using specifically developed models. In addition, using 38 

Swedish National Forest Inventory data Gamfeldt et al. (2013) found indications that tree species 39 

richness promotes the growth of forests in Sweden, and concluded that biomass production is 40 

generally ca. 50% greater in mixed forests than in forests with a single tree species. Although 41 

comparison with other studies is difficult, as site conditions may vary between mixed and pure 42 

forests, the magnitude of the apparent mixing effect on production is surprising as both estimates by 43 

growth models (Agestam 1985, Mielikäinen 1985) and observations from single experiments at the 44 

same site (Jonsson 2001, Fahlvik et al. 2011) report just 0-15% growth differences. Nevertheless, the 45 

estimates by Gamfeldt et al. (2013) substantially raised awareness of the improvements in 46 

productivity that mixed plantations could potentially deliver, and thus may promote their 47 

establishment in the future.  48 

The purpose of the study reported here was to compare the early growth of plantations with various 49 

mixtures of tree species and corresponding monocultures in an afforestation landscape laboratory in 50 

Snogeholm, southern Sweden, with 66 experimental plots: 18 planted with single trees species 51 

(including most native Swedish trees, plus Populus and Larix hybrids) and 48 with various mixtures. 52 

In addition, the landscape laboratory contained one plot seeded with a single tree species, and two 53 

plots not afforested. The overall aim of the laboratory, designed and established cooperatively by 54 

forest researchers and landscape architects (Nielsen 2011), was to identify ways to meet various 55 

combinations of recreational, timber production and biodiversity requirements. From a 56 

management perspective, the main objectives were to demonstrate various stand types and forest 57 

structures, and develop appropriate silvicultural practices (choice of tree species, mixtures, thinning 58 

regimes and rotation periods) for establishing and maintaining them. Today, the stands are 59 

frequently used for demonstration, education and recreation. 60 

The experimental design is not completely randomized and includes no replicates. However, given 61 

the paucity of empirical comparisons of mixed and pure stands on the same site the experiment 62 

provides the opportunity to gather sufficient independent observations and inventory data to 63 

extend understanding of productivity in mixed forest stands, which has been largely based to date 64 

on modelling and general inferences. Thus, the paper represents a single-site investigation of the 65 

degree (if any) to which tree species richness influences stand productivity. For the given time 66 

window and study site we tested one a posteriori hypothesis: that forest production increased with 67 

increasing number of tree species. In addition, we addressed the question if the risk of failure to 68 

establish forest was higher in monocultures. 69 

 70 

Materials and methods 71 

Experimental site and design 72 

The study site covers 30 ha, 40 km east of Malmö (55° 32’ 55’’ N, 13° 42’ 15’’ E, 50-60 m ASL), used 73 

as agricultural cropland before initiation of the experiment in 1994. The site is located in a slightly 74 

hilly landscape, but quite flat (with a gentle slope in one part of the planted area), fertile and 75 

suitable for most of the tree species planted in Sweden, although pine and birch are typically 76 

cultivated on less fertile soils. The soil is a well-drained brown earth on glacial till, the mean annual 77 
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temperature is about 7.5 °C, and mean annual precipitation is 700–800 mm (SMHI 2009). The 78 

growing season (number of days with mean temperature above 5°C) lasts ca. 220 days (Nielsen 79 

1996). 80 

In spring 1994, 67 forest stands were established with sizes of 0.25-0.5 ha and unique tree species 81 

compositions. The areas selected for planting were not fully randomized, because oak, beech, ash, 82 

cherry and the included conifer species were assigned to areas that hosted them to promote long-83 

term development of mature stands dominated by these target species. Thus, clumped segregation 84 

in five areas was used to establish the experiment, thereby violating the principle of interspersion 85 

according to Hurlbert (1984). Within these areas, the locations of mixed and pure stands were 86 

randomly assigned (Figure 1). In 18, 35 and 13 stands, one, two and three or more species were 87 

planted, respectively (Table 1). In every stand, permanent study plots, with areas ranging from 781 88 

to 1407 m2, were established, each separated from other stands or open land by a 10 m buffer zone. 89 

An aerial view of the landscape laboratory is presented in Loginov (2012). 90 

Various types of planting stock and seed sources (Table S2, Supplementary Information) as well as 91 

treatments were applied in establishment of the stands. However, for our analysis of mixed and pure 92 

forests, we considered only two treatments: 1) monoculture, and 2) mixed forest. Previously defined 93 

treatments were classified in these terms a posteriori (see Table 1) to allow the mixed plots 94 

containing given species to be treated as pseudoreplicates (Hurlbert 1984) and apply inferential 95 

statistics to compare the plots generally as mixed forest and monocultures. 96 

 97 

 98 

Figure 1. Map of the study site with mixed forest types (grey) and monocultures (white). The 99 

numbers refer to the forest types and tree species compositions described in Table 1. 100 
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<<<Table 1 near here>>> 101 

Establishment 102 

The planting densities ranged from 1600 to 6800 plants per ha (with averages of 3494, and 3642 per 103 

ha in monocultures and mixtures, respectively, and 3600 per ha overall). All mixtures were planted 104 

with single tree species in rows, except for pedunculate oak, which was planted in groups in all cases 105 

but one. The summers in 1994 and 1995 were very dry, so in both of these years some irrigation was 106 

applied in spring and summer. Nevertheless, drought caused an overall mortality of 7% during the 107 

first summer after planting, and there was a similar mortality rate during the second year, largely 108 

due to grazing by voles. Consequently, replacement planting was conducted in 1995 and 1996. After 109 

the second replacement planting, overall mortality decreased. Five years after the initial planting 110 

and unusually strong efforts to establish the stands they contained 96% of the intended number of 111 

saplings, on average, and 15 years after planting numbers of survivors and replanted trees were 112 

approximately 80% of the numbers of planted seedlings (76% in mixtures, 89% in monocultures). 113 

Including natural mortality and management removals, a third of the initially planted trees were 114 

removed during the observation period. Based on the tree densities recorded five years after 115 

planting, natural mortality during the last 10 years amounted to 16% on average (17% in mixed 116 

stands and 12% in monocultures).  117 

Provenances and sizes of the planting stock are described in Table S2 (Supplementary Information). 118 

