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Abstract:



We evaluated the extent to which general or site-specific allometric equations, using diameter at breast height (DBH) as a predictor, are more accurate for estimating stem volume, stem biomass, branch biomass, aboveground woody biomass, and coarse root biomass in 14 year-old plantations of Populus canadensis × Populus maximowiczii (clone DN × M-915508) located along an environmental gradient in southern Québec (eastern Canada). The effect of tree size and site on stem wood basic density, moisture content, and proportion of branch biomass was also evaluated. For stem volume, stem biomass, and aboveground biomass, site-specific and general models had comparable fit and accuracy, but lower Akaike’s Information Criterion (AICc) values were observed for the general models. For the branch and coarse root biomass, higher fit and accuracy and lower AICc values were observed for the site-specific models. Allometric trajectory changes (plastic allometry) across sites were mainly observed for coarse root biomass, branch biomass, and stem volume. On the low fertility site, allocation was increased to coarse roots and decreased to stem volume. Site-specific tradeoffs between tree architecture and stem wood density explained the relatively invariant allometry for the whole aboveground woody biomass across the plantation sites. On the high fertility sites, basic wood density was the lowest and declined as tree DBH increased. At all sites, stem wood moisture content and the proportion of branch biomass increased with DBH. Overall, this study showed that biomass allometry, tree architecture, and biomass quality are a function of both tree size and plantation environment in hybrid poplar. Allometric model selection (site-specific or general) should depend on the objective pursued (evaluation of yield, nutrient budget, carbon stocks).
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1. Introduction


The afforestation of abandoned farmland with fast-growing species from the Salicaceae family provides tremendous opportunities to increase wood and biomass production, to sequester atmospheric carbon dioxide (CO2) in terrestrial ecosystems, and to accelerate forest ecosystem restoration [1,2,3]. Yet, high nutrient demanding tree species, such as hybrid poplars, pose serious challenges related to nutrient management over multiple rotations on marginal agricultural land [4]. As nutrient-rich coarse roots and branch biomass are increasingly harvested for the production of bioenergy, off-site nutrient exportation is also a growing concern because of its potential adverse impacts on soil fertility and long-term stand productivity [5,6,7].



To correctly evaluate the nutrient budget of hybrid poplar plantations and the impacts of whole-tree harvest vs. stem harvest on carbon and nutrient cycling, and on the provision of several key ecosystem services in planted forests (C and nutrient storage, biomass and wood production, microclimate and habitat creation), an accurate knowledge of plantation structure and biomass distribution in different tree compartments is required. The estimation of stem volume and compartment biomass at the plantation-scale often requires that trees of various sizes be felled, dissected into components, and weighed or measured [8]. Furthermore, coarse root biomass samples need to be collected and weighed following soil monolith excavation on a large surface area, and to a sufficient depth, to insure a representative sample is taken [9]. The biomass and volume data obtained from these destructive sampling procedures are then used to develop allometric equations between a predictor variable that is easily measurable in the field, usually diameter at breast height (DBH), and response variables, such as stem volume or the biomass of a given tree compartment. Then, these relationships are used to scale compartment biomass and volume at the plantation-level using DBH values measured on each tree, or on a representative subset of trees of the plantation [8]. Thus, the allometric equations selected have a direct effect on the volume or biomass estimated at the plantation-level.



For the specific case of hybrid poplar plantations, the use of allometric equations outside of locations reflecting the conditions on which they were developed can lead to important bias in aboveground woody biomass and bole biomass estimates [10]. Large prediction bias was equally observed when branch biomass was estimated using allometric equations developed in other studies with similar or different genetic material from the Populus genus [11]. These observations are not surprising given the many factors that are known to influence allometric relationships between DBH and compartment biomass or volume in hybrid poplars, including plantation environment or site fertility [12,13], genotype or clone family [3,14,15,16], tree age [3], and the presence of diseases, such as leaf rust [14,17]. The choice of analytical procedures used to develop biomass equations can also influence allometric equation parameters, and consequently the predicted values [10,18].



Allometric studies done across different environments can be useful in determining if the size relationship between organs or compartments of a species or a genotype are plastic [19]. Phenotypic plasticity can be defined as the ability of a genotype to express different phenotypes when exposed to different environments [20]. Thus, plasticity in allocation (plastic allometry) can be defined as a change in the allometric trajectory in response to the growth environment, and not only a change in the growth rate [21]. Plastic allometry in biomass allocation is not a universal property among plant species [22]. Many herbaceous species are form-conservative across resource gradients, while others have displayed plastic allocation patterns [23,24]. Such trends have equally been found among tree species. For example, under experimental drought conditions, light availability had largely influenced the allometric trajectory between total biomass and belowground biomass of seedlings in Fagus sylvatica, but not in Picea abies [25]. The recent analysis from Forrester et al. [26] suggests a strong environmental effect on the allometric relationship between DBH and compartment biomass, as shown by the many divergent allometric trajectories found for the same species across European sites.



Among pioneer tree species with an indeterminate growth pattern, contrasting observations have been equally reported. In planted and coppiced-regenerated stands of Eucalyptus globulus, no evidence of environmental effect on aboveground biomass allometry was observed across an interegional climatic and site fertility gradient in Portugal [27]. Similarly, little difference in allometric relationships between DBH and aboveground biomass or root biomass were found after 12 years in both Betula pendula and Betula pubescens growing on contrasting soil types and at different spacings [28]. However, in short-rotation coppices of willows (Salix spp.) the effect of plantation site on aboveground biomass allometry has been well-documented [29,30].



In hybrid poplar, greenhouse studies have shown changes in the root to shoot allometry in response to soil nitrogen (N) availability and to soil pH variations, with proportionally greater biomass being allocated to the shoot under high N availability and at higher soil pH [31,32]. Similarly, at equivalent DBH, less coarse root biomass was observed in 13-year old hybrid poplars growing on high fertility sites than on moderate fertility sites [12]. These previous observations are consistent with the optimal partitioning theory, which suggests that plants primarily allocate biomass or invest resources to compartments that are crucial for acquiring the most limiting resource [33]. Wu and Stettler [34] also observed that crown architecture and allometries were strongly affected by the plantation environment, with more and longer branches characterizing 2 year-old hybrid poplars growing in a warmer and sunnier site than in a cooler and cloudier site.



Most field studies that have attempted to isolate the effect of plantation site on hybrid poplar biomass allometry were confronted with confounding factors (different stand ages, presence of a damaging agent at one site but not at the others, multi-clone sampling) [12,13,14]. Such confounding factors weaken conclusions related to potential allometry changes across sites or environmental gradients. Thus, the question to which extent general or site-specific allometric equations are more accurate for estimating the volume and compartment biomass of a given clone, after a given time period, remains unanswered. Such a question is legitimate given the great demand for more generalized biomass equations, which could reduce labor and costs related to biomass prediction [14]. While biomass allometry varied with site in commercial willow plantations in Sweden, generalized models had prediction errors of less than 10% when compared to site-specific models; an error margin sufficient for management decisions [29,35].



