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Abstract

:

Thinning of forestry plantations is a common silviculture practice to increase growth rates and to produce larger dimension logs. The wood properties, basic density and stiffness, are key indicators of the suitability of timber for particular purposes and ultimately determine timber value. The impact of thinning operations on wood properties is, therefore, of considerable interest to forest growers and timber producers. To date, studies examining the impact of thinning on wood properties have produced variable results and understanding the consistency of the effects of thinning treatments across various sites for important plantation species is limited. Two non-destructive assessment techniques, drilling resistance and acoustic wave velocity, were used to examine the impact of thinning on basic density and stiffness in 19–21-year-old plantation grown Eucalyptus nitens across three sites. Commercial thinning to 300 trees ha−1 decreased the stiffness of standing trees and this effect was consistent across the sites. Reduction in stiffness due to thinning ranged from 3.5% to 11.5%. There was no difference in wood properties between commercially and non-commercially thinned trees to 300 trees ha−1 and no difference in wood properties when thinned to 500 trees ha−1. Basic density was not affected by thinning. The site had significant effects on both basic density and stiffness, which were lowest at the highest precipitation and highest elevation site. The results indicate that wood properties are influenced both by silviculture and site environmental differences. This knowledge can be used for the better management of E. nitens resources for solid wood production.
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1. Introduction


Thinning is an important silvicultural intervention used to produce high-value sawlogs from plantation grown trees [1,2,3,4]. Understanding how the resource responds to thinning treatments across different sites is an important consideration for maximizing the production of wood products across an entire estate [2]. Thinning of plantations is commonly undertaken to reduce stand density and competition for limited but essential growing resources, and to accelerate diameter growth on the retained stems [5,6,7]. The aim of thinning is to grow large-size logs for solid wood as these provide a greater proportion of sawn timber recovery [8,9], are more stable during drying [10], are more efficiently converted to laminates for plywood or sliced veneer [11] and maximize financial returns [12,13,14,15]. For solid wood production, maximizing the size of the potential sawlog crop is often more important than maximizing total stand volume production [16]. Lower stocking offers larger individual stems that are worth more due to the relationship between stem size and the potential worth of the products that may be produced [12].



For temperate plantation eucalypts in Tasmania, early age or non-commercial thinning occurs between the ages of 4–7 years and just after the completion of pruning to ensure increased growing resources are directed towards the retained stems immediately, thus increasing the production of knot-free timber. Later-age or commercial thinning typically occurs between the ages of 7–12 years when trees are large enough to allow a commercial pulpwood harvest and an early financial return [17,18,19,20]. Generally, pruning and then thinning to a final stocking of 200 to 300 trees per hectare for solid wood production on rotations of 20–25 years is regarded as the most profitable approach to the management of E. nitens plantations [17,21].



How thinning affects the properties of the produced timber is an important issue. The stiffness or Modulus of Elasticity (MOE) is a key wood property by which structural products are graded and priced [22,23,24], while basic density is also a useful indicator of stiffness, as well as hardness, strength or Modulus of Rupture (MOR) and workability [25]. In Australia, both MOE and MOR define strength groups according to AS/NZS2878:2000 Timbers–Classification into strength groups [26], and MOE is identified as the limiting factor in high stress grade products according to AS/NZS 2269.1:2012 and AS/NZS 1720.1-2010 [22,27,28].



The effects of thinning on plantation grown Eucalyptus wood properties are variable. Thinning at age 6 years had no effect on the MOE and MOR of sawn boards from a 22-year-old Eucalyptus nitens plantation [29]; however, this thinning did result in an increased microfibril angle (MFA) corresponding to a lower stiffness [30]. In Chile, thinning of E. nitens at age 6 years had no effect on the basic density of boards from trees harvested at age 15 years [31], but a lower intensity thinning regime (i.e., 700 stems ha−1 vs. 500 to 300 stems ha−1) at age 7–9 years resulted in a higher MOE at age 15 years but little change in basic density [32]. In the case of Eucalyptus globulus, thinning at age 2 years had no effect on air dry density, MOE or MFA at age 10 years [33]; however, later thinning of E. globulus at age 8 years resulted in decreased wood density and increased MFA at age 13 years [34]. Such variability in the effects of thinning on wood properties makes it difficult to recommend optimal silvicultural thinning treatments for hardwood plantations. While the above-mentioned studies were undertaken at sites ranging from 120 to 340 m above sea level, it remains unclear how higher elevations may interact with thinning treatments to affect wood properties, as well as the consistency of the effects of thinning treatments on wood properties across sites of contrasting environments. This is particularly important given the diverse environments and broad elevation range across which E. nitens is planted and the impact that site characteristics, such as elevation and precipitation, have on wood properties [35,36].