After 15 years many stands had been thinned 1-3 times. Thinning removals were often more 119 

frequent and lighter than in standard forestry practice. 120 

 121 

Measurements and data analysis 122 

The initial numbers of seedlings in the study plots were estimated from records of numbers planted 123 

in spring 1994. In autumn 1994 and 1995, the survival rate of each species was recorded in each 124 

stand in order to replace dead plants with new plants. Additionally, the number of trees in nine 10 125 

m2-sample plots in every stand was recorded in autumn 1998. 126 

Ten and 15 years after planting, diameters of plants of all target species were cross-callipered at a 127 

height of 1.3 m in all permanent study plots, and in each plot the height of at least 30 sample trees 128 

was measured, including at least 10 trees of each species. Species-wise secondary height functions 129 

were then estimated, and their standing volumes were calculated using the functions presented in 130 

Table 2. Tree removals were recorded at the time of thinning. 131 

<<<Table 2 near here>>> 132 

The growth analysis included 22 comparisons of mixed and pure stands (Table 3), including 133 

comparisons of total volume production in them (cf. Kelty 1992, p. 126–127). In addition, total 134 

volume production was adjusted to account for the positive correlation between growth rates and 135 

stand density (Petterson 1992, Rio and Sterba 2009). 136 



5 

 

 To assess effects of stand density on production, the relationship described by Petterson (1992) for 137 

Norway spruce (Figure 2) was used to analyze the sensitivity of the results without correcting for 138 

stand density. The stand-wise growth comparisons were complemented by total wood biomass 139 

production estimates for mixed and pure stands calculated using the wood densities of tree species 140 

listed in Table 4. 141 

 142 

Table 3. Overview of the comparisons between mixed and pure forest stands made in this study. 143 

Growth parameter Comparison Group 1 Group 2

1 All mix All mono

2 All mix without ash All mono without ash

3 All mix without hybrids All mono except hybrids

4 All mix with spruce, oak, beech, larch, 

cherry and lime exclusively

Mono of spruce, oak, beech, larch, cherry 

and lime exclusively

5 All mix without pioneer/nurse species All mono without pioneer/nurse species

6 All mix of pioneer/nurse species (alder, 

birch, aspen, larch) with climax tree species 

(beech, oak, spruce, lime, hornbeam)

All mono of pioneer/nurse species or climax 

tree species (same species as in group 1)

7 All mix of pioneer/nurse species with 

climax tree species

All mono AND mix of pioneer/nurse species 

and all mono AND mix of climax tree species

Density-corrected total stand production 8 All mix All mono

Stem biomass production 9 All mix All mono

10 All mix with spruce Spruce mono

11 All mix with oak Oak mono

12 All mix with spruce Spruce mono

13 All mix with oak Oak mono

14 All mix with beech Beech mono

5 All mix with birch Birch mono

16 All mix with spruce Spruce mono

17 All mix with oak Oak mono

18 All mix with beech Beech mono

19 All mix with birch Birch mono

20 All mix with spruce Spruce mono

21 All mix with oak Oak mono
Mean diameter

Dominant height

Tree species specific growth

Mean height

Total stand production

 144 

 145 

 146 

 147 

Fig. 2. Relationship between initial planting density (N) and volume growth (V) of Norway spruce 148 

plantations at 10 m dominant height, according to Petterson (1992)  149 
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<<<Table 4 near here>>> 150 

Secondly, growth of the two most common tree species, pedunculate oak and Norway spruce, in 151 

pure and mixed stands was compared (cf.  Pretzsch 2009, pp. 352-354). The proportion of area 152 

covered by each of the admixed species in the mixed plots was estimated on the basis of the 153 

proportions of individuals originally planted. Additionally, the proportion was also estimated by the 154 

basal area proportion of each admixed species at age ten after thinning in order analyze the 155 

sensitivity of our results. 156 

Differences in volume and biomass production between several monocultures and mixtures were 157 

examined using Student’s 2-tailed two-sample t-test. Both the single sample t-test (assuming 158 

population means are known) and the two-sample t-test (assuming equal variance of the sample 159 

groups) were used when testing for significant differences between a single observation of mean 160 

and dominant height of a given tree species in a pure stand with observations in several mixtures. 161 

The confidence level was set to 95%. 162 

 163 

Results 164 

Stand volume production 165 

No significant difference was detected in average growth between pure and mixed stands. Average 166 

standing volumes 15 years after planting were 111.5 and 119.8 m3 ha-1 in these stands, respectively. 167 

However, the standard deviation was considerably lower in mixed stands (52.8 m3 ha-1) than in 168 

monocultures (85.2 m3 ha-1), as standing volumes in monocultures, mixtures with two species and 169 

mixtures with >2 species ranged from 9 to 279 m3, 11 to 280 m3 ha-1, and 53 to 161 m3 ha-1, 170 

respectively. Thus, increases in numbers of species resulted in more even, and moderate production 171 

(Figure 3). Production was very high in mixed hybrid aspen-Norway spruce and hybrid larch-Norway 172 

spruce stands, and very low in mixed wild cherry-European ash and European ash-wild maple stands 173 

(which suffered from ash dieback).  174 

No significant differences in growth were found between monocultures of Norway spruce, 175 

pedunculate oak, European beech, hybrid larch, wild cherry or small-leaved lime and mixtures 176 

containing them, or between mixtures of either light-demanding or shade-tolerant species and 177 

monocultures of the species. Significantly lower growth rates in mixtures were only detected in a 178 

separate comparison of mixtures including spruce with the corresponding monocultures. When 179 

pioneer species were excluded, no significant differences at all between monocultures and mixtures 180 

were detected (Table S3, Supplementary Information). Furthermore, significant differences were 181 

only detected in comparisons of monocultures of late-successional tree species and mixtures 182 

containing them and a pioneer or nurse species (Table S5). No significant differences were found in 183 

comparisons of mixtures of pioneer/nurse tree species and late-successional species with pure 184 

stands of these species (mean total production: 167 and 146 m3 ha-1, respectively). 185 
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 186 

Fig. 3. Total stem volume production during the first 15 years after planting in stands with indicated 187 

numbers of tree species. Some mixtures contained shrub species (see Supplementary Information). 188 

