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Abstract

:

Hybrid poplar plantations are becoming increasingly important as a source of income for farmers in northwestern Spain, as rural depopulation and farmers aging prevent landowners from planting other labor-intensive crops. However, plantation owners, usually elderly and without formal forestry background, lack of simple tools to estimate the size and volume of their plantations by themselves. Therefore, farmers are usually forced to rely on the estimates made by the timber companies that are buying their trees. With the objective of providing a simple, but empowering, tool for these forest owners, simple equations based only on diameter were developed to estimate individual tree volume for the Órbigo River basin. To do so, height and diameter growth were measured for 10 years (2009–2019) in 404 trees growing in three poplar plantations in Leon province. An average growth per tree of 1.66 cm year−1 in diameter, 1.52 m year−1 in height, and 0.03 m3 year−1 in volume was estimated, which translated into annual volume increment of 13.02 m3 ha−1 year−1. However, annual volume increment was different among plots due to their fertility, with two plots reaching maximum volume growth around 11 years since planting and another at 13 years, encompassing the typical productivity range in plantations in this region. Such data allowed developing simple but representative linear, polynomial and power equations to estimate volume explaining 93%–98% of the observed variability. Such equations can be easily implemented in any cellphone with a calculator, allowing forest owners to accurately estimate their timber existences by using only a regular measuring tape to measure tree diameter. However, models for height were less successful, explaining only 75%–76% of observed variance. Our approach to generate simplified volume equations has shown to be viable for poplar, but it could be applied to any species for which several volume equations are available.
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1. Introduction


Increasing wood and paper demand is fueling an expansion of fast-growing tree plantations around the world, and particularly in southwestern Europe [1]. Such short-term plantations cover 7% of planted areas provide 33% of wood volume used in the industry [2]. Among other species, poplar (Populus sp.) plantations have expanded due to the quality of their timber for pulp and fiber, and their new usages as raw material for high-end designer’s furniture, as well as an incipient cellulose-based chemical industry. Poplar plantations, usually considered as short-term silviculture, are typically established in former agricultural lands or in fertile forestlands with little or none degradation [3].



In 2016, poplar stands in Spain accounted for 130,000 ha [4], being one-third natural stands and two-thirds plantations. Such plantations have been traditionally used for pulp, plywood or veneers. Poplars are also preferred in the rural landscape of southwestern Europe, as they are natural forest formations in riversides. Hence, they contribute to a more diverse landscape in cropland-dominated regions while supporting riparian biodiversity [5]. In addition, poplars are more resistant to frost than other fast-growing species such as radiata pine or eucalyptus, while reaching good profitability levels [6]. These facts make poplars ideal for continental-like climates with cold winters and hot summers, such as in interior Spain.



Poplar plantations are usually monoclonal, and although several hybrids are used in Spain, Populus × euramericana (Dode) Guinier clone I-214 (P. deltoides Marsh. ♀ × P. nigra L. ♂) is the most common. This clone represents about 70% of the total area covered by poplar plantations in the Duero River basin [7]. Poplar plantations in this region are typically managed in 15-year rotations, demanding labor only for the first two years (plantation establishment and weed control) and once or twice more in the rotation when pruning. The rest of the time, management is reduced to sporadic irrigation during the driest part of the summer and opportunistic weed control (mechanical, chemical or by cattle or sheep grazing). Poplar plantations also provide additional income from low-productive croplands to farmers or urban owners not willing to work their farmlands, usually inherited [8,9]. In Spain, only about one third of owners consider themselves as professionally engaged with their land, being the rest either retired or amateurs who just take their forests as a hobby [10]. In addition, absent owners due to migration to urban centers and rural depopulation, combined with aging of forest owners [11], has resulted in a lack of land owners’ interest in farming.



Consequently, many landowners (both public and private) are planting poplars as a way to keep their farmlands productive, but with much less involvement from their parts than regular crop-farming activities. However, this change has brought a different challenge for landowners: the estimation of their timber stocks. Due to lack of formal training in forestry, most owners do not know how much volume their plantations have, or how to estimate it. Hence, when selling the timber to loggers, plantation owners have to accept the prices offered by sawmills, which in this region are dominated by one large transnational company. Such lack of negotiation power reduces the profits for forest owners and creates an unbalanced market in which timber companies and sawmills impose their economic objectives over the plantation owners’ [12].