The destructive sampling of trees of different sizes for the purposes of allometric studies can also provide useful information about biomass and wood quality indicators (stem wood basic density, wood moisture content, proportion of aboveground woody biomass consisting of branch biomass) [11,36,37,38]. Some of these biomass properties are known to vary with the plantation environment, but also with tree size or growth rate in poplars [11,13,36]. For example, lower stem density has been reported in poplars growing on high vs. moderate fertility sites [39,40], while wood density and the proportion of branch biomass of a Populus maximowiczii × Populus trichocarpa clone were found to be negatively related to total height and DBH, respectively [13]. In a study involving 37 clones from both the Salix and Populus genera, Tharakan et al. [38] observed that stem wood density and stem moisture content were strongly and negatively correlated. Thus, if wood density decreases with tree size, stem moisture should increase.



In this study, we used allometric scaling (simple power law) [41] to evaluate to which extent general or site-specific equations (with DBH as a predictor variable) are more accurate for estimating stem volume, stem biomass, branch biomass, aboveground woody biomass, and coarse root biomass in 14 year-old monoclonal hybrid poplar plantations located along an environmental gradient in the southern Québec region (eastern Canada). Based on previous studies that have reported plastic allometry for various biomass compartments across plantation environments or resource gradients [12,13,32,34,42], we hypothesize that site-specific equations will be more accurate for predicting biomass of all compartments and stem volume. A secondary objective of this study was to evaluate the effect of plantation site and tree size (DBH) on stem basic density, on stem water content, and on the proportion of aboveground woody biomass consisting of branch biomass. We hypothesize that stem basic density and branch biomass proportion will decrease with tree DBH, and that lower stem basic density will be observed on higher fertility sites. We also hypothesize that stem moisture content will increase with tree DBH.




2. Materials and Methods


2.1. Study Sites and Experimental Design


Three plantation sites, located along a regional elevation and soil fertility gradient, in the Eastern Townships region of southern Québec, were used for this study: Brompton (Bro), Mégantic (Meg), and Ogden (Ogd). All sites were located within a radius of 80 km. Elevation above sea level, mean annual temperature, and mean annual precipitation data for each site are provided in Table 1. A continental subhumid moderate climate characterizes the Brompton and Ogden sites, whereas a continental subpolar–subhumid climate characterizes the Mégantic site, which is located at the highest elevation.



Table 1. Site and soil characteristics at the three plantation sites. Site-level characteristics identified with different letters are significantly different (α = 0.05; Tukey’s honest significant difference test).







	
Site a

	
Elev. (m)

	
MAT b (°C)

	
MAP b (mm)

	
pH

	
OM (%)

	
P (mg/L)

	
K (mg/L)

	
Ca (mg/L)

	
Mg (mg/L)

	
Base Sat. (%)

	
CEC (meq/100 g)

	
Clay (%)

	
Silt (%)

	
Sand (%)

	
Texture






	
Bro

	
165

	
5.6

	
1146

	
5.27 a

	
7.60 a

	
44.3 b

	
24.1 a

	
772 a

	
42.3 ab

	
31.0 a

	
13.9 a

	
16.2 a

	
58.5 a

	
25.3 b

	
Silty loam




	
Meg

	
470

	
4.2

	
1048

	
5.00 b

	
6.70 ab

	
68.4 a

	
33.7 a

	
619 a

	
53.0 a

	
24.5 b

	
15.0 a

	
13.1 a

	
41.4 b

	
45.5 a

	
Loam




	
Ogd

	
265

	
5.3

	
1264

	
5.17 ab

	
6.02 b

	
5.1 c

	
29.4 a

	
219 b

	
29.5 b

	
14.8 c

	
10.2 b

	
14.6 a

	
43.2 b

	
42.2 a

	
Loam




	
SE

	
-

	
-

	
-

	
0.05

	
0.32

	
4.8

	
2.9

	
45

	
5.8

	
1.5

	
0.9

	
1.6

	
1.3

	
1.2

	
-




	
p<

	
-

	
-

	
-

	
0.01

	
0.05

	
0.001

	
NS

	
0.001

	
0.1

	
0.001

	
0.01

	
NS

	
0.001

	
0.001

	
-








a Abbreviations used in Table 1: Bro (Brompton); Meg (Mégantic); Ogd (Ogden); Elev. (elevation above sea level); MAT (mean annual temperature); MAP (mean annual precipitation); OM (organic matter); Base sat. (base saturation); CEC (cationic exchange capacity); NS (non-significant). b Mean annual temperature and mean annual precipitation for the 1981–2010 period were obtained from the nearest meteorological station (all within a 10 km radius from each study site).








All plantations were established on abandoned farmland sites dominated by herbaceous vegetation. Thick glacial till deposits of at least 2 m of depth and gentle slopes (<5%) characterized the plantation sites [43]. In the year of the study (2013), all plantations were at the end of their 14th growing season. Pre-plantation site preparation included ploughing in the fall of 1999 and disking the following spring, to physically enhance soil conditions and facilitate planting. In the spring of 2000, bare-root planting stock with approximately 2 m-long stems were planted manually at 30 to 40 cm depth. Planting stock (1-0) was provided by the Berthierville nursery of the Ministère des Forêts, de la Faune et des Parcs du Québec (MFFP) of Québec. Competing vegetation was eliminated with an application of glyphosate herbicide over the entire plantation area in June 2000, and between plantation rows only in June 2001, using a modified Argo-type small recreational vehicle with a boom sprayer equipped with a rubber skirt to avoid damaging the trees with spray drift.



Each of the three plantation sites contained a single clone (DN × M-915508), which is a female hybrid between Populus canadensis (DN) and P. maximowiczii (M), developed in Québec and recommended for commercial production over the entire study area [44]. This widely used clone has shown good productivity across a wide range of environmental conditions [45,46,47,48,49]. Each plantation had six different planting densities (plots): (1) 494 trees/ha (4.5 m × 4.5 m/tree); (2) 741 trees/ha (4.5 m × 3 m/tree); (3) 988 trees/ha (4.5 m × 2.25 m/tree); (4) 1111 trees/ha (3 m × 3 m/tree); (5) 1481 trees/ha (3 m × 2.25 m/tree); and (6) 1975 trees/ha (2.25 m × 2.25 m/tree). In each plot, a total of 20 trees was initially planted and plots were separated by two buffer rows. Each buffer row had the same planting density as its adjacent plot. Given that each plot contains the same number of trees, but different tree densities, the plot size varied from 101 to 405 m2 depending on planting density. The experimental design contains 6 plots per site and 3 sites for a total of 18 plots.




2.2. Soil Characteristics


In each plot, a composite soil sample was collected to a 20 cm depth. The soil samples were air dried and sieved (2 mm). Soil pH, percent clay, silt, and sand content, percent organic matter, cation exchange capacity (CEC), base saturation, and available phosphorus (P), calcium (Ca), potassium (K) and magnesium (Mg) concentrations were determined by the Agridirect Inc. soil analysis lab in Longueuil, QC, Canada. The methods used were those recommended by the Conseil des productions végétales du Québec [50]. The determination of soil pH was made using a 1:1 ratio of distilled water to soil. For particle size analyses, the Bouyoucos [51] method was used. Percent organic matter was determined by weight loss after ignition at 550 °C for 4 h. The cation exchange capacity and base saturation were calculated following the recommendations of the Centre de référence en agriculture et agroalimentaire du Québec [52], after Ca, K, and Mg extraction with the Mehlich III method [53] and concentration determination using ICP emission spectroscopy [54]. Soil P was also extracted with the Mehlich III method and its concentration determined using ICP emission spectroscopy. The soil characteristics are presented in Table 1.