Boxes indicate the first and third quartile of data, whiskers indicate either 1.5 times the interquartile 189 

range or the maximum/minimum value of production. 190 

 191 

 192 

Fig. 4. Total estimated dry stem biomass production during the first 15 years after planting in stands 193 

with indicated numbers of tree species. Boxes indicate the first and third quartile of data, whiskers 194 

indicate either 1.5 times the interquartile range or the maximum/minimum value of production.  195 
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As shown in Figure 4, no significant differences were found in estimated dry stem biomass 196 

production between monocultures and mixed stands (57 and 62 t ha-1, respectively). Furthermore, 197 

following density-based growth correction according to Petterson (1992), average production was 198 

identical (123 m3 ha-1) in monocultures and mixtures (Figure 5), as the correction increased the 199 

production maxima for stands with one or two tree species and relatively low planting densities, but 200 

had little effect on the production values for mixtures of three or more tree species. The correction 201 

also increased the standard deviation more for monocultures (from 85 to 106 m3 ha-1) than for 202 

mixtures (53 to 60 m3 ha-1). 203 

 204 

Fig. 5. Total stem volume production during the first 15 years after planting in stands with indicated 205 

numbers of tree species, following correction to account for variations in initial stem density 206 

(Petterson 1992). Boxes indicate the first and third quartile of data, whiskers indicate either 1.5 207 

times the interquartile range or the maximum/minimum value of production. 208 

Comparison of the volume production of mixtures including Norway spruce or pedunculate oak and 209 

their monocultures 210 

Figure 6 shows the volume production of Norway spruce mixtures in comparison to monocultures, 211 

expecting equal growth rates for each tree species as in corresponding monocultures (tree species 212 

proportions estimated by initial tree number). The production of Norway spruce mixtures was 15% 213 

lower (178 m3 ha-1), on average, than the Norway spruce monoculture (209 m3 ha-1). The expected 214 

growth for the different tree species in these mixtures according to their growth in corresponding 215 

monocultures was 4% lower on average, but ranged from 34% lower to 21% higher. Figure 7 shows 216 

the volume production of mixtures with pedunculate oak which was 23% higher (107 m3 ha-1), on 217 

average, than the oak monoculture (87 m3 ha-1). The expected growth for the different tree species 218 

was 8% higher on average in mixtures than in corresponding monocultures (ranging from 40% lower 219 

to 51% higher). If the expected growth was estimated by the basal area proportions at age 10, the 220 

differences between expected and observed growth increased 221 
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 222 

Fig. 6. Comparison of observed total volume growth of Norway spruce mixtures and expected 223 

growth based on the proportions of tree species, assuming that growth rates of the admixed tree 224 

species were the same as in the corresponding monocultures. The large range for monocultures with 225 

no spruce reflects the extremely low production of ash and rowan, and extremely high production of 226 

hybrid aspen, observed in this field study. The smaller range for the spruce monoculture indicates 227 

the expected range if the single spruce monoculture had been planted elsewhere in the trial site, 228 

where site indices may have been one class higher or lower. 229 

 230 

 231 

Fig. 7. Comparison of total volume growth of pedunculate oak mixtures and expected growth based 232 

on the proportions of tree species present, assuming that growth rates of the admixed tree species 233 

were the same as in the corresponding monocultures. The large range for monocultures with no 234 

spruce reflects the extremely low production of ash and rowan, and extremely high production of 235 

hybrid aspen, observed in this field study. The much smaller range for the oak monoculture indicates 236 
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the expected range if the single oak monoculture had been planted elsewhere in the trial site, where 237 

site indices may have been one class higher or lower. 238 

 239 

Diameter and height growth of Norway spruce and pedunculate oak 240 

 241 

Fig. 8. Mean diameter of Norway spruce and pedunculate oak 15 years after planting, as a function 242 

of their proportions in the stands 243 

The diameter of trees in mixed stands containing the two species of spruce and oak were similar or 244 

smaller than in the monoculture. No significant differences between the size of trees in mixtures and 245 

monoculture were found. However, the variation of the mean diameters of oak was higher with low 246 

proportions of the tree species (Figure 8). 247 

At the end of the observation period, the dominant heights of spruce were significantly lower in 248 

mixtures than in the pure stands. The mean heights of spruce and oak were also significantly lower 249 

in mixed stands than in their respective monocultures (Table S4). 250 

 251 

Discussion 252 

Stand volume production 253 

Our results indicate that production rates during early stand development generally become more 254 

even, and moderate, as the number of tree species present increases, as shown by the stem volume 255 

and stem biomass estimates in Figures 3 and 4. Correction for variations in densities of the stands 256 

included in the study does not affect this major conclusion. Clearly, there was no consistent increase 257 

in production with increasing numbers of tree species, contrary to expectations based on 258 

fundamental ecological theories (Vandermeer 1989) or data from grassland  experiments (Isbell et 259 

al. 2011). Indeed, no significant differences in production were found between mixed and pure 260 
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stands, even when stands containing ash (which was affected by dieback) or pioneer trees species 261 

were excluded (Table S3, Supplementary Information). Thus, our results indicate that early growth of 262 

a stand containing a productive tree species cannot be increased merely by admixing less productive 263 

tree species. However, the results also show that the mixing effect depends on the tree species 264 

composition (Figures 4 and 5). For instance, when Norway spruce was mixed with pedunculate oak 265 

the production level was intermediate between that of the two species, and in oak-spruce bi-266 

cultures, total stand production was a third lower than in the spruce monoculture (138 vs. 209 m3 267 

ha-1 or 63 vs. 90 t ha-1; Figures 6 and 7), although this was presumably mainly due to extensive 268 

removal spruce in order to free the oaks from competition. This single observation corroborates 269 

findings by Saha et al. (2012) from observations at multiple sites in Central Europe. 270 

 271 

As expected, the type(s) of admixed tree species strongly affected the mixing effect. For example: 272 

the growth increased when spruce was mixed with fast-growing hybrid aspen or hybrid larch (Figure 273 

6); mixed stands including oak grew more rapidly than the oak monoculture (Figure 7); and stands 274 

containing more than two species grew substantially more slowly than the fastest growing 275 

monocultures and bi-cultures. The general trend for production to be more moderate in mixed 276 

forests persisted when single stands with extremely high or low growth rates (e.g. those containing 277 

hybrids, shrubs or ash for instance) were excluded. 278 

The study examined non-replicated stands at an early developmental stage, thus the findings cannot 279 

be generalized due to limitations of the experimental design discussed below. The results will have 280 

been influenced by effects of numerous uncontrolled factors, including variations in management 281 

practices, micro-site conditions, and biotic interactions (notably ash dieback). Effects of variations in 282 

management practices might explain why growth models based on empirical data for conditions in 283 