Acoustic Wave Velocity (AWV) is a non-destructive technique that can be used as a predictor of MOE [23,37,38,39]. There are two ways of measuring AWV, resonance and time of flight, that are used for logs and boards and standing trees, respectively [40]. Time of flight AWV has been shown to be a reliable predictor of stiffness in E. nitens and has been used in tree breeding programs [23,41,42]. The technique also allows for the relatively rapid testing of a large number of standing trees and has been used to test thinning effects on softwoods [43,44,45,46] and hardwoods [47].



Drilling resistance offers an accurate, fast and non-destructive approach for assessing basic density [48,49]. Although initially developed to detect internal defects in trees, poles and structural timber [50,51,52], this technique has also been used to evaluate basic density, for example, in standing eucalypts [53,54] and Pinus radiata [55], and also to evaluate radial variation [55,56]. In E. nitens, drilling resistance was able to explain 62% to 92% of the variance in basic density [53,57,58]. Calibration and post-processing of drilling resistance data are needed to obtain basic density values [53]. To obtain accurate drilling resistance values, a correction must be applied to account for frictional drag [53,58,59,60,61]. The drilling resistance method also allows the testing of many trees relatively quickly and has been used to assess thinning effects on Taiwania cryptomeribides [62]. The combination of both AWV and drilling resistance allows rapid, non-destructive estimation of tree MOE. For example, Lai, et al. [63] used wood density obtained with a non-destructive method and acoustic wave velocity to estimate MOE. The MOE prediction can be improved when wood density and AWV are used in combination [64,65,66,67].



In this study, stiffness and basic density following thinning in E. nitens plantations were assessed using non-destructive wood testing techniques. The aim was to understand how different thinning regimes affect wood properties and how consistent the effects of thinning treatment are across different sites. Specifically, the objectives were to:




	(1)

	
Examine whether commercial thinning affects tree size, stiffness and basic density of E. nitens and whether these effects vary across three different sites;




	(2)

	
Determine whether commercial and non-commercial thinning affects tree size, stiffness and basic density differently and whether these effects vary across two different sites;




	(3)

	
Determine if there is a difference in tree size and wood properties between two commercial thinning treatments across two different sites.










2. Materials and Methods


2.1. Site Description


Three E. nitens plantations established at a stocking of 1100 trees ha−1 in the late 1990s, at Urana, Florentine and Gads in Tasmania, Australia, were used for this study (Table 1). Eucalyptus nitens grown in Tasmania originate from a single region on mainland Australia, the Central Highlands of Victoria [68]. The plantations were established using standard nursery stock from an open pollinated seed source. All sites had previously supported native wet eucalypt forests. Experimental trials were imposed with the aim of improving existing growth models to better understand the silvicultural and economic implications of pruning and thinning operations. Urana is in north-east Tasmania. The plantation had an understory dominated by a mixture of Zieria arborescens and Ozothamnus ferrugineus. Florentine is in south-west Tasmania with a dense understory of dogwood (Pomaderris apetala). Both sites are at about 400 m above sea level (asl). Gads Hill is at 700 m asl in north-west Tasmania; the understory was dominated by snow grass (Poa labillardierei).




