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            RESEARCH ARTICLE Open Access Use of LiDAR to estimate stand characteristics for thinning operations in young Douglas-fir plantations Michael S Watt 1* , Andrew Meredith 2 , Pete Watt 2 and Aaron Gunn 3 Abstract Background: Light Detection and Ranging (LiDAR) has been successfully used to describe a wide range of forest metrics at local, regional and national scales. However, little research has used this technology in young Douglas-fir stands to describe key stand characteristics used as criterion for operational thinning. The objective of this research was to develop models of Douglas-fir mean top height, basal area, volume, mean diameter (at breast height), green crown height and stand density from LiDAR and stand information. Methods: Data for this study were obtained from four widely separated young (age range of 9 to 17 years) Douglas-fir plantations in the South Island, New Zealand. LiDAR was acquired for the entire area and stand metrics were measured within 122 plots established across the study area. Spatially synchronous stand and LiDAR metrics were extracted from the plots. Using this dataset, multiple regression models were developed for each of the six stand metrics. Results: The final models constructed for mean top height, green crown height, total stem volume, mean diameter, basal area, and stand density had R 2 values of 0.85, 0.79, 0.86, 0.86, 0.84 and 0.55, respectively, with root mean square errors of 1.02 m, 0.427 m, 20.2 m 3 ha -1 , 13.9 mm, 3.81 m 2 ha -1 and 355 stems ha -1 , respectively. With the exception of stand density, all relationships were relatively unbiased. Variables with the greatest contribution (with the partial R 2 in brackets) to models of mean top height, green crown height, volume, mean diameter and basal area included the 75 th (0.85), 1 st (0.76), 10 th (0.83), 95 th (0.74), and 10 th (0.72) LiDAR height percentiles. The LiDAR height interquartile distance was the most important contributor (partial R 2 = 0.33) to the model of stand density. Conclusion: With the exception of stand density, the final models for stand metrics were sufficiently precise to be used for scheduling thinning operations. This study demonstrates the utility of LiDAR to accurately estimate key structural attributes of young Douglas-fir and to assist with forest management over a widely dispersed resource. Keywords: Airborne laser scanning; ALS; LiDAR; Forest inventory; Laser; Pseudotsuga menziesii Background High productivity and superior wood properties have made Douglas-fir (Pseudotsuga menziesii [Mirb.] Franco) one of the premier and most widely planted species throughout temperate forest areas. Globally, there are ca. 15 million hectares of Douglas-fir plantations with substantial areas occurring in Europe, South America, New Zealand, Australia and western North America (Hermann and Lavender 1999). Douglas-fir forest plantations are some of the most productive in the world (McMurtrie 1993). Thinning is an important management operation and has a major impact on Douglas-fir stand development. Douglas-fir responds well to thinning and this operation is necessary to avoid stand stagnation and achieve merchantable sized logs over economically viable time frames. Typically, one to two thinnings are undertaken during a rotation and depending on the size of felled trees these are classed as either pre-commercial or commercial thinnings. A number of relatively simple (Reukema 1975; Emmingham and Green 2003) and * Correspondence: [email protected] 1 Scion, Fendalton, PO Box 29237, Christchurch, New Zealand Full list of author information is available at the end of the article © Watt et al.; licensee Springer. This is an open access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited. Watt et al. New Zealand Journal of Forestry Science 2013 2013, 43:18 http://www.nzjforestryscience.com/content/43/1/18 
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Watt et al. New Zealand Journal of Forestry Science 2013, 43:18http://www.nzjforestryscience.com/content/43/1/18
 RESEARCH ARTICLE Open Access
 Use of LiDAR to estimate stand characteristics forthinning operations in young Douglas-firplantationsMichael S Watt1*, Andrew Meredith2, Pete Watt2 and Aaron Gunn3
 Abstract
 Background: Light Detection and Ranging (LiDAR) has been successfully used to describe a wide range of forestmetrics at local, regional and national scales. However, little research has used this technology in young Douglas-firstands to describe key stand characteristics used as criterion for operational thinning. The objective of this researchwas to develop models of Douglas-fir mean top height, basal area, volume, mean diameter (at breast height), greencrown height and stand density from LiDAR and stand information.