Northern Europe indicate that mixing effects on production may be weaker than the effects Pretzsch 284 

et al. (2010, 2013) detected for fully-stocked stands in Central Europe, where management effects 285 

were minimized. However, despite the limitations of the experimental design, data collected from 286 

the Snogeholm study site may provide important starting points for the development of future 287 

growth and management models for mixed forests, and related ecological theories. However, future 288 

studies should include experimental sites covering larger climatic gradients and a greater range of 289 

soil types (Morin et al. 2011). 290 

  291 

Performance of Norway spruce and pedunculate oak in mixtures and monocultures 292 

From a management perspective the production in specific forest types is more relevant than the 293 

general trend of production in mixed and pure stands. Therefore, mixing effects on Norway spruce 294 

and pedunculate oak were also examined in order to identify facilitation effects described by 295 

Pretzsch (2013). The volume growth was lower in mixtures containing Norway spruce than in 296 

monocultures of the included species, indicating that admixture had no facilitation effect (Figure 6). 297 

Regarding pedunculate oak, the growth in mixtures was higher than expected (Figure 7), indicating 298 

that the admixing had a facilitation effect on the species. However, the effects of management 299 
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(removal of spruce in order to promote less competitive tree species) or other factors could not be 300 

separated from mixing effects due to the lack of replication. 301 

In line with our results, Mason and Conolly (2013) found no significant differences in mean yields 302 

between Norway spruce-sessile oak mixtures and corresponding monocultures, but this may have 303 

been at least partly due to substantial variation (the relative yield ranged between 76-139% with a 304 

mean of 108%). Interestingly, indications of negative interactions between these species during the 305 

first rotation have been detected (Brown 1992), which may have been due to poor choices of 306 

provenances (Mason and Conolly 2013). The height development of oak in mixtures with spruce at 307 

Snogeholm was also comparable to results from Scotland (Mason and Baldwin, 1995) and 308 

simulations by Linden (2003) for southern Sweden, in which oak was able to compete with spruce in 309 

height growth during the first two decades, but subsequently outcompeted without early 310 

silvicultural interventions. 311 

 312 

Statistical limitations due to the experimental design 313 

Under optimal conditions, working hypotheses will be the main determinants of an experiment’s 314 

design. However, in this case due to the paucity of long-term experimental comparisons of mixed 315 

and pure forests on similar sites, the original experimental design was simplified, and the isolative 316 

segregation experiment (Hurlbert 1984) with 67 non-replicated treatments was treated as a 317 

randomized experiment with two treatments defined a posteriori: mixed forest and monoculture. In 318 

addition, five areas containing relatively high proportions of particular tree species were segregated 319 

(for aesthetic reasons), but the distribution of mixed stands and monocultures within these areas 320 

was randomly assigned when the experiment was established. Thus, a comparison of the defined 321 

mixed forests and monocultures on a very general level (not tree species-specifically) should provide 322 

unbiased results. With unlimited resources, a completely randomized design would be preferred, 323 

including replication (Scherer-Lorenzen et al. 2007). Due to the lack of replicates, our study does not 324 

allow multifactorial investigations (Pretzsch 2009, which would have considerably improved it, 325 

especially the possibility to distinguish mixing effects from effects of other factors. Management 326 

may have particularly affected production in spruce-oak mixtures. In addition, although the 327 

difference in removal rates between pure and mixed stands was on average small, without 328 

management some of the mixtures would have disappeared. For example, mixtures of beech with an 329 

understory of rowan, alder buckthorn, bird cherry and/or yew tend to develop rapidly towards pure 330 

beech stands.  331 

Concerning our comparisons of mixtures including spruce and/or oak with corresponding 332 

monocultures, the use of single reference monocultures is problematic. Furthermore, the pure 333 

spruce stand consisted of a single clone (Table S2, Supplementary Information), thus the trees may 334 

have been more homogeneously sized than in typical spruce plantations. 335 

 336 

 337 

 338 
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Tree sizes and age 339 

Trees in pure and mixed stands differ in size and allometric characteristics (Zingg 1994, Dieler and 340 

Pretzsch 2013). However, the mean diameter of spruce and oak trees did not differ between the 341 

monocultures and mixtures in our study.  342 

We presume that the larger variation in their sizes in stands with relatively low proportions of these 343 

species was mainly due to effects of inter-specific competition or facilitation with different tree 344 

species, but also influenced by variations in site conditions, management (planting density, 345 

removals), and genetic factors. However, using the mean height or diameter of spruce as indicators 346 

of site conditions, no significant difference was found between the northwest and southwest parts 347 

of the study area, and the sizes of oak and beech trees did not differ between the northwest and 348 

northeast parts of the area. The production range of monocultures indicated in Figures 6 and 7 349 

correspond to production levels expected at sites spanning one lower or higher site index class, 350 

according to the growth models by Eriksson (1976) or Carbonnier (1975). Thus, we are confident that 351 

production values of additional replicates of spruce and oak monocultures would have ranged within 352 

this indicated interval of uncertainty. 353 

It should be noted that mixing effects are unlikely to remain constant during the stands’ 354 

development, as growth ratios of various species change considerably over time (Bonnemann 1939, 355 

Wiedemann 1943, Agestam 1985, Dittmar et al. 1986), and numerous factors influence the 356 

development of mixtures (cf. Vehviläinen et al. 2007, Bolte et al. 2009, Richards et al. 2010, Lei et al. 357 

2012, Hantsch et al. 2013, Forrester et al. 2014, Forrester 2014b, Pollastrini et al. 2014, Collet et al. 358 

2014). In addition, Pretzsch (2013) found that some species mixtures had positive effects in older 359 

stands. Thus, mixing effects in the stands at Snogeholm may shift and/or become stronger in the 360 

future. Pretzsch (2013) also pointed out that better understanding of the interactions among tree 361 

species is required for robust descriptions and forecasts of the development of mixed forests. 362 

  363 

Conclusions for silviculture and ecosystem management  364 

There is a greater risk of failure to establish stands when a single tree species is planted, as 365 

demonstrated by the unpredictable, severe disease that specifically attacked European ash. 366 