2.2. Experimental Design and Thinning Treatments


Between the ages of 3–5 years, the best, straight, dominant and codominant trees (300 trees ha−1) at all three sites were pruned in three stages to a maximum height of 6.5 m. Four thinning treatments were then applied (Table 2): unthinned (control); commercial thinning to 300 trees ha−1 (EC300) and 500 trees ha−1 (EC500) at age 8 or 9 years, and non-commercial thinning to 300 trees ha−1 (EW300) at age 4 or 5 years. The control and EC300 treatments were performed at all three sites; control and EW300 at Urana and Gads; and control and EC500 at Urana and Florentine. There were between two and four replicates of each treatment; replicate areas were approximately 0.08 ha at Urana and Florentine, and 0.06 ha at Gads. All replicates were located between windrows and surrounded by at least one buffer row, and each had between 13 and 70 trees at time of measurement and the total number of trees tested per treatment is in Table 2. Thinning at all sites was from ‘below’, where small and defective trees were removed. Thinning at Urana was done by first creating six-row blocks with two rows having been removed on either side and then thinning within the retained rows; at Florentine and Gads, all rows were thinned. Mortality in the ca. 15-year period between the time of thinning and measurement varied between 0% and 25% in the thinned treatments. In the controls, mortality varied between 7% and 44%; at the Urana site, stocking in the control was reduced from 1126 to 579 trees ha−1, while at Florentine and Gads the decrease in stocking of the control due to mortality was relatively small.




2.3. Assessments


Diameter at breast height (1.3 m; DBH) was measured at all sites in April–May 2018. Trees damaged at thinning, with pronounced fork or with severe lean (>15°) were not measured or assessed for wood properties.



In April–May 2018, drilling resistance on standing trees at 1.3 m above ground level (breast height) was measured using an IML Resi PD 400 instrument (referred to as Resi from here on). Trees across the sites were measured in the same season to minimize the potential effect of temperature and potential moisture content variation. Previous work has explored the effect of moisture content on resistance readings, and values above fiber saturation point have been found to contribute little to the variance [69,70]. The point of entry into the stem was perpendicular to the direction of lean or, if the tree was vertical, to prevailing wind direction based on wind roses from the nearest weather stations at St Helens, Strathgordon village and Burnie [71] for Urana, Florentine and Gads, respectively. The Resi sampling conditions were 150 cm min−1 speed of forward feed and 3500 rpm, which have been identified as optimal for plantation eucalypts [53]. Resi frictional drag was accounted for using the semi-non-linear friction correction [58]. To examine the strength of the relationship between drilling resistance amplitude and basic density, the mean drilling resistance amplitude for the 50 mm long trace on the entry side was compared with basic density measurements on the same-length wood cores. Cores were taken as close to the Resi entry point as possible and were extracted using a 5 mm diameter manual corer. To ensure a maximum range in drilling resistance amplitude, 50 trees at each site were selected based on their average Resi drilling resistance amplitude. The drilling resistance traces were stratified to choose trees that provided a uniform distribution over the density range. Core basic density was determined using the test method described in AS/NZS 1080.3:2000 [72]. Green volume of the cores was measured in the laboratory using the water displacement method [73]. Oven dry mass was measured after oven drying of the wood at 103 ± 2 °C until the sample reached constant mass. The basic density of the cores was calculated as the ratio of oven dry mass (kg) to green volume (m3).



As a first step, it was important to determine the parameters to calculate basic density. There was a strong linear relationship between the basic density of the 50 mm length core and the same length Resi trace. As there were no differences in slope and no significant interactions between sites (ANCOVA F2, 144 = 0.04, p = 0.67), all data were pooled and the regression parameters from the three sites were used to calculate basic density (Figure 1).



The slope and intercept obtained from the regression relationship between core basic density and Resi drilling resistance amplitude were used to calculate tree mean area weighted basic density from cambium to pith using the platform https://forestquality.shinyapps.io/FQ_ResiProcessor/ (accessed on 21 July 2021) [53].