 Methods: Data for this study were obtained from four widely separated young (age range of 9 to 17 years)Douglas-fir plantations in the South Island, New Zealand. LiDAR was acquired for the entire area and stand metricswere measured within 122 plots established across the study area. Spatially synchronous stand and LiDAR metricswere extracted from the plots. Using this dataset, multiple regression models were developed for each of the sixstand metrics.
 Results: The final models constructed for mean top height, green crown height, total stem volume, meandiameter, basal area, and stand density had R2 values of 0.85, 0.79, 0.86, 0.86, 0.84 and 0.55, respectively, with rootmean square errors of 1.02 m, 0.427 m, 20.2 m3 ha-1, 13.9 mm, 3.81 m2 ha-1 and 355 stems ha-1, respectively. Withthe exception of stand density, all relationships were relatively unbiased. Variables with the greatest contribution (withthe partial R2 in brackets) to models of mean top height, green crown height, volume, mean diameter and basal areaincluded the 75th (0.85), 1st (0.76), 10th (0.83), 95th (0.74), and 10th (0.72) LiDAR height percentiles. The LiDAR heightinterquartile distance was the most important contributor (partial R2 = 0.33) to the model of stand density.
 Conclusion: With the exception of stand density, the final models for stand metrics were sufficiently precise to beused for scheduling thinning operations. This study demonstrates the utility of LiDAR to accurately estimate keystructural attributes of young Douglas-fir and to assist with forest management over a widely dispersed resource.
 Keywords: Airborne laser scanning; ALS; LiDAR; Forest inventory; Laser; Pseudotsuga menziesii
 BackgroundHigh productivity and superior wood properties havemade Douglas-fir (Pseudotsuga menziesii [Mirb.] Franco)one of the premier and most widely planted speciesthroughout temperate forest areas. Globally, there areca. 15 million hectares of Douglas-fir plantations withsubstantial areas occurring in Europe, South America,New Zealand, Australia and western North America(Hermann and Lavender 1999). Douglas-fir forest
 * Correspondence: [email protected], Fendalton, PO Box 29237, Christchurch, New ZealandFull list of author information is available at the end of the article
 © Watt et al.; licensee Springer. This is anAttribution License (http://creativecommons.orin any medium, provided the original work is p
 2013
 plantations are some of the most productive in theworld (McMurtrie 1993).Thinning is an important management operation and
 has a major impact on Douglas-fir stand development.Douglas-fir responds well to thinning and this operationis necessary to avoid stand stagnation and achievemerchantable sized logs over economically viable timeframes. Typically, one to two thinnings are undertakenduring a rotation and depending on the size of felledtrees these are classed as either pre-commercial orcommercial thinnings. A number of relatively simple(Reukema 1975; Emmingham and Green 2003) and
 open access article distributed under the terms of the Creative Commonsg/licenses/by/2.0), which permits unrestricted use, distribution, and reproductionroperly cited.