2.3. Destructive Sampling for Aboveground Biomass Compartments and Stem Volume


In late October 2013 (end of 14th growing season), 12 healthy and leafless hybrid poplar trees were selected for destructive harvest at each site and their DBH was measured. At the site-level, these 12 trees were selected as follows: 4 trees from the 494 trees/ha plot, 4 trees from the 1111 trees/ha plot, and 4 trees from the 1975 trees/ha plot. Thus, the destructive sampling involved 3 sites × 3 planting densities/site × 4 trees/planting density for a total of 36 trees. In each plot, four trees were selected in order to cover a relatively large range of DBH values. Trees were always selected in an area of the plots where there was full stocking (no mortality) and non-neighbor trees were selected as much as possible to insure the independence of the observations. Selected trees were then cut just above the root collar, aboveground compartments (branches and stem) were separated in the field, and total tree height was measured.



In order to calculate stem volume (outside of the bark) and stem biomass (including bark) for the 36 sampled trees, each tree stem was dissected into sections according to three different DBH classes, and then each section was measured for volume and fresh biomass using a tripod-scale [3]. For large trees (DBH > 20 cm), stems were dissected into four sections: (1) tree base diameter to DBH; (2) DBH to 20 cm diameter; (3) 20 to 10 cm diameter; and (4) 10 cm diameter to 3 cm diameter. For medium size trees (DBH = 10–20 cm), stems were dissected into three sections: (1) tree base diameter to DBH; (2) DBH to 10 cm diameter; and (3) 10 cm diameter to 3 cm diameter. For small trees (DBH < 10 cm), stems were dissected into two sections: (1) tree base diameter to DBH; and (2) DBH to 3 cm diameter. In all cases, the tree tip (end of stem section, with diameter < 3 cm) was pooled with the branch sample. Volumes of different stem sections were then summed to obtain the total stem volume for each of the sampled hybrid poplars. The volume calculations of each stem section were made using Equation (1) [55]:


V = π/12(D12 + D22 + D1D2) L



(1)




where V is the volume of a stem section, D1 is the basal diameter of the stem section, D2 is the diameter at the top of the stem section, and L is the length of the stem section. Along each stem section previously described, one subsample (stem disks of approximately 5 cm in length) was collected, fresh-weighed in the field, and taken back to the lab for oven-drying (95 °C) until a constant mass was reached. An oven-dry weight to fresh weight conversion ratio was then calculated for each subsample, and this ratio was used to estimate the dry weight of each stem section fresh-weighed in the field. Finally, for each of the felled trees, the whole branch biomass was fresh-weighed in the field and a branch subsample from two representative branches was collected to determine the dry weight to fresh weight ratio. This ratio was used to estimate the whole-tree branch biomass on an oven-dry mass basis.




2.4. Coarse Root Biomass Sampling


In July 2013, 12 healthy hybrid poplar trees were selected for coarse root biomass (root diameter > 2 mm) sampling at each site. At the site level, those 12 trees were selected following the same criteria as for the aboveground biomass destructive sampling (see Section 2.3). For each selected tree, a large rectangular pit was excavated to a 60 cm depth using a small mechanical excavator. The surface area of the excavated pits corresponded to 25% of the surface area occupied by a single tree [12] in the three different planting density plots (Scheme 1). The position of the quadrant sampled was randomly selected. Thus, for each tree, the soil volume sampled for coarse root biomass was 3.04 m3 in the 494 trees/ha plots, 1.35 m3 in the 1111 trees/ha plots, and 0.76 m3 in the 1975 trees/ha plots. This root sampling method was chosen because it is recommended to use a combination of large monolith sampling and allometric calculations to obtain representative estimates of coarse root biomass at the tree-level [9]. Thus, the sampled tree DBH was measured prior to excavation, as it is a strong predictor of coarse root biomass in planted poplars [5,12,56,57,58]. To facilitate the work of the excavator operator, the sampling area was delineated with white paint sprayed on the ground. During excavation, all coarse roots found in pits were cut with a hand saw, collected, and brought to a washing facility. The entirety of the coarse root samples for each pit was then air-dried for 2 months. For each plot, the entire air-dried coarse root sample was then weighed and a subsample was taken to determine an oven-dry weight to air-dry weight ratio, which was then used to estimate coarse root biomass on an oven-dry basis. This procedure was preferred to the preparation of subsamples in the field on fresh root biomass, which was dirty and required water cleaning prior to weighing and subsampling. Once all of the coarse root biomass was removed from an excavated pit, soil was removed around the tap root of the tree. Tap root length (l), large end diameter (da), and small end diameters (db) were measured in the field with a caliper. The tap root volume was calculated using the Smalian formula [8]: V = πl(da2 + db2)/8. The tap root biomass was obtained by multiplying its volume by the mean density of hybrid poplar coarse roots observed in mature plantations (0.313 g/cm3) [5]. For each sampled tree, the total coarse root biomass (on an oven-dry weight basis) was calculated as follows: 4 × Biomass collected from a pit + Taproot biomass = Total coarse root biomass.




2.5. Aboveground Biomass Properties


Stem basic density was calculated for each of the destructively sampled trees by dividing the oven-dry biomass of the stem (kg) by the green volume of the stem (dm3, outside bark) [40]. The moisture content (%) of a stem biomass was calculated as follows: 100 × (1 − Bdry/Bfresh), where Bdry represents the stem biomass on an oven-dry basis, and Bfresh represents the fresh stem biomass weighed in the field just after tree felling and dissection. The relative proportion (%) of aboveground woody biomass consisting of branch biomass was calculated as follows: 100 × Bbranch/Babv, where Bbranch is the oven-dry biomass of the branches, and Babv is the oven-dry biomass of the stem and branches.




2.6. Allometric Equations


Prior to the development of allometric equations with the data collected on the 36 sampled trees (see Section 2.3 and Section 2.4), a graphical exploration of the data was undertaken on both arithmetic and logarithmic scales [59]. The nonlinearity of the untransformed data distribution was evident from our data set when DBH (predictor variable) values were plotted against stem volume or compartment biomass (response variables) values. The shape of the data distribution strongly suggested a power relationship between DBH and response variables. The graphical exploration of the data also revealed a multiplicative and heteroscedastic error structure on the arithmetic scale, which suggested that log-linear regression should be used in preference to nonlinear regression [60]. Thus, the predictor and response variables were log-transformed prior to analysis. An analysis of covariance (ANCOVA) was further used as an exploratory analysis to test the significance of Site (main effect), DBH (the covariate), and Site × DBH interaction on the response variables (stem volume, stem biomass, branch biomass, aboveground woody biomass, and coarse root biomass) (Table 2). Given the significance of the Site effect and/or the Site × DBH interaction effect in explaining the variation of most response variables, it was reasonable to undertake data analyses using both general and site-specific allometric models.



Table 2. ANCOVA results (p-value) of testing Site as a main effect and diameter at breast height (DBH) as a continuous covariate, and the interaction effect between the main effect and the covariate on the response variables. Data were log-transformed prior to analysis.