Acoustic Wave Velocity (AWV) was measured with a Director ST-300 (Fibregen, Christchurch, New Zealand) on the same and opposite sides of the tree to that used for drilling resistance. The bottom and top probes were placed, respectively, approximately 0.5 m and 1.7 m above ground level. Measurements across all three sites were conducted in September–October 2018; the mean air temperatures during measurement were 10.3, 6.8 and 8.3 °C at Urana, Florentine and Gads, respectively. The MOE in MPa of standing trees was estimated using the model [63]:


MOE = ρ ∙ v2,



(1)




where ρ is the area weighted basic density obtained from Resi (kg m−3) and v is the mean squared AWV (km s−1) from both sides of the tree measured with the Director ST-300.




2.4. Statistical Analyses


To test the objectives of the study, three individual models were run. The first (objective 1) assessed commercial thinning to 300 trees ha−1 (EC300) vs. the unthinned control treatment at Urana, Florentine and Gads; the second (objective 2) assessed non-commercial and commercial thinning to 300 trees ha−1 (EC300 and EW300) vs. the unthinned control at Urana and Gads; and the third (objective 3) assessed commercial thinning to 500 and to 300 trees ha−1 (EC500 and EC300) vs. the unthinned control at two sites; Urana and Florentine. All three models were a linear mixed-effects model that compared the effects of treatment and site on DBH, AWV, basic density and MOE using the “lmer” function in the lme4 package [74] by fitting the following model:


y = µ + treatment + site + pruning + treatment × site + treatment:replicate + site:replicate + site:treatment:replicate + residual,



(2)




where y is the response of DBH, AWV, basic density and MOE, µ is the overall mean, and treatment and site and treatment by site interaction are fixed effects. The random effects are the treatment within replicate, site within replicate and site within treatment within replicate as denoted by italics. As some trees within treatments were not pruned as part of normal operational practice, pruning (presence/absence) was fitted as a covariate (and, hence, not included in the interaction terms). In all cases, the addition of the pruning covariate did not change significance nor the effect size of the fixed effect, regardless of whether pruning was significant or non-significant. All statistical analyses were undertaken using R [75]. Model assumptions of normality and homoscedasticity as well as overdispersion were statistically and visually assessed using simulated residuals from the fitted model with the DHARMa R package [76] following Zuur and Ieno [77]. No deviations of model assumptions were detected. Statistical significance of the fixed effects was assessed using a Type III F test where the denominator degrees of freedom were estimated using the Kenward–Roger approximation with the “anova” function of the lmerTest R package [78]. Least-square means and their standard errors estimated from the fitted models were calculated using the emmeans R package [79].





3. Results


3.1. Commercial Thinning (EC300) vs. Control across Three Sites


Both thinning and site had significant effects on tree size. Mean diameter (DBH) was significantly smaller at Gads than at Urana and Florentine and thinning resulted in significantly larger trees (Figure 2a). However, the effects of thinning treatment on tree size were not consistent across all three sites, as there was a significant thinning by site interaction (Table 3). Thinning at Florentine resulted in a larger diameter response (42.5% greater than the Control) than at Urana (12.6%) and Gads (31.6%) (Figure 2a).



Commercial thinning had no effect on basic density (Table 3). Site had a significant effect on basic density, which was lower at Gads than at Urana and Florentine (Figure 2b) and there was no thinning by site interaction (Table 3).



Acoustic Wave Velocity was significantly lower in the EC300 than in the Control treatment (Table 3); while the largest reduction in AWV due to thinning was 4% at Gads followed by 1.5% at Urana and 1.2% at Florentine (Figure 2c). Acoustic Wave Velocity significantly differed among the three, with Gads showing significantly lower AWV than Urana or Florentine (Figure 2c). There was no thinning by site interaction (Table 3), indicating that the effects of thinning on AWV were consistent across the sites.



The EC300 treatment also had a significant effect on MOE (Table 3). Thinning reduced tree MOE by 3.9% at Urana, 3.5% at Florentine and 11.5% at Gads (Figure 2d). Site had a significant effect on MOE; MOE at Gads, 6564 MPa, was about 15% lower than at Urana and Florentine (Figure 2d). The effects of thinning on MOE were consistent across the sites (Table 3).