A simple way to empower forest owners is by providing simple, easy-to-use tools to estimate standing timber volume. Although multitude of volume equations have been developed over the years for poplar (see for example [13,14,15,16,17,18]), they have always been created to reach objectives dictated by professional foresters of forest scientists. Hence, their objectives usually result in a preference for equations using several predictors combined (e.g., tree diameter, tree height, stocking density, climate, etc.), as they provide more accurate estimates. Such equations follow statistical procedures to estimate tree stem volume that sometimes can be quite complex (see, for example, [16,18]). However, such models are non-practical for forest owners, particularly in this region, where their average age is 60 years [19], and the average education level is primary school or less [20]. Hence, plantation owners could estimate standing timber volume in their properties, if they are provided with simple volume equations that use as predictor a single, easy to measure variable, such as tree diameter. In addition, knowing tree heights can also become part of the negotiations among owners and loggers, as height defines the number of pieces in which a stem is cut, and therefore the number of truck trips that must be done when hauling the harvested trees.



Previous research in poplar plantations has shown that simplifications in model structure to estimate plantation productivity [17], or alternative simple approaches to volume equations [21] are possible without losing predictive accuracy. Therefore, our initial hypothesis is that simple, diameter-based volume equations with a high predictive accuracy can be developed for poplar plantations. To test this hypothesis, we first selected several plots near the Órbigo River in its middle basin, and then tested for differences in soil fertility among plots to ensure we covered the typical range of productivity levels present at this region. Finally, we monitored planted trees for 10 years, measuring their diameter and heights annually. Hence, if such hypothesis were accepted, our main objective was to develop simple volume equation for any age during the rotation length. As a secondary objective, we also aimed to develop simple height equations following the same approach.




2. Materials and Methods


2.1. Study Sites


The Iberian Peninsula is surrounded by coastal mountain ranges, with an interior plateau giving most of Spain a continentalized Mediterranean climate. The landscape in the northern half of this region is dominated by the Duero River basin, from which the Órbigo River is a 2nd-order tributary. In this region, three plots were used for this research, located in the municipality of Villarejo de Órbigo (León province, 42°26′46″ N, 5°54′15″ W), and placed at 820 m.a.s.l. Climate is temperate with dry summers (Csb in the Köppen-Geiger classification [22]). Mean annual temperature is 11.2 °C, being July the warmest month (19.9 °C on average) and January the coldest (3.2 °C). Average annual precipitation is 562 mm, being November the rainiest month (74 mm) and July the driest (23 mm) [23]. Such temperature and precipitation patterns create a precipitation deficit in July and August [24], with 0.5–0.75 aridity index (P/ETP, [25]). Dominant winds are South to West (45% frequency), with moderate speed (3–4 m s−1). The plots are flat and placed on former agricultural lands. Soils are calcic fluvisols (FAO classification), developed on the alluvial floodplain of the Órbigo River, at about 3–5 km from the riverbed, being loam to clay-loam in texture. pH is about neutral (7.2–7.3), with moderate organic matter content in the top layer (1.5%–1.8%) and high calcium concentration (0.20%–0.53%) [26].



Selected plots covered a typical range of previous land management history in the region. Plot 1 was planted after a previous poplar plantation in the same plot was harvested. Plot 2 was previously a pasture composed by local grasses, and Plot 3 was previously planted with a rotation of cereal and clover for two decades following reparcelling. These sites are representative of extensive areas in the floodplains of the middle Órbigo River basin.



In late autumn 2005, plots were plowed, and in March 2006, 2-year old saplings of Populus × euroamericana, clonal variety I-214 were planted in plots 1 and 2. Plot 3 was planted in December of the same year. A total of 430 trees were planted in holes about 1.2–1.4 m deep, in a 5 × 5 m spacing. Trees were tended following usual management practices in the region (localized fertilization with a commercial NPK fertilizer 12N-24P-12K, 0.3 kg tree−1 at plantation establishment and again in August 2008. Weeds were controlled with a commercial chemical herbicide at plantation time and by manual removal of weeds with scythe. Irrigation was applied twice each summer: in June and August. Trees were pruned in autumn 2008, and again in autumn 2011. Due to wind breakage, poor growth and other mechanical damage, 404 undamaged trees survived to 2019. A detailed description of the sites and additional analyses can be found in [27].




2.2. Trees and Soil Measurements, and Data Analysis


Diameters at breast height (1.30 m, DBH) were measured annually in August for each tree using a tree caliper, and estimated as the average of two perpendicular measurements. Tree heights were measured for each tree annually in August using an ultrasonic hypsometer (Vertex IV, Haglöf, Sweden), and estimated as the average of six measurements. Tree slenderness index was calculated as average height (m)/average DBH (m). Due to the impossibility of using destructive sampling methods, as we were monitoring the growth of the same trees over time, individual tree volume was estimated by averaging estimates from an ensemble of the five best volume equations for poplar plantations in the Órbigo River basin, published by [3,28,29].