	
Tree Compartments (Response Variables)

	
Site

	
DBH

	
Site × DBH






	
Stem volume

	
0.01

	
0.001

	
NS




	
Stem biomass

	
NS

	
0.001

	
NS




	
Branch biomass

	
0.001

	
0.001

	
0.01




	
Aboveground woody biomass

	
0.01

	
0.001

	
0.05




	
Coarse root biomass

	
0.001

	
0.001

	
NS










General allometric equations were developed with the data collected across the three sites (n = 36), while site-specific equations were developed with the 12 sampled trees at each site. For the purpose of this study, all allometric relationships were developed using the linearized form of the simple power law function, as allometric scaling theory generally assumes a power function that describes growth as a multiplicative process [61]. The simple power function is also widely used in forestry and in short-rotation forestry to describe aboveground and belowground compartment biomass or stem volume growth as a function of tree DBH [5,12,62,63,64]. The simple power law and its linearized form obtained following logarithmic transformation are provided in Equations (2) and (3):


Y = aXb



(2)






ln (Y) = ln (a) + b(ln X)



(3)




where X is the predictor variable (DBH), Y is the response variable (stem volume, stem biomass, branch biomass, aboveground biomass, or coarse root biomass), and a and b are the allometric function parameters. In other studies, many biomass or volume equations for hybrid poplar have been developed with additional predictor variables (e.g., tree height and/or planting density) used in combination with tree DBH [10,57,65]. However, the use of those additional predictor variables was not considered in this study, as it is not supported by the allometry theory, and because tree height and planting density were strongly correlated with DBH (for tree height r = 0.82, p < 0.001; for planting density, r = −0.64, p < 0.001). Such multicollinearity among predictor variables is undesirable when developing allometric models [18,66].



General and site-specific equations were first fitted using the ordinary least squares (OLS) regression method. Residual plots (Figures S1–S5) and the following statistics were used as a basis for comparison between general and site-specific models: (1) the coefficient of determination (R2), which gives the proportion of the variation in the response variable that is explained by variations in the X variable, often referred to as the fit of the linear relationship; (2) the standard error of model parameters; (3) the percent relative standard error (PRSE) of model parameters, calculated as 100 × (SE/θ), where SE and θ are the standard error of the parameter and the parameter value, respectively; (4) statistical significance of model parameters (p-values); (5) the normality of residuals distribution using the Shapiro–Wilk goodness of fit test (p < W); (6) the number of outlier observations (number of outliers/number of observations), with observations having studentized residuals exceeding –2.0 or +2.0 being considered outliers; and (7) the prediction error or bias calculated as the mean absolute percentage error (MAPE) [18]:


[image: there is no content]



(4)




where Yo and Yp respectively represent the observed and predicted values for stem volume or the biomass of the different tree compartments, and n is the number of observations. Given that some of the observed values in a few models were considered statistical outliers using the OLS regression method (Table 3), we also used the robust regression method to fit our bivariate allometry data, since robust regression reduces the influence of outliers on estimated allometric parameters [18,67]. The Huber M-estimation method was used in the robust regression analysis [67,68]. The model parameters and their associated standard error and PRSE are provided in Table S1. Given that estimated allometric parameters were identical or near-identical for all models using the OLS or robust regression method (Table S1), only models developed using the OLS regression method are presented. The few outliers detected using the studentized residuals were never removed from the data set. A visual examination of the data confirmed that the detected outliers were not the product of a sampling error, but likely the reflection of a higher variation in measured traits. Table 3 summarizes the parameter estimates and statistics for the general and site-specific equations, while Table 4 shows the prediction error (MAPE) associated with the use of site-specific vs. general equations.



Table 3. Parameter estimates and statistics of general and site-specific allometric relationships between DBH (cm), as a predictor variable, and the volume or biomass of different tree compartments as response variables. All equations are in the form of ln (y) = ln a + b ln (x), where x is DBH and y is the volume or biomass of the tree compartment.







	
Tree Compartment

	
Model

	
n

	
DBH Range (cm)

	
Parameter

	
R2

	
p < W b

	
n of Outliers




	
ln a

	
b




	
Estimate

	
SE

	
PRSE a (%)

	
p <

	
Estimate

	
SE

	
PRSE (%)

	
p <






	
Stem

	
General

	
36

	
7.5–30.8

	
−1.44

	
0.14

	
9.6

	
0.001

	
2.31

	
0.05

	
2.1

	
0.001

	
0.986

	
0.12

	
2/36




	
volume

	
Brompton

	
12

	
11.8–30.8

	
−1.11

	
0.14

	
12.6

	
0.001

	
2.22

	
0.05

	
2.1

	
0.001

	
0.996

	
0.36

	
0




	
(dm3)

	
Mégantic

	
12

	
13.0–29.3

	
−1.32

	
0.36

	
27.2

	
0.01

	
2.27

	
0.12

	
5.3

	
0.001

	
0.972

	
0.24

	
0




	

	
Ogden

	
12

	
7.5–24.0

	
−1.09

	
0.16

	
14.4

	
0.001

	
2.15

	
0.06

	
2.8

	
0.001

	
0.992

	
0.58

	
0




	
Stem

	
General

	
36

	
7.5–30.8

	
−2.01

	
0.11

	
5.3

	
0.001

	
2.14

	
0.04

	
1.7

	
0.001

	
0.990

	
0.37

	
2/36




	
biomass

	
Brompton

	
12

	
11.8–30.8

	
−1.94

	
0.20

	
10.5

	
0.001

	
2.13

	
0.07

	
3.1

	
0.001

	
0.990

	
0.15

	
0




	
(kg)

	
Mégantic

	
12

	
13.0–29.3

	
−2.07

	
0.28

	
13.7

	
0.001

	
2.15

	
0.10

	
4.5

	
0.001

	
0.980

	
0.047

	
0




	

	
Ogden

	
12

	
7.5–24.0

	
−1.97

	
0.16

	
8.1

	
0.001

	
2.12

	
0.06

	
2.9

	
0.001

	
0.992

	
0.12

	
1/12




	
Branch

	
General

	
36

	
7.5–30.8

	
−5.22

	
0.46

	
8.8

	
0.001

	
2.76

	
0.16

	
5.7

	
0.001

	
0.899

	
0.048

	
2/36




	
biomass

	
Brompton

	
12

	
11.8–30.8

	
−8.57

	
0.40

	
4.7

	
0.001

	
3.78

	
0.13

	
3.5

	
0.001

	
0.988

	
0.11

	
1/12




	
(kg)

	
Mégantic

	
12

	
13.0–29.3

	
−6.19

	
0.80

	
13.0

	
0.001

	
3.12

	
0.27

	
8.7

	
0.001

	
0.929

	
0.89

	
0




	

	
Ogden

	
12

	
7.5–24.0

	
−4.68

	
0.43

	
9.1

	
0.001

	
2.63

	
0.16

	
6.2

	
0.001

	
0.963

	
0.83

	
0




	
Aboveground

	
General

	
36

	
7.5–30.8

	
−2.14

	
0.08

	
3.6

	
0.001

	
2.26

	
0.03

	
1.2

	
0.001

	
0.995

	
0.89

	
2/36




	
woody biomass

	
Brompton

	
12

	
11.8–30.8

	
−2.58

	
0.13

	
5.0

	
0.001

	
2.40

	
0.04

	
1.8

	
0.001

	
0.997

	
0.52

	
0




	
(kg)