3.2. Commercial (EC300) and Non-Commercial (EW300) Thinning vs. Control at Urana and Gads


Both thinning and site had significant effects on DBH, which was smaller at Gads than at Urana, and was significantly different across all the treatments but lowest in the control. There was a significant interaction between thinning and site (Figure 3a), where differences in DBH due to treatment were greater at Gads than Urana (Figure 3a).



Thinning treatment had no effect on basic density (Table 4, Figure 3b). Site had a significant effect on basic density, which was 8.6% lower at Gads than Urana and there was no thinning by site interaction (Figure 3b).



Both thinning and site had a significant effect on AWV (Table 4); thinning treatment resulted in a lower AWV, but there was no difference between the EC300 and EW300 treatments. AWV was lower at Gads than Urana (Figure 3c). There was no thinning by site interaction, indicating the effects of thinning on AWV were consistent across the two sites.



Similarly, thinning and site had a significant effect on MOE (Table 4). As with AWV, thinning reduced MOE and there was no difference between the EC300 and EW300 treatments (Figure 3d). MOE was significantly lower at Gads than Urana. The thinning effects on MOE were consistent across the two sites.




3.3. Commercial Thinning (EC300 and EC500) vs. Control at Urana and Florentine


Thinning had a significant effect on DBH; DBH was smaller in the Control than in the thinned treatments, and smaller in the EC500 than in the EC300 treatment. Site had no effect on DBH (Table 5). However, there was a significant thinning by site interaction. The response to thinning was greater at Florentine than Urana (Figure 4a).



Thinning had no effect on basic density. Site had a significant effect on basic density, which was 4.3% greater at Urana than Florentine (Figure 4b). However, there was a marginal thinning by site interaction (Table 5).



Thinning had no effect on AWV (Table 5 and Figure 4c). Site had a significant effect on AWV which was greater at Florentine than Urana and there was no thinning by site interaction.



Neither thinning nor site had a significant effect on MOE and there was no thinning by site interaction (Table 5 and Figure 4d).





4. Discussion


This study examined the effects of different thinning regimes on wood properties of E. nitens across different sites. The thinning of three stands had significant effects on wood stiffness (AWV and MOE) and these effects were stable across sites. While the effects of thinning on increasing tree volume have been well documented [2,21,80] and are also supported here, this is the first time the consistency of thinning regimes across various sites has been tested on wood properties of E. nitens. Thinning reduced the stiffness of standing trees. This suggests that if the silvicultural treatment of thinning is to be utilized to improve tree volume, consideration may need to be given to the possible trade-offs with wood quality, especially stiffness. The observed reductions in MOE due to thinning ranged from 3.5% to 11.5% and, based on Australian stress grade standards [28], this magnitude in reduction should not affect the classification of the product at point of sale, as the change in stiffness is not large enough. For example, the difference from stress grade F17 to grade F14 in MOE values is 14.3% while the difference from F14 to F11 is 12.5%. The largest effect on wood stiffness values in this study was due to site differences where there was a 17.2% reduction in MOE due to site. This large reduction could well result in a product failing to meet a particular stress grade class, illustrating the importance of site selection for certain tree and wood traits. As opposed to stiffness, it seems that thinning has no observable influence on basic density as suggested by this and other studies of E. nitens [30,31,32]; however, basic density does vary across sites.



Basic density and stiffness were consistently lower at Gads (700 m elevation and with the highest rainfall), than at Urana and Florentine at 400 m. The pattern of decreasing basic density with increasing elevation and its associated factors, such as colder temperature and higher precipitation, for E. nitens in Tasmania was also observed in previous studies [22,35,36,81]. Similarly, softwoods have been found to have lower basic density on sites grown at higher elevations [46,82,83,84,85,86]. Thus, basic density appeared to be inversely related to elevation in this study; however, there was only a single site at this elevation. Similarly, stiffness or MOE might also be related to elevation where in previous studies with E. nitens, MOE decreased with increasing elevation [36,81], and plantations grown at lower elevations and rainfall had higher stiffness (MOE) compared to higher elevations and rainfall [22]. Similarly in softwoods, there was an observed negative relationship between elevation and MOE for Picea abies [84] and Picea sitchensis [82,83].