To account for potential differences in tree growth due to site fertility, 12 soil samples of the first 10 cm in the soil profile were taken per plot in August 2019, being homogeneously distributed in each plot. Samples were air-dried, grounded, and sieved with a 2-mm sieve, prior to sending them for chemical analysis at the CEBAS-CSIC (Murcia, Spain). Soil conductivity and salinity were measured after diluting soil samples in water at the 1:2.5 proportion (10 g soil sample in 25 mL distilled water). A pH-meter Micro pH-2001 and a conductivimeter Micro-CM-2202 were used for measurements (both from Crison, Barcelona, Spain).



Diameter and height data were tested for normality with the Shapiro-Wilk and Kolmogorov-Smirnov tests. Homoscedasticity of diameter and height data was tested with the Levene and Bartlett tests. As data passed both tests, differences among plots for diameter, height, volume and soil chemical components were carried out with one-way ANOVA [30]. For trees with DBH ≥ 10 cm, least squares regressions between untransformed data for DBH and tree volume, and for DBH and height were carried out using linear, quadratic and power functions. Additional functions (such as cubic, logarithmic, and others) were also tested but as their complexity was higher and they did not provide better estimates than the three selected basic models, results are not reported here. As the number of trees in each plot was different, to keep a balanced design we created data subsets for each plot with equal number of trees by randomly selecting trees from the original database, and stratifying the selection by diameter to ensure that all DBH sizes were equally represented in the models. Then, we merged the three plot datasets, and the resulting database was randomly split into two sets: one set used for model building or parameterization (80% of the trees) and another set used for evaluating model performance (20% of trees).



Model predictions were evaluated against the validation dataset by comparing model estimations of volume and height generated with the different equations based on DBH with the observed values recorded at different ages for the trees in the validation dataset. Model performance was analyzed using goodness-of-fit indexes (coefficient of determination R2, Theil’s inequality coefficient U (Equation (1)) [31], modelling efficiency ME (Equation (2)) [32], bias estimators (average bias (Equation (3)), mean absolute difference (MAD, Equation (4)), root mean square error (RMSE, Equation (5)), and exploring the normality of residual distributions.
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where Oi stands for individual observation i, Pi is the corresponding model prediction for the i observation,   P ^   is the average of all predictions, and n is the number of observation.



The accuracy of model predictions was determined using critical errors, following the technique described by [33] and modified by [34]. The critical error e* can be interpreted as the smallest error level, in absolute terms, which will lead to the acceptance of the null hypothesis (i.e., that the model is within e units of the true value) at the given level. Then, if a user specifies an e value (difference between real and modelled data) higher than e*, the conclusion will be that the model is adequate for that user. Therefore, critical errors relate model accuracy to user’s requirements. With this test, the model is judged accurate unless there is strong evidence to the contrary [35,36]. The critical error test was done at 5% and 20% error levels (α = 0.05 and α = 0.20), corresponding to an exigent and a less demanding model user, respectively.





3. Results


Tree diameter in 2019 showed no significant differences among plots (F2,401 = 2.050, p = 0.130). At plantation age 13 years, diameters ranged from 12.8 to 39.1 cm, but most trees were close to an average diameter of 25 cm (Table 1). There were significant differences among plots on tree height (F2,401 = 53.684, p < 0.001), with trees in Plot 1 growing significantly taller than those in Plot 2, and those taller that trees in Plot 3 (Table 1). Tree heights ranged from 11.93 to 37.17 m, with an average of approximately 22 m. The same trend was found for the slenderness index, with trees in Plot 1 being significantly more slender than those in Plot 2, and those more slender that trees in Plot 3 (F2,401 = 65.235, p < 0.001, Table 1). In all the plots, trees were quite slender, with indexes close to 100. Individual tree volume was very variable (ranging from 0.038 to 1.343 m3) with an average of 0.458 m3 (Table 1).



When considering all the plots together, an average increment per tree of 1.66 cm year−1 in diameter, 1.52 m year−1 in height, and 0.03 m3 year−1 in volume was estimated, which translated into mean annual increment of 13.02 m3 ha−1 year−1. Plot 1 and Plot 2 reached the maximum annual increment rates for diameter, height and volume in years 9 to 11, whereas Plot 3 reached maximum annual increment for diameter and height earlier (years 6 and 9, respectively), but maximum annual volume increment later (year 15) (Table 2). However, annual volume increment was different among plots likely due to their significantly different soil fertility, with the maximum being reached earlier in the most fertile plots (Table 2).



Soil in Plot 3 had consistent lower values of organic matter, soil carbon, soil nitrogen and all the other macronutrientes, and significantly higher C/N ratio. Plot 3 also had higher pH than Plot 2 and significantly higher conductivity than Plot 1 (Table 3).