	
Mégantic

	
12

	
13.0–29.3

	
−2.38

	
0.13

	
5.6

	
0.001

	
2.34

	
0.05

	
1.9

	
0.001

	
0.996

	
0.62

	
0




	

	
Ogden

	
12

	
7.5–24.0

	
−2.03

	
0.10

	
5.1

	
0.001

	
2.23

	
0.04

	
1.8

	
0.001

	
0.997

	
0.87

	
0




	
Coarse root

	
General

	
36

	
7.3–29.5

	
−1.69

	
0.47

	
28.2

	
0.01

	
1.50

	
0.17

	
11.1

	
0.001

	
0.706

	
0.019

	
3/36




	
biomass

	
Brompton

	
12

	
11.8–29.5

	
−3.10

	
0.78

	
25.3

	
0.01

	
1.92

	
0.26

	
13.5

	
0.001

	
0.846

	
0.91

	
0




	
(kg)

	
Mégantic

	
12

	
12.8–28.4

	
−3.66

	
0.37

	
10.1

	
0.001

	
2.13

	
0.13

	
5.9

	
0.001

	
0.966

	
0.19

	
1/12




	

	
Ogden

	
12

	
7.3–23.2

	
−2.38

	
0.78

	
32.9

	
0.05

	
1.89

	
0.30

	
16.0

	
0.001

	
0.795

	
0.77

	
0








a PRSE, percent relative standard error; SE, standard error. b W stands for the Shapiro–Wilk test statistics, which were used to test the normality of residuals distribution. p-values <0.05 (in bold) reject the null hypothesis that the residuals are from a normal distribution.








Table 4. Prediction error of site-specific vs. the general allometric relationships for different tree compartments. The prediction error was calculated as the mean absolute percentage error (MAPE).







	
Site

	
Model

	
MAPE (%)




	
Stem Volume

	
Stem Biomass

	
Branch Biomass

	
Aboveground Biomass

	
Coarse Root Biomass






	
Brompton

	
General

	
1.2

	
1.2

	
20.4

	
1.0

	
10.3




	
Site-specific

	
0.6

	
1.2

	
3.3

	
0.7

	
6.6




	
Mégantic

	
General

	
1.8

	
1.8

	
10.4

	
0.9

	
9.9




	
Site-specific

	
1.9

	
2.0

	
9.0

	
0.8

	
4.0




	
Ogden

	
General

	
1.7

	
1.4

	
13.8

	
1.2

	
14.3




	
Site-specific

	
1.1

	
1.4

	
6.9

	
0.9

	
11.9










To further test the goodness-of-fit of the general vs. site-specific allometric models, we used the bias-corrected Akaike’s Information Criterion (AICc) test for finite sample sizes [69]. It is generally assumed that the model having the smallest AICc value is the preferred model [69]. Table 5 reports the AICc values for the general and site-specific allometric models developed in this study (see Table 3).



Table 5. Values of the corrected Akaike’s Information Criterion (AICc) for the general and site-specific allometric models developed for the different tree compartments.







	
Model

	
Stem Volume

	
Stem Biomass

	
Branch Biomass

	
Aboveground Biomass

	
Coarse Root Biomass






	
General

	
−57.8

	
−76.3

	
28.4

	
−100.5

	
32.4




	
Brompton

	
−34.1

	
−25.2

	
−8.9

	
−36.2

	
7.2




	
Mégantic

	
−9.2

	
−14.8

	
10.2

	
−32.9

	
−9.3




	
Ogden

	
−23.9

	
−23.5

	
0.2

	
−33.7

	
15.4










A cross-validation test was also included in order to compare the predictive capacity of the general and site-specific allometric models when applied to an independent data set. Since our data set had a limited amount of observations, especially in the case of the site-specific models, it was not possible to randomly divide our data into a training set and a validation set of equal size. Alternatively, we used the K-fold cross-validation procedure [70]. When the goal of model selection is estimation, the optimal K value (the folds) should be between 5 and 10 [71]. For each model, we used a fivefold cross-validation procedure. The procedure was repeated 5 times, and the cross-validation statistics (cross-validated R2) were averaged (Table 6).



Table 6. Mean values of cross-validated R2 (fivefold cross-validation repeated 5 times) for the general and site-specific allometric models developed for the different tree compartments.







	
Model

	
Stem Volume

	
Stem Biomass

	
Branch Biomass

	
Aboveground Biomass

	
Coarse Root Biomass






	
General

	
0.984

	
0.988

	
0.889

	
0.995

	
0.656




	
Brompton

	
0.994

	
0.984

	
0.982

	
0.995

	
0.796




	
Mégantic

	
0.961

	
0.971

	
0.892

	
0.995

	
0.947




	
Ogden

	
0.987

	
0.990

	
0.954

	
0.996

	
0.721











2.7. Statistical Analysis


Soil characteristics data were analyzed using a one-way ANOVA in a fixed factorial design, where Planting density is the main effect and Site is the blocking factor [72]. When a factor was declared statistically significant (p < 0.05, p < 0.01 and p < 0.001), the Tukey-HSD (honest significant difference) test was used to declare significant differences between means (α = 0.05) [73]. For the basic stem density and moisture content data collected on the 36 sampled trees across the three sites, the Tukey-HSD test was used to declare significant differences between site-level means (α = 0.05). Linear regressions were also used to explore the relationships between DBH and stem basic density, stem moisture content, or the proportion of aboveground biomass consisting of branch biomass. All statistical analyses were done using JMP 11 from SAS Institute (Cary, NC, USA).





3. Results and Discussion


3.1. Equations for Compartment Biomass and Stem Volume Estimations, General or Site-Specific?


We had hypothesized that the allometric trajectory would change between sites for all compartments. However, plastic allometry was observed only for some compartments (Figure 1). The largest variations in allometric trajectory were observed for coarse root biomass, followed by branch biomass and stem volume (Figure 1b,f,j). Little change in the allometric trajectory was observed between sites for the stem and aboveground biomass (Figure 1d,h). A potential explanation of these results may be related to the independent genetic control of aboveground and belowground biomass traits in hybrid poplars [74].


Figure 1. General allometric relationships (left panels) and site-specific allometric relationships (right panels) between DBH and stem volume (a,b), stem biomass (c,d), branch biomass (e,f), aboveground woody biomass (g,h), or coarse root biomass (i,j). In the right panels: Brompton (Bro), solid line; Mégantic (Meg), small-dashed line; Ogden (Ogd), large-dashed line. All models are in the form of the simple power law equation Y = aXb, using untransformed data. See Table 3 for the parameter estimates and detailed statistics of each relationship on the logarithmic scale.
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A reduction of the prediction error (MAPE) and an improvement in the fit (R2), in the normality of residuals distribution and in model accuracy (cross-validated R2) were mainly observed when the site-specific equations for coarse root and branch biomass were compared to the general models (Figures S3 and S5; Table 3, Table 4 and Table 6). The AICc values also suggest that site-specific models should be preferred for those compartments (Table 5). Overall, the site-specific equations also tended to have a reduced number of outliers when compared to the general equations (Table 3). Compared to the site-specific models, the general models for stem biomass and aboveground biomass had a similar fit (R2) (Table 3), a more normal residuals distribution (Figures S2 and S4), lower PRSE and AICc values, and similar prediction error (MAPE) and accuracy (cross-validated R2) (Table 3, Table 4, Table 5 and Table 6). However, despite the site-specific models having much lower AICc values than the general models for stem volume, stem biomass and aboveground biomass, accuracy was very high for both model types (Table 6).