There was no evidence of a significant difference in the wood properties measured on trees between the commercially (EC300) and non-commercially (EW300) thinned stands applied at Urana and Gads. This suggests trees can be grown larger without a corresponding reduction in wood quality when thinned earlier. In Tasmania, commercial thinning is performed when trees are large enough to allow a commercial pulpwood harvest and an early financial return before the main crop is ready for harvest [17,18,19]. However, the financial benefits to delay thinning until stems reach commercial size may be counter-productive and early non-commercial thinning may be more economically viable over the rotation [12,87]. The price per unit volume increases with various threshold log sizes, and the magnitude of each price increment also increases with log size [1]. For example, the minimum small end diameter for sawlog is 350 mm, cross laminated timber product is 300 mm, domestic peeler log is 180 mm, and export peeler log is 150 mm (Williams pers. comm., 2021). In this study the commercially thinned trees had an average diameter of 350 mm at breast height (1.3 m above ground) while non-commercially thinned trees were 400 mm. A 50 mm difference in diameter would result in a log meeting size specifications for the next larger class. Therefore, by the end of the rotation, from non-commercially thinned trees it would be possible to produce a higher quantity of more valuable logs.



Thinning to 300 trees ha−1 reduced stiffness across the three sites, Urana, Florentine and Gads, consistently with various magnitudes. Thinned E. nitens at the high elevation site (Gads) exhibited a significant reduction in stiffness relative to the unthinned control. However, despite a slight reduction in stiffness between the two low elevation sites (Urana and Florentine), this reduction was not statistically significant. This suggests that thinning might have a small or no affect at lower elevation sites for E. nitens similarly as reported in other studies [29,30,31].



Both thinning and site had a significant effect on wood growth; however, there was a consistent significant interaction between thinning and site for tree DBH. This interaction can be attributed to the control stand at the Urana site where the trees were the largest. Control treatments at Urana experienced heavy self-thinning, such that by the time of final measurement, the stand density in the control stand was around 600 trees ha−1 while the control treatments at Florentine and Gads were well above 900 trees ha−1. This self-thinning occurred at Urana earlier than at Florentine because the Urana site was more productive, and trees started to die because of more intense competition compared to Florentine and Gads. This could also explain the different rate of thinning response across the three sites. The greatest response to thinning at the Florentine site for EC300 thinning was due to the fact that the EC300 treatment had slightly lower stocking, which was 283 trees ha−1 compared to 316 and 315 trees ha−1 at Florentine and Gads, respectively. That is probably why EC300 treatment had the largest trees at Florentine.



Thinning to 500 trees ha−1 produced the largest basal area per hectare but thinning to 300 trees ha−1 resulted in greater individual tree diameters, which can lead to greater efficiency in processing. By thinning to 300 trees ha−1, there can be more upper logs available for processing because of their larger size, which tend to have greater stiffness and basic density [88,89,90]. Larger trees are also more suitable for quarter-sawing, which has a positive impact on processing, drying and sawn material recovery [91].




5. Conclusions


Commercial thinning to 300 trees ha−1 led to trees having lower stiffness and the effect of thinning on tree stiffness across three contrasting sites was consistent. This reduction in stiffness due to thinning was small except at the high elevation and high precipitation Gads site. Thinning did not affect basic density, and non-commercial thinning to 300 trees ha−1 resulted in larger trees without any effect on wood properties. Commercial thinning to 500 trees ha−1 had no effect on wood quality. Trees grown at the Gads site had lower basic density and stiffness and the magnitude of the thinning effect seemed greater at this site.
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Figure 1. Linear regression between core basic density and mean drilling resistance amplitude across the three thinning sites. Red points are Urana, blue are Florentine and green are Gads. 
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Figure 2. Least-square means and their standard errors estimated from the fitted first model showing the effect of commercial thinning (EC300; blue bars) relative to the unthinned control (orange bars) on tree size ((a)—DBH) and wood properties ((b)—Basic density; (c)—Acoustic Wave Velocity; (d)—Modulus of Elasticity) at Urana, Florentine and Gads. 
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Figure 3. Least-square means and their standard errors estimated from the fitted second model showing the effect of commercial (EC300, blue bar) and non-commercial (EW300, green bar) thinning relative to the unthinned control (orange bar) on tree size ((a)—DBH) and wood properties ((b)—Basic density; (c)—Acoustic Wave Velocity; (d)—Modulus of Elasticity) at Urana and Gads. 
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Figure 4. Least-square means and their standard errors estimated from the fitted third model showing the effect of commercial thinning (EC300, blue bar) and (EC500, yellow bar) relative to the untinned control (orange bar) on tree size ((a)—DBH) and wood properties ((b)—Basic density; (c)—Acoustic Wave Velocity; (d)—Modulus of Elasticity) at Urana and Florentine. 
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Table 1. Site description of three Eucalyptus nitens thinning trials in Tasmania, Australia.
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	Site
	Urana
	Florentine
	Gads