However, our results do not consistently reflect expectations of positive mixing effects on growth 367 

based on niche theory (Vandermeer 1989, Scherer-Lorenzen et al. 2005). During the early 368 

development stage, production of the examined stands did not generally increase with increases in 369 

the number of tree species. Therefore, we reject our working hypothesis. 370 

Based on the presented case-study, we can only contribute to the ongoing debate on diversity-371 

productivity relationships with the hypothesis that there is no general positive asymptotic 372 

relationship between forest productivity and tree species number, as Gamfeldt et al. (2013) 373 

suggested. At least, our results do not support the magnitude of the mixing effects (a 50% increase 374 

in biomass production with five species compared to a single tree species) suggested by Gamfeldt et 375 

al. (2013). Furthermore, the kind of tree species involved plays a key role. Other experimental 376 

studies in different types of temperate and boreal forests suggest that growth differences between 377 
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mixed and pure stands range between 0-40 % (Mård 1996, Jonsson 2001, Jonsson 2010, Fahlvik et al. 378 

2011, Pretzsch 2013, Mason and Conolly 2013). Our results are in line with these findings. 379 
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Table 1. Tree species compositions in the study plots. 548 

Treatment 1

Monoculture

3 tree and 6 tree and

1 tree species                                   2 tree species shrub species 4 tree species 5 tree species shrub species

Quercus petraea Picea abies  80% Tilia cordata 50% Picea abies  75%       (55) Quercus robur  35% Fagus sylvatica  87% Picea abies   58%

(1) Quercus robur 20%       (20) Acer platanoides  50%  (38) Fagus sylvatica  12.5% Larix x eurolepis 35% Sorbus aucuparia 6% Betula pendula  13%

Carpinus betulus Picea abies  75% Tilia cordata 75% Quercus robur  12.5% Sorbus aucuparia  25% Rhamnus frangula  3% Quercus robur  11%

(2) Quercus robur  25%       (21) Quercus robur  25%       (39) Quercus robur  56% Sorbus intermedia  5% Prunus padus  2% Carpinus betulus  7%

Fagus sylvatica Fraxinus excelsior  50% Quercus robur  80% Larix x eurolepis 32% (59) Taxus baccata 2%    (61) Tilia cordata 7%      (62)

(3) Alnus glutinosa  50%     (22) Tilia cordata  20%           (40) Tilia cordata  12%     (56) Populus tremula  25% Corylus avellana  4%

Alnus glutinosa Fraxinus excelsior  50% Tilia cordata  50% Fagus sylvatica  80% Alnus glutinosa 25% Alnus glutinosa  80%

(4) Betula pubescens  50% (23) Carpinus betulus  50%  (41) Quercus robur  15% Salix caprea  25%     (60) Corylus avellana  4%

Fraxinus excelsior Fraxinus excelsior  62.5% Picea abies  67%              (42) Tilia cordata 5%       (57) Betula pendula  25% Prunus padus 4%

(5) Prunus avium  37.5%     (24) Populus x wettsteinii 33% Pinus sylvestris  43% Tilia cordata  4%

Sorbus aucuparia Populus tremula  80% Picea abies  67% Fagus sylvatica  43% Sorbus aucuparia 4%

(6) Quercus robur  20%       (25) Betula pendula  33%     (43) Corylus avellana  14% (58) Ribes nigrum  4%    (63)

Quercus robur Fraxinus excelsior  62% Alnus glutinosa  50%     (44) Quercus robur  30%

(7) Quercus robur  38%       (26) Betula pubescens  50% Carpinus betulus  20%

Quercus robur Fagus sylvatica 71% Tilia cordata  67% Alnus glutinosa  20%

(seeded)                       (8) Carpinus betulus  29%  (27) Betula pendula  33%     (45) Tilia cordata 20%

Acer platanoides Carpinus betulus 50% Prunus avium  50% Fraxinus excelsior  5%

(9) Larix x eurolepis 50%      (28) Alnus glutinosa  50%     (46) Prunus padus  5%    (64)

Sorbus intermedia Fraxinus excelsior 50% Prunus avium  50%

(10) Acer platanoides  50%  (29) Betula pendula 50%     (47)

Tilia cordata Fraxinus excelsior  50% Prunus avium  67%

(11) Larix x eurolepis 50%     (30) Tilia cordata 33%            (48) 10 tree and 14 tree and

Larix x eurolepis Larix x eurolepis 75% Picea abies  50% 9 tree species shrub species shrub species

(12) Quercus robur  25%       (31) Larix x eurolepis 50%    (49) Picea abies 30% Quercus robur  30% Corylus acellana 15%

Betula pubescens Fagus sylvatica  80% Fagus sylvatica  80% Quercus robur  30% Betula pendula  20% Fraxinus excelsior  10%

(13) Alnus glutinosa  20%     (32) Populus tremula 20%  (50) Betula pendula  20% Corylus avellana  20% Carpinus betulus  10%

Prunus avium Fagus sylvatica  67% Fagus sylvatica 80%      (51) Fraxinus excelsior  10% Fraxinus excelsior  5% Quercus robur  10%

(14) Betula pendula  33%     (33) Populus x wettsteinii 20% Carpinus betulus  2% Prunus avium  5% Prunus avium  10%

Picea abies Fagus sylvatica  71% Prunus avium  67% Fagus sylvatica  2% Carpinus betulus  2% Prunus padus 10%

(15) Larix x eurolepis 29%    (34) Larix x eurolepis 33%     (52) Prunus avium  2% Tilia cordata 2%       (66) Acer platanoides  10%

Pinus sylvestris Prunus avium 70% Fraxinus excelsior 67%  (53) Tilia cordata  2%       (65) Viburnum opulus 2% Betula pendula  10%

(16) Carpinus betulus 30%  (35) Populus x wettsteinii 33% Acer platanoides  2% Sorbus intermedia  2% Tilia cordata 5%      (67)

Populus x wettsteinii Acer platanoides  72% Prunus avium 67%         (54) Malus silvestris  2% Ulmus glabra 2%

(17) Quercus robur 28%       (36) Populus x wettsteinii  33% Crataegus sp. 2%

Populus tremula Fagus silvatica  50% Ribes alpinum 2%

(18) Picea abies 50%             (37) Viburnum opulus 2%

Betula pendula        (19) Malus silvestris  2%

Treatment 2 - Mixed forest

 549 
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 551 

 552 
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 559 
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Table 2. Volume functions used in this study 561 