Estimations of stem volume based solely on DBH showed a high model accuracy, as all equations reached adjusted coefficients of determination (R2adj) above 0.94, with all parameters being significant (Table 4). Not surprisingly, the linear model for volume underestimated values for the smallest and largest trees, whereas the power equation overestimated volume for the largest trees. However, the quadratic model showed balanced predictions along the whole data range (Figure 1). On the other hand, the higher data dispersion for tree height values caused that height models reached lower coefficient of determination than volume models (0.75–0.76, Table 4), although all the models’ parameters were significant (except slope in the quadratic equation). There were not visible differences among equations in model behavior, with the three height models failing to estimate heights of the tallest trees in the DBH 15–25 cm range.



As described before, the validation dataset was created by randomly selecting 10–11 trees in each plot. The attributes for those trees were very similar to the whole data set, maintaining the same differences among plots observed in the full dataset (Table 5), which indicated such validation dataset was a good representation of the trees in these sites.



Model performance for volume showed the smallest average bias for the power equation, but the smallest mean absolute difference and RMSE for the quadratic model. The quadratic equation also showed low U and high ME coefficients, being closely followed by the power model, and at some distance the linear equation. RMSE values were quite small, ranging from 0.034 m3 for the quadratic model to 0.056 m3 for the linear model. For the quadratic and power models, Freese’s critical errors e* were 0.062 and 0.065 m3 for the exigent user, and 0.042 y 0.045 m3 for the relaxed user, respectively. Hence, only model users demanding accuracy levels lower than those errors would reject those models (Table 6).



The three height equations showed small average bias (less than one centimeter), indicating that the models could capture the average of the observed dispersion acceptably well. However, the mean absolute differences (about 2.05 m for all models), and RMSE values (about 2.53 m for all models) were notably higher and quite similar among models, indicating that the models were less able to capture the variability around the mean of the observed tree heights. Similarly, Theil’s coefficients were moderate (0.552–0.555), as well as modelling efficiencies (0.691–0.694). Freese’s critical values also indicated low predictive power of the height models, as even the less demanding user would reject the equivalence of the predicted and observed values if the expected accuracy were less than 3.12–3.13 m, a noticeable value (Table 6).



Differences between volume and height models were also evident when comparing residual distributions. Although in all cases distributions significantly departed from normality, the volume models showed more normal-like distributions, particularly the quadratic model. For height, all models showed residuals clearly different from normal distributions, although the quadratic model was also the one with a more balanced residual distribution (Figure 2).



Not surprisingly, the differences among model performances were reflected in the estimated values for some standard DBHs (Table 7). All models showed better accuracy for large than for small trees. Estimated volumes for the typical harvest sizes (DBH > 30 cm and higher) showed relatively narrow prediction intervals, particularly for the quadratic model. However, prediction intervals for tree height were quite large, reaching almost a 10 m difference between the lowest and the highest interval limits (Table 7).




4. Discussion


4.1. Simplified Volume and Height Equations


Relationships among tree attributes are determined by tree architecture and growing conditions. As seen in this work, some poplar trees planted in the Órbigo River basin can reach commercial (harvesting) sizes (DBH > 30 cm) 13 years after planting. However, the stands as a whole had average DBH of 24.78 cm at plantation age 13 years, and assuming annual growth rates between the average and the maximum observed for the new following years (1.66 to 2.39 cm−1 year−1), trees may need 15.2–16.1 years to reach commercial size (DBH > 30 cm). Hence, our results also show that the typical rotation length used by plantation owners in the region (which is about 15 years) is well fitted with the timing of maximum annual volume increment. Those relatively long rotation times for a fast-growing species such as hybrid poplar are typical for this region. Even so, the Duero River basin is considered as a region of good potential productivity for poplars [13]. However, our results also indicate soil fertility as the most likely factor determining differences in growth rates among plots. Although the climate, geology and parent soil material are virtually the same, Plots 1 and 2 showed higher productivity than Plot 3. Plot 2 was established on a farmland used for decades as pasture before plantation establishment. Plot 1was also used for long time as a pasture before planting a poplar stand 15 years prior to current plantation establishment. Consequently, these plots have kept organic matter levels much higher than Plot 3, which was used in intensive farming since reparcelling in the late 1980s (which involved soil movement and mixing), until plantation establishment in 2005. All these processes have resulted in the loss of soil organic matter and its associated fertility. In spite of this, the three plots reached an annual productivity of about 12 m3 ha−1 year−1, considered good for this region [13], and reached the typical productivity range recorded in poplar plantations in the Duero River basin [14].



Although soil fertility has been shown to be the main influential factor on growth rates at these sites, other plot-specific factors may have affected the shape and growth rates of the monitored trees. Trees in Plot 1 had the highest slenderness index, whereas trees in Plot 3 had the lowest. Such differences are likely due to the effect of neighboring farmlands. Plot 3 is surrounded by annual crops in all sides that produced no shading interference with poplar saplings as they grew. Plot 2 was bordered by poplar plantations in the southern side at planting time that provided shade during sapling development. Plot 1 (the most fertile of the three plots) was surrounded by other poplar plantations in its east, south and west sides at planting time. As poplar is a shade-intolerant pioneer genus, it is sensitive to light competition [37]. Hence, shade from neighboring stands had likely forced height growth in those saplings planted under partial shade [38,39,40]. However, surrounding plantations may not have been always a negative influence, as they could have also offered saplings shelter from wind, hence favoring height growth [41].