	Location
	41°20′57.0″ S

148°02′54.8″ E
	42°36′22.0″ S

146°28′09.5″ E
	41°34′22.9″ S

146°12′13.8″ E



	Elevation (m, a.s.l.)
	400
	400
	700



	Rainfall (mm yr−1) *
	1101
	1332
	1556



	Mean annual temperature °C *
	11.4
	10.3
	9.4



	Stocking at establishment (stems ha−1)
	1100
	1100
	1100



	Coupe planted
	August 1997
	September 1999
	August 1999



	Soil profile
	Moderately well drained. Black humic coarse sandy loam-Devonian granite and derived colluvium
	Well drained dark loamy topsoils overlying red brown or brown clay subsoils-Jurassic Dolerite
	Fertile clay soil on Tertiary Basalt



	Prevailing wind direction
	NW
	NW
	SW







* Temperature and rainfall data from trial planting date until 2018 were extracted for the trial site using the get AWAP function of the AUSclim package (P.A. Harrison unpublished R package).
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Table 2. Stand characteristics in 2018 for each thinning treatment in the three thinning trials established in Tasmania, Australia.
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Site




	
Urana

	
Florentine

	
Gads




	
Thinning Code

	
Control

	
EC300

	
EW300

	
EC500

	
Control

	
EC300

	
EC500

	
Control

	
EC300

	
EW300






	
Thinning age (year)

	
N/A

	
8

	
4

	
8

	
N/A

	
8

	
8

	
N/A

	
9

	
5




	
Number of replicates

	
4

	
4

	
4

	
4

	
4

	
3

	
4

	
4

	
4

	
2




	
Number of trees tested

	
181

	
101

	
85

	
141

	
263

	
66

	
150

	
228

	
76

	
28




	
Current stocking

(trees ha−1)

	
579 (36)

	
316 (28)

	
269 (5)

	
452 (30)

	
941 (6)

	
283 (30)

	
467 (33)

	
1045 (24)

	
315 (14)

	
233 (22)




	
Mortality (%)

	
44 (7)

	
16 (4)

	
11 (5)

	
25 (8)

	
15 (9)

	
5 (2)

	
2 (2)

	
7 (4)

	
6 (9)

	
0 (0)




	
Basal area (m2 ha−1)

	
43 (2)

	
31 (2)

	
33 (1)

	
38 (2)

	
48 (1)

	
33 (3)

	
40 (2)

	
46 (2)

	
28 (1)

	
31 (2)




	
DBH (cm)

	
30.9 (6)

	
34.5 (7)

	
39.1 (7)

	
32.6 (7)

	
27.0 (7)

	
38.4 (9)

	
32.8 (6)

	
25.1 (6)

	
33.0 (6)

	
40.4 (7)








Notes: Control—unthinned; EC300—commercial thinning to 300 trees ha−1; EW300—non-commercial thinning to 300 trees ha−1; EC500—commercial thinning to 500 trees ha−1; Parenthesis = ± one standard error.
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Table 3. Statistics for commercial thinning (EC300) vs. control treatment across three sites of the Eucalyptus nitens thinning trials. Results are F-tests for fixed effects and variance with standard deviation in parentheses for the random effects. Random effects are denoted in italics. Pruning was considered as a co-variate and was not included in the interaction term.
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	DBH
	Basic Density
	AWV
	MOE