 mailto:[email protected]
 http://creativecommons.org/licenses/by/2.0
 http://www.nzjforestryscience.com/content/43/1/18
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Watt et al. New Zealand Journal of Forestry Science Page 2 of 102013, 43:18http://www.nzjforestryscience.com/content/43/1/18
 more complex growth modelling methods (MacLarenand Knowles 2005) have been developed that simulatethe impact of different thinning regimes on futuregrowth and rotation end stand dimension. Importantmetrics describing the state of the current stand thataffect thinning decisions include height, stand density(stocking), tree diameter at breast height of 1.4 m, vol-ume, basal area and green crown height (Reukema 1975;Emmingham and Green 2003).Stand-level inventory is the most widely used method
 for determining current characteristics and the need forthinning in Douglas-fir plantations. However, over thelast two decades, traditional field based assessment hasbeen progressively replaced or supplemented with LightDetection and Ranging (LiDAR) in a range of plantationspecies. LiDAR is a laser-based remote sensing technol-ogy that has been widely used to accurately predict standheight (Watt and Watt 2013; Coops et al. 2007; Meanset al. 2000; Næsset 2002; Means et al. 1999) and volume(Watt and Watt 2013; Coops et al. 2007; Means et al.2000; Næsset 2002; Means et al. 1999). Correlations ofmoderate to high strength have been found betweenLiDAR metrics and basal area (Næsset 2004b, 2005,2002; Nord-Larsen and Schumacher 2012; Means et al.1999; Means et al. 2000), stem diameter (Næsset 2002)and green crown height (Næsset and Okland 2002).However, stand density is typically only predicted witha moderate degree of precision from LiDAR cloudmetrics (Næsset and Bjerknes 2001; Hall et al. 2005;Næsset 2002).In contrast to traditional stand level inventory, LiDAR
 is often less expensive and more accurate (Næsset et al.2004). Predictions from LiDAR metrics can be used tocharacterise spatial variation in tree characteristicsallowing stratification of within-stand thinning opera-tions. Despite the relatively wide adoption of LiDARwithin the forestry sector, little research has used thetechnology to characterise a wide variety of stand char-acteristics in young Douglas-fir plantations.The objective of this research was to investigate the uti-
 lity of discrete LiDAR for predicting variation in importantstand characteristics in young Douglas-fir plantations.
 MethodsLiDAR data and stand measurementsThe data used in this study were obtained from fourDouglas-fir plantation forests in the South Island, NewZealand (Figure 1). These four forests named Doon,Pentland, Saddle Peak and Shag River had areas of 1393,1526, 561 and 2685 ha, respectively. Each forest was di-vided into a number of stands, based on age, with standages respectively ranging from 9–14, 14–17, 9–12 and14–16 years old at Doon, Pentland, Saddle Peak andShag River.
 The LiDAR survey was conducted using a fixed wingaircraft between May and August 2012 using a smallfootprint (~0.20 m) Optech ALTM 3100EA system anda swath overlap of 50%. The LiDAR and flight parame-ters used to achieve first-return densities that averaged15.6 points m-2 (range 5.7 to 28.2 points m-2) are sum-marised in Table 1. The system also utilised an Applanix510 Position and Orientation System (POS) that uses theGPS and inertial measurement unit (IMU) sensors, anda GPS-based computer controlled navigation system.Measurements of stand characteristics were made
 from July to October 2012 across the resource in plotsranging in area from 0.015 to 0.1 ha. High grade diffe-rential GPS units were used to locate the plots. After ex-clusion of plots with species other than Douglas-fir andfour plots in which the digital terrain model was poorlydefined, there were 122 plots available for the modelling.Of these 122 plots, 28, 29, 11 and 54 plots were respect-ively allocated to the Doon, Pentland, Saddle Peak andShag River forests. Within each plot diameter (at breastheight; standard height of 1.4 m used in New Zealand)and green crown height were recorded for all trees andheights were recorded for at least 10 trees. Stand densityand basal area were determined for each plot and meantop height, Hm (height of the 100 largest diameter treesper hectare) was derived from plot mean height, Hmean,and stand density, S, using the following function,
 Hm ¼ 1=Hmean 1–0:106 1–exp –0:228 S–100ð Þ=100ð Þð Þð Þð Þ−1
 ð1ÞTotal volume, V, was determined from Hm and basal
 area, B, using the following function,
 V ¼ B 0:928þ 0:3208Hmð Þ ð2Þ
 AnalysesModels were developed using SAS software (SAS InstituteInc. 2008), to estimate mean top height, green crownheight, total stem volume, mean diameter, basal area andtotal stand density. Explanatory variables used in the mod-elling included LiDAR metrics, stand age and stand dens-ity (determined from plot measurements). The LiDARmetrics included a range of LiDAR height percentiles fromthe first (H01) to the ninety-ninth (H99), several metricsdescribing the LiDAR height distribution through the can-opy (skewness, coefficient of variation (CV), standarderror, kurtosis, elevation interquartile distance (IQ)) andthe percentage of returns reaching within 0.5 m of theground (PCzero).Initial exploratory analyses were undertaken to assess
 the strength of linear relationships between all dependantstand characteristics and the explanatory variables. Thesemodels were then extended through the development of
 http://www.nzjforestryscience.com/content/43/1/18
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Table 1 Summary of LiDAR attributes
 Variable Value
 Wavelength (nm) 1064
 Scan angle (deg.) +/− 6.1
 Pulse frequency (kHz) 70
 Scan frequency (Hz) 70
 Footprint diameter (m) 0.19
 Ground speed (knots) 116.6
 Flying height (m) 750
 Figure 1 Map of the study area showing the distribution of the 122 plots used in the study.