Based on these results, the use of general vs. site-specific allometric relationships should depend on the objective that is pursued. When the goal is to obtain biomass or C stock estimates for the whole aboveground woody biomass or for stem biomass, the use of the general models is straightforward, and independent of the plantation site. If the estimation of nutrients and C stocks in branches and coarse roots or volume yield evaluation is the focus, site-specific equations may provide more accurate estimates (Table 4). An overview of the variation in compartment biomass and stem volume values predicted with the site-specific and general equations is provided in Table 7. The use of the general equation would lead to an underestimation of the coarse root biomass at the Ogden site (from 22% at 10 cm of DBH, up to 88% at 30 cm of DBH) and an overestimation of 10–43% at the Brompton and Mégantic sites for trees with DBH of 20 cm or less (Table 7). The same could be said about the use of the general equation for estimating branch biomass at the Brompton site. It should also be noted that aboveground woody biomass can be estimated using the sum of branch and stem biomass calculated separately, or calculated directly using only the aboveground biomass equation, with little consequence on the predicted values (Table 8).



Table 7. Comparison of predicted values for different tree compartments calculated with the general and the site-specific models for trees with different DBH values. The percentage of variation associated with the use of the general model instead of the site-specific model is indicated.







	
Tree Characteristics

	
DBH (cm)

	
General

	
Brompton

	
Variation (%)

	
Mégantic

	
Variation (%)

	
Ogden

	
Variation (%)






	
Volume (dm3)

	
10

	
48.6

	
55.1

	
−13.4

	
49.9

	
−2.6

	
47.9

	
+1.5




	
15

	
124.1

	
135.8

	
−9.5

	
125.3

	
−0.9

	
114.7

	
+7.6




	
20

	
241.3

	
257.6

	
−6.7

	
240.8

	
+0.2

	
213.0

	
+11.7




	
25

	
404.2

	
423.1

	
−4.7

	
399.8

	
+1.1

	
344.3

	
+14.8




	
30

	
616.1

	
634.8

	
−3.0

	
604.9

	
+1.8

	
509.8

	
+17.3




	
Stem biomass (kg)

	
10

	
18.4

	
19.1

	
−3.9

	
17.7

	
+3.9

	
18.5

	
−0.8




	
15

	
43.7

	
45.2

	
−3.4

	
42.2

	
+3.6

	
43.9

	
−0.3




	
20

	
80.8

	
83.3

	
−3.1

	
78.1

	
+3.3

	
80.8

	
−




	
25

	
130.2

	
133.9

	
−2.8

	
126.1

	
+3.1

	
129.8

	
+0.3




	
30

	
192.2

	
197.2

	
−2.6

	
186.5

	
+2.9

	
191.3

	
+0.5




	
Branch biomass (kg)

	
10

	
3.1

	
1.1

	
+63.9

	
2.7

	
+14.1

	
4.0

	
−27.1




	
15

	
9.6

	
5.2

	
+45.5

	
9.5

	
+0.7

	
11.5

	
−20.5




	
20

	
21.2

	
15.5

	
+27.0

	
23.3

	
−10.1

	
24.6

	
−16.1




	
25

	
39.2

	
35.9

	
+8.4

	
46.7

	
−19.2

	
44.2

	
−12.8




	
30

	
64.8

	
71.5

	
−10.2

	
82.5

	
−27.3

	
71.4

	
−10.1




	
Aboveground woody biomass (kg) a

	
10

	
21.6

	
19.0

	
+11.9

	
20.3

	
+5.9

	
22.5

	
−4.5




	
15

	
54.0

	
50.3

	
+6.8

	
52.5

	
+2.8

	
55.7

	
−3.3




	
20

	
103.4

	
100.3

	
+3.0

	
102.9

	
+0.5

	
106.0

	
−2.5




	
25

	
171.3

	
171.4

	
−0.1

	
173.4

	
−1.2

	
174.4

	
−1.8




	
30

	
258.7

	
265.6

	
−2.7

	
265.7

	
−2.7

	
262.1

	
−1.3




	
Coarse root biomass (kg)

	
10

	
5.9

	
3.8

	
+35.9

	
3.4

	
+41.7

	
7.2

	
−22.2




	
15

	
10.9

	
8.2

	
+24.1

	
8.2

	
+24.9

	
15.6

	
−43.1




	
20

	
16.7

	
14.3

	
+14.4

	
15.0

	
+10.2

	
26.8

	
−60.1




	
25

	
23.4

	
22.0

	
+6.0

	
24.2

	
−3.2

	
40.9

	
−74.6




	
30

	
30.8

	
31.2

	
−1.4

	
35.6

	
−15.6

	
57.8

	
−87.5




	
Total biomass (kg) b

	
10

	
27.5

	
22.8

	
+17.1

	
23.8

	
+13.6

	
29.8

	
−8.3




	
15

	
64.8

	
58.6

	
+9.7

	
60.6

	
+6.5

	
71.3

	
−10.0




	
20

	
120.2

	
114.7

	
+4.6

	
117.9

	
+1.9

	
132.8

	
−10.5




	
25

	
194.7

	
193.5

	
+0.7

	
197.6

	
−1.5

	
215.3

	
−10.6




	
30

	
289.5

	
296.8

	
−2.5

	
301.4

	
−4.1

	
319.9

	
−10.5




	
Shoot:root ratio c

	
10

	
3.7

	
5.0

	
−37.5

	
5.9

	
−61.5

	
3.1

	
+14.5




	
15

	
5.0

	
6.1

	
−22.8

	
6.4

	
−29.5

	
3.6

	
+27.8




	
20

	
6.2

	
7.0

	
−13.4

	
6.8

	
−10.7

	
4.0

	
+36.0




	
25

	
7.3

	
7.8

	
−6.5

	
7.2

	
+1.9

	
4.3

	
+41.7




	
30

	
8.4

	
8.5

	
−1.2

	
7.5

	
+11.2

	
4.5

	
+46.0








a Predicted values for aboveground biomass were calculated using the aboveground biomass models and not using the sum of stem and branch biomass. b Predicted values for total biomass were obtained by summing predicted values of aboveground biomass and coarse root biomass. c The shoot to root ratio was calculated by dividing the predicted values of aboveground biomass by the predicted values of coarse root biomass. Thus, the shoot to root ratio excludes fine root biomass (diameter < 2 mm).








Table 8. Predicted values for aboveground woody biomass of trees with different DBH using the sum of predicted values from the stem biomass and branch biomass models (Stem + Branch) or using the predicted value from the aboveground woody biomass models (Abovegr.). Predicted values using the general and the site-specific models are presented.







	
DBH (cm)

	
Aboveground Woody Biomass (kg)




	
General Model

	
Brompton Model

	
Mégantic Model

	
Ogden Model




	
Stem + Branch

	
Abovegr.