Species Reference Tree size 

Pinus sylvestris Andersson 1954 < 5 cm dbh 

Pinus sylvestris Näslund 1947 ≥ 5 cm dbh 

Picea abies Andersson 1954 < 5 cm dbh 

Picea abies Näslund 1947 ≥ 5 cm dbh 

Betula sp. Andersson 1954 < 5 cm dbh 

Betula sp. Näslund 1947 ≥ 5 cm dbh 

Fraxinus excelsior Eriksson 1973   

Populus sp. Eriksson 1973   

Larix sp. Carbonnier 1954   

Oak, beech, others Hagberg and Matérn 1975 

 562 
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Table 4. Specific wood densities of tree species (500 kg/m3 was assumed for other tree and shrub 581 

species accounting for less than 5% of a mixture) 582 

Wood density

Tree species (kg/m³) Reference

Oak 640 Knigge and Schulz, 1966

Hornbeam 780 Wagenführ, 2007

Beech 660 Knigge and Schulz, 1966

Alder 510 Wagenführ, 2007

Ash 650 Knigge and Schulz, 1966

Maple 590 Knigge and Schulz, 1966

Lime 490 Bosshard, 1984

Birch 610 Bosshard, 1984

Cherry 550 Wagenführ, 2007

Elm 640 Knigge and Schulz, 1966

Larch 550 Knigge and Schulz, 1966

Spruce 430 Knigge and Schulz, 1966

Pine 490 Knigge and Schulz, 1966

Poplar 370 Knigge and Schulz, 1966

Sorbus spec. 710 Wagenführ, 2007

Hazel 550 Wagenführ, 2007

Bird cherry 610 Wagenführ, 2007

Willow 430 Bosshard, 1984  583 
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Table S1. Total production of standing volume and dry wood biomass on each study plot at 28 
Snogeholm during the first 15 years after establishment, with and without correction for variations 29 
in the initial plant density and production, according to Petterson (1992). 30 

 31 

 32 

 33 

 34 

 35 

 36 

 37 

 38 

 39 

Density-corrected
Initial planting Total volume total volume Total biomass Mean Mean

1 tree species density (trees/ha) production (m3 ha-1) production (m3 ha-1) production (t ha-1) height (m) diameter (cm)
Quercus petraea 6000 85 73 54.4 8.0 6.7
Carpinus betulus 4000 59 57 46.0 8.2 5.8
Fagus sylvatica 6000 48 41 31.7 7.1 5.7
Alnus glutinosa 2600 129 147 65.8 11.6 12.3
Fraxinus excelsior 2600 9 10 5.9 3.9 5.5
Sorbus aucuparia 3000 24 26 12.0 5.7 5.2
Quercus robur 6000 87 75 55.7 8.7 7.1
Quercus robur (seeded) 10000 seeds/ha < 1 < 1 < 1 - -
Acer platanoides 2600 23 26 13.6 6.2 5.3
Sorbus intermedia 3000 39 42 27.7 5.9 6.6
Tilia cordata 3200 136 142 66.6 8.8 8.1
Larix x eurolepis 2400 253 298 139.2 14.2 16.4
Betula pubescens 2500 113 131 68.9 11.8 9.9
Prunus avium 2800 32 35 17.6 6.6 5.3
Picea abies 3000 209 224 89.9 11.9 11.6
Pinus sylvestris 6800 245 204 107.8 9.3 9.8
Populus x wettsteinii 1600 279 404 103.2 19.9 18.4
Populus tremula 2400 92 108 34.0 11.2 10.2
Betula pendula 2400 145 171 88.5 14.1 13.3

2 tree species
Picea abies 80% 11.0 5.8
Quercus robur 20% 7.2 13.7
Picea abies 75% 9 5.4
Quercus robur 25% 6.6 10.3
Fraxinus excelsior 50% 7.8 6.6
Alnus glutinosa 50% 9.1 11.3
Fraxinus excelsior 50% 7.1 6.2
Betula pubescens 50% 9.7 9.3
Fraxinus excelsior 62.5% 4.7 3.4
Prunus avium 37.5% 6.1 6.1
Populus tremula 80% 10.7 8.1
Quercus robur 20% 8.7 9.8
Fraxinus excelsior 62% 4.7 4.4
Quercus robur 38% 7.9 9.4
Fagus sylvatica 71% 6.6 5.2
Carpinus betulus  29% 7.0 5.3
Carpinus betulus  50% 8.4 7.0
Larix x eurolepis 50% 13.5 20.0

182 175 79.9

118 114 52.2

174 98.2

36.54451

70 81 37.4

11 11 6.1

30.45749

40 42 25.7

38.58285

166

4000

4000

2520

2520

3200

4000

3200

5600

3175

2 

 



Table S1 - continued. 40 

 41 
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 43 

 44 

 45 

Density-corrected
Initial planting Total volume total volume Total biomass Mean Mean

2 tree species density (trees/ha) production (m3 ha-1) production (m3 ha-1) production (t ha-1) height (m) diameter (cm)
Fraxinus excelsior 50% 6.6 6.1
Acer platanoides 50% 6.5 6.3
Fraxinus excelsior 50% - -
Larix x eurolepis 50% 13.3 17.7
Larix x eurolepis 75% 13.4 16.0
Quercus robur 25% 8.4 7.3
Fagus sylvatica 80% 8.3 7.2
Alnus glutinosa 20% 10.7 14.2
Fagus sylvatica 67% 6.9 5.3
Betula pendula 33% 12.9 15.0
Fagus sylvatica 71% 6.5 5.7
Larix x eurolepis 29% 12.6 19.7
Prunus avium 70% 10.1 8.4
Carpinus betulus 30% 8.3 5.7
Acer platanoides 72% 8.5 5.9
Quercus robur 28% 7.9 7.5
Fagus silvatica 50% 7.1 6.0
Picea abies 50% 10.4 13.6
Tilia cordata 50% 9.0 7.6
Acer platanoides 50% 10.2 8.1
Tilia cordata 75% 7.7 7.1
Quercus robur 25% 7.7 8.6
Quercus robur 80% 7.5 5.9
Tilia cordata 20% 6.9 6.3
Tilia cordata 50% 8.3 7.3
Carpinus betulus 50% 8.8 8.6
Picea abies 67% 10.1 11.7
Populus x wettsteinii 33% 20.4 22.5
Picea abies 67% 10.1 10.9
Betula pendula 33% 14.2 15.1
Alnus glutinosa 50% 12.4 13.7
Betula pubescens 50% 12.6 10.4
Tilia cordata 67% 8.6 6.7
Betula pendula 33% 14.4 15.8
Prunus avium 50% 9.6 11.5
Alnus glutinosa 50% 9.4 10.1
Prunus avium 50% 12.8 15.0
Betula pendula 50% 16.3 15.1
Prunus avium 67% 8.4 6.9
Tilia cordata 33% 7.2 6.7
Picea abies 50% 10.9 10.3
Larix x eurolepis 50% 14.6 21.0
Fagus sylvatica 80% 8.4 6.0
Populus tremula 20% 12.3 13.2
Fagus sylvatica 80% 7.1 5.6
Populus x wettsteinii 20% 20.0 30.9
Prunus avium 67% 10.6 8.5
Larix x eurolepis 33% 14.5 15.4
Fraxinus excelsior 67% 8.0 5.2
Populus x wettsteinii 33% 18.2 15.2
Prunus avium 67% 10.4 8.6
Populus x wettsteinii 33% 19.0 31.0