Another indication of light limitation could be the longer time needed in Plots 1 and 2 to reach maximum annual growths in diameter and height, compared to Plot 3 (about 2 to 5 years longer, Table 2). Such delay could also be related to more intense effects of pruning in reducing self-shading in those plots with other neighboring poplar plantations [42]. Finally, although the three plots were irrigated the same number of times at similar dates during summers, Plot 1 was the closest one to a small permanent stream, while Plot 3 was the furthest. This fact could have forced trees in Plot 3 to invest more in root development. However, trees in Plot 1 could reach water closer to the soil surface, therefore releasing biomass to invest in height growth, as it has been proven in other plantations [43,44,45]. All this plot-level variability in growing conditions has caused a high variability in tree height among trees of the same age. Such variability has been translated in height models with wide confidence intervals for estimated heights.



Because of the intense height growth, combined with pruning [46], some trees became quite slender [47]. This fact, combined with the lengthy plantation time and dense plantation spacing, can make trees quite susceptible to windthrow, as indicated by slender indexes above 100 [48,49]. Trees broken or fallen by wind are economic losses that may cancel the benefit of extending rotation times to reach larger diameters. Therefore, although some authors suggest 35 cm DBH as the optimum for harvesting [7], and suggest harvesting rotations up to 18 years depending on site quality [50], waiting the expected 17–18 years needed at these plots to reach such diameters may be risky. Hence, we suggest that after passing 14–15 years since plantation, owners in the Órbigo River basin must evaluate the potential benefit of letting trees grow another year (which could bring about 1.7–2.3 cm potential DBH increase) versus potential losses by wind. On the other hand, the high slenderness values reached in these plots could also be used as an argument to suggest forest owners to avoid planting poplar next to other plantations already established, because such neighboring plantations could force new saplings to grow very slender to avoid shading [51,52,53]. Later, when neighboring plantations are harvested, such slender saplings are suddenly exposed to wind, increasing windthrow risk.



The diameter and height ranges observed in the monitored plots are inside the reported range for poplar plantations in the Duero River Basin [1,28,29], demonstrating the representability of the selected plots as typical poplar plantations in the floodplains of the Órbigo River basin. However, in spite of the observed differences in soil fertility and tree height, we must highlight the lack of differences among plots in DBH. This fact corroborates the assumption that poplars have some capacity to maintain high productivity rates even when growing in former agricultural soils with low productivity [54].



Keeping in mind the initial hypothesis and the purpose of this research, such lack of differences in DBH among plots is vital for forest owners, as diameter is the only variable that they can easily monitor, and hence the only stand attribute used to make management decisions. Therefore, from the plantation owner’s point of view, the three plots were equivalent, even though the significant differences in height and volume reported here. Following this argument, we developed equations to estimate tree volume from DBH, combining data from trees belonging to all the three plots. We are aware that, from an academic point of view, such combination of plots and ages can be criticized given the significant differences found among plots. However, here again we must remind readers that our objective was developing simple equations usable by non-professionals in a large range of site productivities, rather than creating the most accurate equations to estimate tree volume. In addition, we used data from the age range 5 to 14 years-old and not only from the final harvesting time, to better represent tree development in the models. Although trees change their allometry as they age [55], the obtained volume models have shown to be robust. Hence, we can accept our initial hypothesis, as the quadratic volume equation has shown a high level of accuracy and acceptable model performance. Second in performance was the power equation, while the linear equation displayed important biases for the smallest and largest trees in the observed range. However, we have to recognize that our secondary objective was not met, as the developed equations for tree height have shown only moderate predictive capacity. In spite of that, our results also show that trees have the capacity to maintain similar annual volume growths by changing their allometry, even when height growths are significantly different among plots, as shown by the much robust models for volume than for height.



For the forest owners to make management decisions, it is crucial to know timber market prices at the time of harvest. However, even more important is to know how much standing volume is present in their plantation. Although there are already several volume equations for poplar plantations in Spain [14,15,16,17], they have always been created to reach maximum accuracy by following statistical procedures available only to specialists, as they all use two or more tree attributes (e.g., diameter and height). In fact, our results for the height models also show the difficulty of estimating tree heights as it is a variable very dependent on plot-level environmental variables. This fact only reinforces the need for developing generalized volume equations that use DBH as the only predictor. In addition, most of the plantation owners are seniors already retired or that will reach retirement age during the current rotation, and with little capacity to follow advanced technical procedures by lack of equipment or training. As tree height is difficult to be precisely measured without specific (and usually expensive) equipment such hypsometers, two-variable equations are out of reach in practical terms for most forest owners. Other regular approaches that do not need calculations such as growth and yield tables for plantations densities and by given DBH and height values are also available for poplar [56]. However, tree height is not easy to measure (or even estimate, as our results show) with enough accuracy to be used in those tables with some reliability.