	
Stem + Branch

	
Abovegr.

	
Stem + Branch

	
Abovegr.

	
Stem + Branch

	
Abovegr.






	
10

	
21.5

	
21.6

	
20.2

	
19.0

	
20.3

	
20.3

	
22.5

	
22.5




	
15

	
53.3

	
54.0

	
50.4

	
50.3

	
51.6

	
52.5

	
55.4

	
55.7




	
20

	
102.0

	
103.4

	
98.8

	
100.3

	
101.4

	
102.9

	
105.4

	
106.0




	
25

	
169.4

	
171.3

	
169.8

	
171.4

	
172.8

	
173.4

	
174.0

	
174.4




	
30

	
257.0

	
258.7

	
268.7

	
265.6

	
269.0

	
265.7

	
262.6

	
262.1










The relationship between DBH and aboveground biomass was found to be plastic across subgroups of sites for clone OP42 (P. maximowiczii × P. trichocarpa) in southern Scandinavia [13]. However, in the study of Taero et al. [13], plantation age varied considerably between sampled stands (from 3 to 31 years); with age being a factor affecting the relationship between DBH and aboveground biomass in hybrid poplars [3]. Furthermore, other studies have shown that the genome regions associated with the genetic control of biomass traits over the years are mostly independent from one another in hybrid poplars [74,75]. Also, because allometric plasticity is genetically based, it is subjected to differences between genotypes [76]. This could explain the discrepancy between this study and the study by Taero et al. For the aboveground woody biomass compartment, our results corroborate the conclusion of Dillen et al. [14], which suggests that a single equation might be applied for a given clone or a hybrid family, regardless of the environmental conditions, when stand age and plantation management are comparable.



Most of the equations presented in this study satisfied the recently proposed selection criterion for biomass estimation models (PRSE < 30%, MAPE < 10% and Outliers < 10% of observed values) [18]. Yet, MAPE values exceeding 10% were mostly observed for the general models developed for estimating branch and coarse root biomass (Table 4). Our results also indicated that ANCOVA should not be used alone to interpret plastic responses in allometric studies. The results from ANCOVA in Table 2 suggest that the Site effect and the Site × DBH interaction effect were statistically significant, while biologically, allometry for aboveground woody biomass was almost identical across sites (Figure 1h).




3.2. High Plasticity in Coarse Root Biomass Allocation: The Effect of Soil Fertility


The plasticity observed in hybrid poplar coarse root biomass allocation supports the hypothesis that allometric trajectories can vary for particular organs in response to changing environmental conditions [21]. The plastic allometry observed in the coarse root biomass of clone DN × M-915508 (Figure 1j) corroborates previous findings in mature hybrid poplar plantations of the study area, which suggested that hybrid poplars proportionally allocate more biomass to coarse roots on lower fertility sites than on higher fertility sites [12]. In this study, the Ogden site had by far the least fertile soil in terms of P, Ca, and Mg availability, but also in terms of base saturation and CEC (Table 1). Thus, the high allocation of biomass to coarse roots observed at the Ogden site potentially reflects a strategy to improve access to limiting soil nutrients. Such an interpretation is consistent with the optimal partitioning theory, which suggests that plants allocate resources to improve their access to the currently limiting factor [33,77]. Alternatively, given that the storage function of coarse roots gains in importance as trees mature [78], such a function may be more important than the nutrient and water uptake functions of coarse roots in 14 year-old hybrid poplars. Poplars potentially allocate more biomass to coarse roots on the least fertile sites in order to build a larger storage pool for nonstructural carbohydrates and proteins [79]. Such a strategy would be useful to sustain high levels of fine root production, as well as to enhance root exudation, which could then stimulate the microbial decomposition of organic matter and mycorrhizal association, thus improving access to soil nutrients [79].



The predicted values from the site-specific biomass equations further suggest that poplars from lower fertility sites (Ogden) proportionally accumulate more total biomass (aboveground + coarse root) compared to poplars growing on soils of higher fertility (Brompton and Mégantic sites) (Table 7). Such a result is the direct consequence of the invariant allometry observed for aboveground woody biomass across sites, and the plastic allometry observed for coarse root biomass (Figure 1h,j). Therefore, a proportionally lower shoot to root ratio is observed at the Ogden site (Table 7), a trend consistent with the optimal partitioning theory. Thus, although aboveground biomass growth at the population level is generally much lower at low vs. high fertility sites [3,46,47,48], this study provides the first evidence that, at the individual level, hybrid poplars of equivalent DBH potentially accumulate more biomass at the lower fertility sites (Table 1 and Table 7). A recent meta-analysis suggests that in increasingly cold climates, the proportional biomass allocation to roots was greater for both angiosperms and gymnosperms [80]. However, in this regional study, site fertility was found to be a more plausible indicator of differences in shoot to root ratios across sites. This is because higher shoot to root ratios characterized poplars growing at the high fertility sites (Brompton and Mégantic), which are located at opposite ends of the temperature gradient used in this study (Table 1 and Table 7).



From an evolutionary perspective, a higher allocation to coarse root biomass in soils with low resource availability potentially reflects a particular adaptation strategy of riparian poplars, which naturally colonize streamside soils with low nutrient availability (gravel and sand bars) and rapidly subsiding water tables [81,82]. Also, plasticity in belowground allocation in riparian poplars may contribute to enhance tree stability along eroding streambanks and in ecotones facing strong winds. In addition, plasticity in allocation to roots may be important for the rapid colonization of freshly deposited sediments following flood events. Because riparian ecotones often represent a much more stressful environment than the studied plantations, it is probable that a greater proportional allocation to root biomass would be found in natural riparian poplar stands. This would be especially the case in semi-arid regions where riparian poplars are phreatophytic, as they grow deep root systems in the capillary fringe just above the alluvial groundwater table [83]. Because plasticity in allocation is genetically determined [76,84], the numerous stressors affecting tree growth in riparian areas may have contributed to the natural selection of genotypes exhibiting greater plasticity. This may have enhanced the colonizing capabilities of poplars, their resilience to severe disturbances, and their opportunism in the exploitation of resources with variable availability during the growing season.



From a practical perspective, the selection of genotypes having high plasticity in belowground allocation may improve plantation success and resilience under more stressful environments and in a global change context. Genotypes having a high allocation pattern to root biomass could also be interesting for soil phytoremediation and belowground carbon storage [74] as well as streambank and hillside stabilization.