	Site
	15.1 ***
	60.9 ***
	26.7 ***
	36.0 ***



	Treatment
	126.8 ***
	4.6 ns
	21.2 **
	20.4 **



	Site × Treatment
	15.2 **
	1.9 ns
	2.4 ns
	2.5 ns



	Pruning
	17.7 ***
	0.0 ns
	7.1 **
	3.8 ns



	Treatment:Replicate
	0.00 (0.00)
	7.89 (2.81)
	0.000 (0.000)
	0 (0)



	Site:Replicate
	0.27 (0.52)
	0.00 (0.00)
	0.000 (0.015)
	14,340 (120)



	Site:Treatment:Replicate
	0.09 (0.31)
	26.68 (5.16)
	0.001 (0.035)
	26,142 (162)



	Residuals
	44.07 (6.64)
	644.56 (25.38)
	0.051 (0.226)
	1,290,216 (1136)







Note: ns, not significant, ** p ≤ 0.01, *** p ≤ 0.001.
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Table 4. Statistics for commercial thinning (EC300) and non-commercial (EW300) vs. control treatment across two sites of the Eucalyptus nitens thinning trials. Results are F-tests for fixed effects and variance with standard deviation in parentheses for the random effects. Random effects are denoted in italics. Pruning was considered as a co-variate and was not included in the interaction term.
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	DBH
	Basic Density
	AWV
	MOE





	Site
	7.1 *
	123.1 ***
	47.9 ***
	93.5 ***



	Treatment
	76.3 ***
	2.4 ns
	11.3 **
	9.2 **



	Site × Treatment
	9.1 **
	1.4 ns
	2.9 ns
	2.2 ns



	Pruning
	0.5 ns
	0.5 ns
	1.1 ns
	0.1 ns



	Treatment:Replicate
	0.00 (0.00)
	11.22 (3.35)
	0.000 (0.013)
	1947 (44)



	Site:Replicate
	0.27 (0.52)
	0.00 (0.00)
	0.001 (0.014)
	0 (0)



	Site:Treatment:Replicate
	0.49 (0.70)
	31.12 (5.58)
	0.001 (0.035)
	39,699 (199)



	Residuals
	40.50 (6.36)
	31.12 (25.43)
	0.041 (0.203)
	1,079,152 (1039)







Note: ns, not significant, * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001.
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Table 5. Statistics for commercial thinning (EC300) and (EC500) vs. control treatment across two sites of the Eucalyptus nitens thinning trials. Results are F-tests for fixed effects and variance with standard deviation in parentheses for the random effects. Random effects are denoted in italics. Pruning was considered as a co-variate and was not included in the interaction term.






Table 5. Statistics for commercial thinning (EC300) and (EC500) vs. control treatment across two sites of the Eucalyptus nitens thinning trials. Results are F-tests for fixed effects and variance with standard deviation in parentheses for the random effects. Random effects are denoted in italics. Pruning was considered as a co-variate and was not included in the interaction term.












	
	DBH
	Basic Density
	AWV
	MOE





	Site
	0.0 ns
	39.1 ***
	5.2 ns
	1.8 ns



	Treatment
	46.1 ***
	1.1 ns
	3.3 ns
	3.2 ns



	Site × Treatment
	16.2 **
	7.1 *
	0.0 ns
	1.2 ns



	Pruning
	21.4 ***
	0.1 ns
	2.6 ns
	1.6 ns



	Treatment:Replicate
	0.00 (0.00)
	0.00 (0.00)
	0.000 (0.000)
	0 (0)



	Site:Replicate
	0.47 (0.68)
	10.31 (3.21)
	0.000 (0.000)
	5007 (71)



	Site:Treatment:Replicate
	0.05 (0.23)
	0.00 (0.00)
	0.001 (0.026)
	12,250 (111)



	Residuals
	45.91 (6.78)
	814.80 (28.55)
	0.054 (0.233)
	1,493,084 (1222)







Note: ns, not significant, * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001.
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