In the Órbigo River basin, most current plantation owners were born and raised in 20th Century post-Civil War Spain, with little opportunity to study beyond primary school, if they were even able to complete it [19,20]. Hence, applying any technical leaflet, report or guideline that displays traditional volume equations is likely out of their reach. Only in the last years, these owners are starting to have access to smartphones, but they still mistrust (or just do not understand) apps or other software that could implement such complex equations.



The accuracy of the equations developed here should be more than enough to provide volume estimations adequate for forest owners to make decisions on harvesting schedules, as indicated by the reduced values of Freese’s critical errors. This is especially useful, as estimated volumes are a better information on timber stocks than just tree diameters. In addition, the equations provided here are simple enough (particularly the linear and quadratic models) that can be written in any regular calculator integrated in a smartphone. Such simplicity allows the forest owner to measure their trees with a regular measuring tape, introduce the circumference in the smartphone’s calculator and just converting it into diameter and then into tree volume. Such simple calculations will provide non-trained forest owners with the capacity to initiate negotiations with timber companies on the time and cost of plantation harvesting from a much stronger position than if volume estimation is left into the hands of the same company that has to buy and harvest the trees.




4.2. Limitations of the Simplification Approach


The approach used here to provide simplified and generalized volume equations has been developed with practicality and usefulness for the intended final user in mind. This means that a sacrifice has been done in terms of statistical or biological rigor. However, it has been argued that cross-validation (which has generated acceptable values for our volume models) is a better approach for model evaluation than residual distributions [57]. In addition, it could been argued that more accurate volume estimations could be reached by using traditional destructive sampling in the target trees, rather than our approach of using an ensemble of already published volume equations. However, using destructive sampling to increase volume estimation accuracy would have limited the application of the resulting models only to the experimental plots. On the other hand, both methods for volume estimation (destructive sampling or ensemble of equations) are conceptually similar, as both assume than an irregular object such as a tree stem has the same volume of a regular solid defined by a mathematical equation. Hence, using an ensemble of models (volume equations in this case) has been shown to be a valid method to encompass uncertainty due to both sampling and model selection [58,59] when estimating growth poplar plantations. In addition, our approach could also be considered inside the current trend that proposes model simplification as a way to increase model usefulness [60], as in essence is a process in which one predictor (DBH) is used to substitute results obtained by several predictor (DBH, height, etc.). In the end, we should not forget that models are neither right nor wrong, but useful (or not) for the task they were designed, Hence, complex models should be used when simple ones cannot do the work [61,62].



As for the biological representativeness of the proposed equations, both the linear and the quadratic equations could be considered as not realistic enough. In the first case, a linear equation assumes constant growth rates independently of tree size, which is obviously not the case. Bigger trees have more access to light, nutrients and water and more photosynthetic capacity, and therefore grow faster (in the absence of other limiting factors) than smaller trees [63,64]. On the other hand, a quadratic model may be more realistic as volume or height growth would accelerate faster than diameter increases due to the squared term. However, as quadratic equations by definition depict parabolas, it may be the case that the estimated height or volume reaches a minimum for intermediate diameters while increasing for small DBHs. To avoid this issue, the quadratic equations were created and defined only for DBH ≥ 10 cm. In any case, we have to remind again that our objective was to define simple equations that would capture as much observed variability as possible, not to create biologically realistic models.



Regardless of our results, we must point out again that the equations shown here do not pretend to substitute those previously developed for poplar by other researchers for this or other regions, such as the dynamic model by [65]. As those equations incorporate more predictors related to tree shape, management schemes or environmental variables, they are indeed better suited for applications that require more accurate estimation of volume, biomass or carbon stocks in poplar forests, and whose expected user base is composed by technicians or forest specialists. Hence, we caution against using the volume equations showed here for objectives other than the stated: a rapid on-the-fly estimation of standing volume in poplar plantations in the Órbigo River basin by non-trained plantation owners.