151 162 57.8

72.5172178

85.2168146

140 159 77.0

99.0200187

92 106 58.8

161 64.1

61174158

89 95 47.4

127 122 59.2

117.2282256

73.5143133

75 67 42.3

57.9118113

280 330 109.1

73.9116120

68 40.9

58.2110100

103 119 56

66.3139144

113 73.7

101.2190182

122 112 69.9

59.68696

165 190 93.7

10.921182520

2520

3200

5000

5000

4667

2800

3600

126

68

146

4000

2520

3200

5000

4000

2400

3000

2600

3000

2520

2520

3000

2800

4000

4000

3000

2800

2800
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Table S1 - continued. 46 

 47 

 48 

 49 

 50 

 51 

 52 

 53 

Density-corrected
Initial planting Total volume total volume Total biomass Mean Mean

3 tree and shrub species density (trees/ha) production (m3 ha-1) production (m3 ha-1) production (t ha-1) height (m) diameter (cm)
Picea abies 75% 9.9 11.5
Fagus sylvatica 12.5% 4000 153 148 67.3 5.1 4.5
Quercus robur 12.5% 6.8 5.9
Quercus robur 56% 8.1 6.4
Larix x eurolepis 32% 3600 134 134 74.4 11.6 16.7
Tilia cordata 12% 8.2 9.2
Fagus sylvatica 80% 7.3 7.3
Quercus robur 15% 5000 67 60 43.6 7.5 8.1
Tilia cordata 5% 7.1 9.1
Pinus sylvestris 43% 8.8 12.4
Fagus sylvatica 43% 5600 95 83 50.5 8.0 6.8
Corylus avellana 14% - -

4 tree species
Quercus robur 35% 8.6 7.9
Larix x eurolepis 35% 13.5 19.2
Sorbus aucuparia 25% 6.9 5.0
Sorbus intermedia 5% 6.6 5.4
Populus tremula 25% 12.6 10.7
Alnus glutinosa 25% 10.9 8.1
Salix caprea 25% 9.6 7.2
Betula pendula 25% 14.6 15.1

5 tree species
Fagus sylvatica 87% 7.1 5.6
Sorbus aucuparia 6% 6.1 3.9
Rhamnus frangula 3% 6400 63 53 41.1 6.5 5.0
Prunus padus 2% - -
Taxus baccata 2% - -

6 tree and shrub species
Picea abies  58% 9.6 10.1
Betula pendula 13% 11.5 11.0
Quercus robur 11% 7.0 5.7
Carpinus betulus 7% 6.8 4.5
Tilia cordata 7% 5.7 4.5
Corylus avellana 4% - -
Alnus glutinosa 80% 11.5 12.2
Corylus avellana 4% - -
Prunus padus 4% 9.1 8.1
Tilia cordata 4% 8.4 9.2
Sorbus aucuparia 4% 5.7 4.7
Ribes nigrum 4% - -
Quercus robur 30% 7.7 7.4
Carpinus betulus 20% 7.0 6.6
Alnus glutinosa 20% 7.7 9.4
Tilia cordata 20% 7.6 7.1
Fraxinus excelsior 5% 6.5 6.0
Prunus padus 5% 6.6 6.2

161 50.7

126 117 60.8

145 151 80.9

136 144 69.2

104 97 59.1

150

3200

3000

4444

3100

4444
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Table S1 - continued. 54 

 55 

 56 

 57 

 58 

 59 

 60 

 61 

 62 

 63 

 64 

 65 

Density-corrected
Initial planting Total volume total volume Total biomass Mean Mean

9 tree species density (trees/ha) production (m3 ha-1) production (m3 ha-1) production (t ha-1) height (m) diameter (cm)
Picea abies 30% 10.5 13.7
Quercus robur 30% 7.2 5.9
Betula pendula 20% 12.2 13.2
Fraxinus excelsior 10% 6.6 5.0
Carpinus betulus 2% 4444 112 104 55.9 8.4 7.8
Fagus sylvatica 2% 6.2 6.2
Prunus avium 2% 6.4 6.1
Tilia cordata 2% 6.4 6.5
Acer platanoides 2% 6.5 4.1

10 tree and shrub species
Quercus robur 30% 7.6 6.9
Betula pendula 20% 12.2 12.2
Corylus avellana 20% - -
Fraxinus excelsior 5% 5.9 4.6
Prunus avium 5% 8.1 8.9
Carpinus betulus 2% 7.4 6.3
Tilia cordata 2% 6.5 8.6
Viburnum opulus 2% - -
Sorbus intermedia 2% 6.2 5.5
Malus silvestris 2% 6.2 4.5

14 tree and shrub species
Corylus acellana 15% - -
Fraxinus excelsior 10% 8.2 6.8
Carpinus betulus 10% 7.7 7.1
Quercus robur 10% 7.9 7.7
Prunus avium 10% 8.1 10.0
Prunus padus 10% 7.5 5.5
Acer platanoides 10% 7.5 5.6
Betula pendula 10% 12.6 13.5
Tilia cordata 5% 5.3 7.1
Ulmus glabra 2% 8.4 7.5
Crataegus spec. 2% - -
Ribes alpinum 2% - -
Viburnum opulus 2% - -
Malus silvestris 2% 5.9 4.9

90 61.0

79 74 48.2

97

4440

4444
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Table S2. Types of planting stock and seed sources (age is distinguished in years before/after 66 
transplantation in the nursery). 67 