3.3. Plasticity in Architecture and Wood Density Leads to Non-Plastic Allocation to Aboveground Woody Biomass


The results from this study show that the plantation environment affects hybrid poplar aboveground tree architecture (allocation to branch biomass and stem volume), while little plasticity was observed for the allometric relationship between DBH and aboveground woody biomass (Figure 1). Such a static biomass allocation pattern for the aboveground compartment reflects the site-specific tradeoffs that exist between (1) allocation to stem and branch biomass; (2) allocation to stem volume; and (3) physical properties of the stem wood in terms of basic density (Figure 1 and Figure 2a). Because of these tradeoffs, hybrid poplars of the same DBH have accumulated an equivalent amount of dry aboveground woody biomass across the sites after 14 years, despite their differences in architecture at the site-level. Thus, although poplars from the low fertility site (Ogden) had proportionally lower stem volume than poplars growing at the fertile sites (Brompton and Mégantic), the poplars from the Ogden site had higher stem basic density and high branch biomass allocation, which results in a similar allocation to aboveground biomass between the high and low fertility sites (Table 1, Figure 1 and Figure 2a). Although stem basic density was similar between the more fertile sites (Brompton and Mégantic) (Table 1, Figure 2a), the slightly lower stem biomass observed at Mégantic compared to Brompton was compensated for by a higher allocation to branch biomass at Mégantic, thus resulting in an equivalent aboveground allometry between the two sites (Figure 1d,f,h). Changes in tree architecture, but not in aboveground biomass allocation, in response to the growth environment have also been observed in glossy buckthorn (Frangula alnus), a common invasive species of riparian and upland sites [85]. In the Populus genus, the allometry between DBH and branch biomass was equally found to be more variable across European studies compared to the allometry between DBH and stem or aboveground biomass [26].


Figure 2. Site-specific linear least-square regressions between DBH and (a) stem wood basic density, (b) stem moisture content, and (c) the relative proportion of aboveground woody biomass consisting of branch biomass (†p < 0.1, * p < 0.05, ** p < 0.01, *** p < 0.001). Brompton (Bro), solid line; Mégantic (Meg), small-dashed line; Ogden (Ogd), large-dashed line.
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Differences in the hybrid poplar aboveground architecture between sites were likely related to variations in competition for light across sites [11]. A faster canopy closure was observed at the Brompton site (B. Truax, field observations), a trend that could have resulted in a lower allocation to branches located in the lower canopy and an earlier self-pruning of these lower branches [86]. In recently established plantations, plasticity is frequently observed in traits related to crown architecture and allometries [34]. Such plasticity may reflect the indeterminate growth and opportunistic allocation patterns in hybrid poplars [34].




3.4. Biomass and Wood Quality Indicators


As hypothesized, the mean basic density of stem wood (including bark) was significantly higher (Tukey’s-HSD test, α = 0.05) at Ogden (0.38 kg/dm3), the lower fertility site (Table 1), compared to what was observed at the Brompton and Mégantic sites (0.32 kg/dm3). Other studies done in southern Québec reported similar inter-site variation in stem basic density, but also lower basic density on higher fertility sites [39,40]. Similarly, Hacke et al. [87] showed that the fertilization of hybrid poplars resulted in a decrease in wood density. In agreement with our hypotheses, the results also show that wood basic density is also size-dependent and tends to decrease with tree DBH (Figure 2a). However, this trend was only observed at the high fertility sites (Brompton and Mégantic). Tree size was also negatively correlated to the wood density of a P. maximowiczii × P. trichocarpa clone grown across southern Scandinavia [13]. As hypothesized, there was also a significant positive relationship between DBH and stem moisture content at all sites (Brompton R2 = 0.49, p < 0.05; Mégantic R2 = 0.75, p < 0.001; and Ogden R2 = 0.64, p < 0.01) (Figure 2b). This indicates that independently of the plantation site, the larger the trees of clone DN × M-915508 grow, the more water is contained in their freshly harvested bole biomass. Considering that the stem diameter of woody angiosperm is strongly and positively correlated with the diameter of water-transporting vessels [88], and that fertilization increases tree size and vessel diameter while decreasing wood density in hybrid poplar [87], our results support the idea that hybrid poplars of larger diameter have higher moisture content in their stems and lower basic density probably because they grew larger vessels.



Moisture content at harvest is often the most problematic quality parameter of woody biomass from hybrid poplars intended for the bioenergy market [89]. Likewise, hybrid poplar wood density is another important quality indicator, as wood of higher density produces more energy output per volume unit, but also a higher pulp yield [38,90]. In the study area, the main biomass feedstock used is firewood (split wood or wood log) for home and building heating [91,92,93]. From that perspective, branch biomass is of little interest for most producers, as it would require chipping and drying facilities while causing the exportation of a nutrient-rich harvesting residue that is of great importance for long-term soil fertility [6]. Considering that smaller DBH trees had lower humidity content, higher stem basic density (on the higher fertility sites), and a lower proportion of branches (Figure 2), poplar growers producing firewood or pulp wood should focus on producing trees of small DBH (15–20 cm) if the studied clone is selected. At high fertility sites, this can be achieved with a planting density of between 1000–2000 stems/ha and a 12–15 year rotation. The increase in the proportion of branches with increasing DBH was unexpected, and is contrary to observations reported for other clones [13]. This trend could have been related to the differences in planting densities between sampled plots, with lower planting densities being characterized by high light availability and reduced competition for soil resources, thus favoring crown and DBH growth at the same time.



Wood density is also an important wood characteristic when the goal is to produce solid wood products because of its strong positive correlation with strength, elasticity, and hardness [90]. Lumber, veneer, and plywood production also require poplar trees with a relatively large DBH and a low number of knots in their wood [90]. Thus, given the especially low wood density observed for trees with a DBH > 25 cm, and the positive relationship between DBH and the proportion of branch biomass (Figure 2), clone DN × M-915508 may not be the ideal candidate for solid wood applications. Recent studies found that compared to several Populus nigra × Populus deltoides clones, clone DN × M-915508 had the lowest density, volumetric shrinkage, tangential shrinkage, radial shrinkage, flexural modulus of rupture, and steam bending properties, while showing the worst performance for most of the machining processes [94,95,96].





4. Conclusions


This study has shown that the allometric relationships between DBH and tree compartment biomass or stem volume were plastic, but not for all compartments. Allometric trajectory changes (plastic allometry) across sites were mainly observed for coarse root biomass, branch biomass, and stem volume. At the low fertility site, allocation was proportionally increased to coarse roots and decreased to stem volume. Thus, when the goal is to accurately estimate coarse root biomass and stem volume, allometric relationships should be developed for different site fertility classes. Alternatively, if a generalized model is needed for those compartments, trees sampled for the development of allometric relationships should be taken from a representative subset of sites along the resource gradient of interest. Allometric models developed only with data from high fertility sites may overestimate volume yield and underestimate belowground carbon sequestration and nutrient stocks on low fertility sites, and vice versa. The integration of environmental variables to generalized biomass models might improve their predictive capacity across environmental gradients [26]. Future work should aim at identifying key soil variables that could improve the accuracy of general equations for coarse root biomass and stem volume in hybrid poplar.



Site-specific tradeoffs between tree architecture and stem wood density explained the relatively invariant allometry observed for aboveground woody biomass across plantation sites. This invariant allometry suggests that, for some clones, accurate generalized models could be developed to estimate aboveground woody biomass at the regional scale. Yet, the accuracy of the general model developed for aboveground biomass should be carefully evaluated with independent observations from other plantations with different ages and various planting densities. Finally, additional research involving a larger sample size, a longer environmental gradient, and multiple species or clones is needed to verify if the conclusions from this study can be generalized to the entire Populus genus.
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Scheme 1. Design for coarse root biomass sampling of a single tree. Size of excavated pits represents 25% of the surface area occupied by a single tree (grey square), and thus varied according to the three spacings (or planting densities) selected. Dark grey circles represent trees. 
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