5. Conclusions


Our work has demonstrated that simplified volume equations can be developed for hybrid poplar plantations in northwestern Spain. In an increasingly urbanized world with wood and paper products demand on the rise, aging rural owners are turning into hybrid poplar plantations that require minimal maintenance as a way to keep getting income from their farmlands. Our equations provide a simple but acceptably accurate tool to empower these rural owners when estimating standing volume by themselves. Our results also demonstrate the viability of an approach that could be used for any species for which several volume equations are available.
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Figure 1. Estimation of tree volume (left panels) and tree height (right panels) under three different equations (showed in each panel) with tree DBH as the only predictor. Dots indicate observed values from the parameterization dataset. 
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Figure 2. Distribution of residuals for the three models for each variable with the parameterization dataset (left panels: stem volume; right panels: tree height). 
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Table 1. Summary data for the measured trees in August 2019 (mean ± standard deviation). Different letters indicate differences among plots Tukey’s HSD at α = 0.05.
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	Variable
	Plot 1
	Plot 2
	Plot 3
	All Plots





	Number of trees
	51
	79
	274
	404



	DBH (cm)
	24.64 ± 7.05a
	25.70 ± 5.49a
	24.55 ± 3.48a
	24.78 ± 4.52



	Height (m)
	25.20 ± 5.48a
	22.68 ± 3.30b
	20.72 ± 2.13c
	21.67 ± 3.36



	Slenderness index (m/m)
	105.2 ± 16.6a
	89.9 ± 10.8b
	85.4 ± 10.3c
	88.8 ± 13.1



	Tree volume (m3)
	0.492 ± 0.386a
	0.457 ± 0.271a
	0.356 ± 0.149b
	0.393 ± 0.226



	Tree basal area (m2)
	0.051 ± 0.029a
	0.054 ± 0.023a
	0.048 ± 0.014a
	0.050 ± 0.018
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Table 2. Maximum values of annual increments in dimensional variables (mean ± standard deviation). The values between brackets indicate plantation age (tree age—2 years) at which the maximum value was reached.






Table 2. Maximum values of annual increments in dimensional variables (mean ± standard deviation). The values between brackets indicate plantation age (tree age—2 years) at which the maximum value was reached.





	Variable
	Plot 1
	Plot 2
	Plot 3
	All Plots





	Annual DBH increment (cm year−1)
	2.33 ± 0.86 (9)
	2.16 ± 0.71 (7)
	2.90 ± 0.83 (4)
	2.39 ± 0.60 (8)



	Annual height increment (m year−1)
	2.22 ± 0.93 (9)
	2.10 ± 0.84 (9)
	1.80 ± 0.50 (7)
	1.82 ± 0.60 (9)



	Annual volume increment (m3 year−1)
	0.077 ± 0.064 (8)
	0.067 ± 0.034 (9)
	0.092 ± 0.050 (13)
	0.081 ± 0.040 (13)
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Table 3. Soil chemical analysis in August 2019 (mean ± standard deviation). Different letters indicate differences among plots with Tukey’s HSD at α = 0.05.
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	Variable
	Plot 1
	Plot 2
	Plot 3





	Soil pH
	7.346 ± 0.286ab
	7.210 ± 0.164b
	7.515 ± 0.212a



	Conductivity (µs cm−1)
	66.400 ± 10.511b
	97.900 ± 31.3804a
	94.775 ± 14.076a



	Organic Matter (%)
	6.880 ± 0.850a
	7.180 ± 0.537a
	3.130 ± 0.450b



	Total C (%)
	4.270 ± 0.425a
	4.530 ± 0.453a
	1.970 ± 0.242b



	Organic C (%)
	3.990 ± 0.492a
	4.160 ± 0.311a
	1.820 ± 0.277b



	CaCO3 (%)
	2.290 ± 2.549a
	3.050 ± 3.253a
	1.270 ± 1.663a



	N (%)
	0.400 ± 0.045a
	0.430 ± 0.057a
	0.170 ± 0.035b



	Ca (%)
	0.514 ± 0.095a
	0.415 ± 0.126ab
	0.287 ± 0.109b



	K (%)
	0.640 ± 0.066a
	0.561 ± 0.114ab
	0.447 ± 0.088b



	Mg (%)
	0.214 ± 0.030a
	0.181 ± 0.041a
	0.131 ± 0.027b



	Na (%)
	0.038 ± 0.006a
	0.036 ± 0.007a
	0.028 ± 0.005b



	P (%)
	0.056 ± 0.009a
	0.046 ± 0.012a
	0.027 ± 0.007b



	S (%)
	0.052 ± 0.011a
	0.044 ± 0.011a
	0.025 ± 0.005b



	C/N
	10.656 ± 0.242a
	10.561 ± 0.486a
	11.367 ± 0.694b
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Table 4. Parameter values, their significance and standard errors for the equations tested. For volume, linear: V(m3) = Y0 + A·DBH(m); Quadratic: V(m3) = Y0 + A + B·DBH(m); Power: V(m3) = A·DBH(m)B. For height, linear: H(m) = Y0 + A·DBH(m); Quadratic: H(m) = Y0 + A + B·DBH(m); Power: H(m) = A·DBH(m)B. Significancy levels *: significant with p > 0.05; **: significant with p < 0.001 at α = 0.05.
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	Equation
	Y0
	A
	B
	R2adj
	SEestimate