Tree species Age (years) Size (cm) Provenance (country) 
Quercus robur 1/0 15-30 Blekinge (SE) 
Quercus petraea 2/0 30-50 Agder (NOR) 
Betula pendula 1/0 50+ Asarum (SE) 
Betula pubescens 1/1 40-60 Lassjön (SE) 
Picea abies 1.5/1.5 - Maglehem (SE) 
Alnus glutinosa 1/0, 1/1 20-40, 40+ Ignaberga (SE) 
Larix x eurolepis 1/1 - Maglehem (SE) 
Acer platanoides - 40-60 North Germany 
Populus x wettsteinii 0/1 - Götaland (SE) 
Fraxinus excelsior 2/0 25-30 Uppland (SE) 
Carpinus betulus 1/2 50-80 Scania (SE) 
Prunus avium 1/0 50-80 Skaraborg (SE) 
Sorbus intermedia 1/1 30-50 Uppland (SE) 
Sorbus aucuparia 1/1 50-80 Uppland (SE) 
Fagus sylvatica 1/2 - Ransåsa (SE) 

 68 

 69 

 70 

 71 

 72 

 73 

 74 

 75 

 76 

 77 

 78 

 79 

 80 

 81 

 82 

 83 
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Table S3. Major descriptive statistics, type of Student´s t-test, degrees of freedom and p-values 84 
obtained using two approaches to calculate tree species’ proportion and test differences in volume 85 
growth and height growth of a given tree species in mixtures and monoculture. 86 

 87 

Calculation method and assumption while performing Number of Standard Degrees of
statistical tests of significance observations Mean deviation Type of t-test freedom p

Volume production of spruce calculated based on Mono: 1 209.0 -
the initial number of planted trees, assuming the mean Spruce in mix: 9 106.8 36.6
of the spruce monoculture as the population mean

Volume production of spruce calculated based on Mono: 1 209.0 -
the initial number of planted trees, assuming equal Spruce in mix: 9 106.8 36.6
variance between the production of spruce in mixture
and monoculture

Volume production of spruce calculated based on Mono: 1 209 -
basal area at the age of 10 years, assuming the mean Spruce in mix: 9 111.4 35.9
of the spruce monoculture as the population mean

Volume production of spruce calculated based on Mono: 1 209 -
the initial number of planted trees, assuming equal Spruce in mix: 9 111.4 35.9
variance between the production of spruce in mixture
and monoculture

Volume production of oak calculated based on Mono: 1 87.0 -
the initial number of planted trees, assuming the mean Oak in mix: 17 63.0 26.7
of the oak monoculture as the population mean

Volume production of oak calculated based on
the initial number of planted trees, assuming equal Mono: 1 87.0 -
variance between the production of oak in mixture Oak in mix: 17 63.0 26.7
and monoculture

Volume production of oak calculated based on
basal area at the age of 10 years, assuming the mean Mono: 1 87.0 - One-sample
of the oak monoculture as the population mean Oak in mix: 17 23.6 17.1

Volume production of oak calculated based on
the initial number of planted trees, assuming equal Mono: 1 87.0 -
variance between the production of oak in mixture Oak in mix: 17 23.6 17.1
and monoculture

Mono: 1 11.9 -
Spruce in mix: 9 10.2 0.6

Mono: 1 11.9 -
Spruce in mix: 9 10.2 0.6

Mono: 1 12.9 -
Spruce in mix: 9 11.1 0.6

Mono: 1 12.9 -
Spruce in mix: 9 11.1 0.6

Mono: 1 8.7 -
Oak in mix: 17 7.7 0.6

Mono: 1 8.7 -
Oak in mix: 17 7.7 0.6

Mono: 1 8.9 -
Oak in mix: 17 8.4 0.6

Mono: 1 8.9 -
Oak in mix: 17 8.4 0.6

< 0.018One-sample

< 0.01Two-sample

0.40

Oak mean height, assuming equal variance between 
oak mean heights in mixture and monoculture

16Two-sample 0.11

Oak top height, assuming the mean of the oak 
monoculture as the population mean

16

Oak top height, assuming equal variance between oak 
top heights in mixture and monoculture

16Two-sample 0.38

Spruce mean height, assuming the mean of the spruce 
monoculture as the population mean
Spruce mean height, assuming equal variance between 
spruce mean heights in mixture and monoculture

16

Spruce top height, assuming equal variance between 
spruce top heights in mixture and monoculture

8Two-sample

Spruce top height, assuming the mean of the spruce 
monoculture as the population mean

Oak mean height, assuming the mean of the oak 
monoculture as the population mean

One-sample < 0.01

One-sample < 0.01

0.03

< 0.01One-sample 8

8One-sample < 0.01

< 0.018One-sample

17Two-sample

16

17

< 0.01

0.038Two-sample

9Two-sample 0.03

16One-sample < 0.01

9Two-sample 0.03
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Table S4. Comparison of volume production of climax/intermediate tree species i (beech, oak, 88 
spruce, lime, hornbeam) with admixture of a pioneer/nurse tree species ip (alder, birch, poplar, 89 
larch, shrubs) – with proportions of tree species estimated in indicated manners. 90 

 91 

 92 

Number of Standard Degrees of
Grouping without and with monocultures observations Mean deviation Type of t-test freedom p

Climax/intermediate tree species mixtures (i) versus i mix: 9 121.7 50.4
mixtures of one or two of these species with a pioneer/ ip mix: 13 138.2 62.2
nurse tree species (p)*

Climax/intermediate tree species (pure and mixed) i mono/i mix: 15 114.6 53.0
versus mixtures of one or two of these species ip mix: 13 138.2 62.2
with a pioneer/nurse tree species*

Climax/intermediate tree species mixtures (i) versus i mix: 9 137.6 63.0
mixtures of one or two of these species with a pioneer/ ip mix: 13 178.7 66.8
nurse tree species (p) #

Climax/intermediate tree species (pure and mixed) i mono/i mix: 15 124.1 61.9
versus mixtures of one or two of these species ip mix: 13 178.7 66.8
with a pioneer/nurse tree species #

* Volume growth of the selected tree species based on the initially planted  proportion of tree species
# Volume growth of the selected tree species based on the basal area proportion of tree species at the age of 10 years

27Two-sample 0.04

21Two-sample 0.16

27Two-sample 0.29

21Two-sample 0.50
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