 Watt et al. New Zealand Journal of Forestry Science Page 3 of 102013, 43:18http://www.nzjforestryscience.com/content/43/1/18
 multiple regression models to ensure that robust modelssensitive to a broad range of LiDAR metrics were created.For each multiple regression model, explanatory variableswere sequentially introduced into the model starting withthe variable that exhibited the strongest correlation withthe dependent variable and subsequently the residualsfrom the model, until further additions were not signi-ficant, or did not improve the model coefficient of de-termination by more than 0.01. Variable selection wasundertaken manually, one variable at a time, and plots ofresiduals were examined prior to variable addition to en-sure that the variable was included in the model using theleast biased functional form.Model precision was determined using the coefficient
 of determination (R2) and the root mean square error
 http://www.nzjforestryscience.com/content/43/1/18
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Watt et al. New Zealand Journal of Forestry Science Page 4 of 102013, 43:18http://www.nzjforestryscience.com/content/43/1/18
 (RMSE). Model bias was examined by plotting actualvalues against predictions and predicted values againstresidual values and dependant variables included in eachmodel. The variance inflation factor was used to ascer-tain the degree of multicollinearity within the multipleregression models with values over 10 signifying prob-lematic multicollinearity. Predictions from these modelswere not used to spatially estimate forest characteristicsin this study.
 ResultsRanges in LiDAR, stand metrics and slopeThere was marked variation in LiDAR and stand metricsamong plots. Mean top height, green crown height,volume, mean diameter, basal area, and stand density,respectively, ranged, six-fold, 17-fold, 226-fold, six-fold,73-fold and 12-fold across the plot series (Table 2).Ranges in LiDAR metrics were similarly marked, withthe 5th, 50th and 95th LiDAR height percentiles ranging41-fold, 10-fold, and seven-fold, respectively (Table 2).Variation was also wide for PCzero, which averaged 5.99%,ranging from 0.06 − 66.5% (Table 2). Plot slope averaged16° and ranged from 2 to 41°.