	Volume
	
	
	
	
	



	 Linear
	−0.5038 ** ± 0.0071
	0.0379 ** ± 0.0003
	-
	0.9418
	0.0577



	 Quadratic
	−0.0308 * ± 0.0013
	−0.0088 ** ± 0.0013
	0.0011 ** ± 2.9·10−5
	0.9782
	0.0353



	 Power
	-
	0.000056 ** ± 3.7·10−6
	2.7473 ** ± 0.0196
	0.9709
	0.0408



	Height
	
	
	
	
	



	 Linear
	5.0331 ** ± 0.2994
	0.6935 ** ± 0.0143
	-
	0.7521
	2.4357



	 Quadratic
	0.4433 ± 0.9425
	1.1472 ** ± 0.0896
	−0.0102 ** ± 0.0020
	0.7600
	2.3966



	 Power
	-
	2.1061 ** ± 0.0982
	0.7356** ± 0.0151
	0.7575
	2.4092
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Table 5. Summary data for the trees in the validation dataset in August 2019 (mean ± standard deviation). Different letters indicate differences among plots Tukey’s HSD at α = 0.05.
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	Variable
	Plot 1
	Plot 2
	Plot 3
	All Plots





	Number of trees
	10
	10
	11
	31



	DBH (cm)
	24.93 ± 7.543a
	24.30 ± 3.41a
	24.37 ± 3.61a
	24.83 ± 4.98



	Height (m)
	25.25 ± 5.54a
	21.58 ± 4.02b
	20.26 ± 2.16c
	22.01 ± 4.29



	Slenderness index (m/m)
	104.1 ± 16.9a
	92.3 ± 7.5b
	87.6 ± 8.2c
	93.4 ± 13.3



	Tree volume (m3)
	0.519 ± 0.405a
	0.454 ± 0.145a
	0.337 ± 0.139b
	0.395 ± 0.257



	Tree basal area (m2)
	0.053 ± 0.031a
	0.053 ± 0.011a
	0.044 ± 0.013a
	0.046 ± 0.020
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Table 6. Models’ performance indicators when comparing recorded and simulated trees in the validation dataset. MAD: Mean Absolute Difference; RMSE: root mean square error; U: Theil’s coefficient; ME: modelling efficiency; e* = Freese’s critical error.
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	Equation
	Average Bias
	MAD
	RMSE
	U
	ME
	e* α = 0.05
	e* α = 0.20





	Volume
	
	
	
	
	
	
	



	 Linear
	0.032
	0.041
	0.056
	0.287
	0.918
	0.101
	0.069



	 Quadratic
	0.067
	0.026
	0.034
	0.176
	0.969
	0.062
	0.042



	 Power
	0.011
	0.029
	0.037
	0.188
	0.965
	0.066
	0.045



	Height
	
	
	
	
	
	
	



	 Linear
	−0.003
	2.058
	2.547
	0.555
	0.691
	4.610
	3.134



	 Quadratic
	0.002
	2.046
	2.531
	0.552
	0.695
	4.582
	3.115



	 Power
	0.000
	2.053
	2.534
	0.553
	0.694
	4.588
	3.119
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Table 7. Tree volume and height for predicted intervals at 95% probability for selected DBH values.
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DBH

(cm)

	
Volume

(m3 stem−1)

	
Height

(m)




	

	
Linear

	
Quadratic

	
Power

	
Linear

	
Quadratic

	
Power






	
10

	
0.000–0.009

	
0.000–0.062

	
0.000–0.113

	
7.10–16.84

	
6.09–15.68

	
6.64–16.27




	
15

	
0.000–0.180

	
0.014–0.155

	
0.014–0.177

	
10.56–20.31

	
10.55–20.13

	
10.62–20.26




	
20

	
0.139–0.370

	
0.163–0.304

	
0.129–0.293

	
14.03–23.77

	
14.49–24.09

	
14.26–23.90




	
25

	
0.328–0.559

	
0.366–0.507

	
0.308–0.471

	
17.50–27.24

	
17.93–27.52

	
17.66–27.30




	
30

	
0.518–0.749

	
0.625–0.766

	
0.561–0.725

	
20.97–30.71

	
20.86–30.44

	
20.89–30.53




	
35

	
0.707–0.938

	
0.938–1.079

	
0.900–1.064

	
24.43–34.18

	
23.27–32.86

	
23–98-33.61




	
40

	
0.897–1.128

	
1.307–1.448

	
1.335–1.499

	
27.90–37.64

	
25.18–34.76

	
26.95–36.58
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