 Table 2 Variation in LiDAR and stand metrics
 Variable Mean Range
 LiDAR metrics
 H01 (m) 1.69 (0.124) 0 − 6.08
 H05 (m) 2.58 (0.145) 0.17 − 6.98
 H25 (m) 4.10 (0.166) 0.77 − 8.70
 H50 (m) 5.17 (0.180) 1.00 − 9.90
 H75 (m) 6.23 (0.194) 1.28 − 11.2
 H95 (m) 7.67 (0.216) 1.77 − 13.0
 H99 (m) 8.55 (0.230) 2.07 − 14.5
 Elev kurtosis 2.83 (0.033) 1.95 − 4.31
 Elev. skewness −0.01 (0.025) −0.74 − 0.75
 Elev. CV (m) 0.323 (0.009) 0.17 − 0.70
 Elev. std error (m) 1.54 (0.043) 0.36 − 3.15
 Elev. IQ (m) 2.14 (0.066) 0.49 − 5.12
 PCzero (%) 5.99 (0.974) 0.06 − 66.5
 Stand metrics
 Mean top height (m) 9.55 (0.242) 2.56 − 16.0
 Green crown height (m) 1.32 (0.084) 0.255 − 4.31
 Volume (m3 ha-1) 92.0 (4.82) 1.01 − 228
 Mean diameter at breast height (mm) 148 (3.33) 37.7 − 229
 Basal area (m2 ha-1) 21.6 (0.836) 0.580 − 42.1
 Stand density (stems ha-1) 1289 (47.4) 250 − 3118
 Stand age (years) 13.8 (0.192) 9 − 17
 Values shown include the mean, with standard error in brackets, andthe range.
 Bivariate correlationsGreen crown height was most strongly related to H01
 with correlation coefficients diminishing as LiDAR heightpercentile increased (Table 3). The strongest relationshipsbetween green crown height and other LiDAR metricswere with the LiDAR height coefficient of variation andskewness (Table 3). Green crown height also exhibitedstrong positive relationships with both mean top heightand volume (Table 3).Mean top height was strongly correlated with the up-
 per LiDAR height percentiles peaking with the seventy-fifth percentile, H75 (Table 3). In contrast, both basalarea and total volume were more strongly correlatedwith the lower LiDAR height percentiles with the highestcorrelation coefficients occurring at the tenth percentileH10 for both characteristics (Table 3). For mean diameter,the strength of correlation coefficients increased withLiDAR height percentile reaching a peak value of 0.86 atthe ninety-ninth percentile H95. Stand density exhibitedinsignificant to weakly significant correlations with LiDARheight percentiles. The strongest bivariate relationship forstand density was observed with LiDAR height interquar-tile distance (Table 3).Simple models describing the strongest linear relation-
 ships between LiDAR metrics and each of the standcharacteristics were constructed (Figure 2). The positivelinear relationships between LiDAR metrics and meantop height, green crown height, total stem volume, meandiameter and basal area had respective coefficients of de-termination (R2) of 0.85, 0.71, 0.83, 0.74 and 0.72. Thenegative linear relationship between total stand densityand LiDAR height interquartile distance had an R2 of0.33 (Figure 2).
 Multiple regression modelsModel formulationMean top height was best described by a simple linearrelationship with H75 (Table 4). This relationship accoun-ted for 85% of the variance in the data (Table 4).Green crown height was best described by H01 and
 skewness in the LiDAR height distribution (Table 4). In-clusion of H01 in a quadratic form accounted for 76% ofthe variation in the data while addition of skewness as anegative linear term increased the R2 by 0.03 to 0.79(Table 4).The best model for volume included H10, PCzero and
 stand age (Table 4). The strongest contributor to themodel was H10 which when included using a quadraticform had a partial R2 of 0.84. Inclusion of PCzero as anegative linear term added a further 0.01 to the modelwhile the addition of age as a positive linear term con-tributed a further 0.01 to the overall model. The finalmodel had a R2 of 0.86 (Table 4).
 http://www.nzjforestryscience.com/content/43/1/18
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Table 3 Correlation coefficients describing the strength of linear relationships between stand metrics (mean topheight, green crown height, volume, mean diameter, basal area, and stand density) with LiDAR and stand metrics
 Variable Mean top Crown Volume Mean Basal Stand
 Height Height Diameter Area Density
 LiDAR height percentiles
 H01 0.71*** 0.85*** 0.85*** 0.49*** 0.78*** 0.14ns
 H05 0.77*** 0.82*** 0.89*** 0.58*** 0.83*** 0.10ns
 H10 0.82*** 0.82*** 0.91*** 0.65*** 0.85*** 0.06ns
 H20 0.86*** 0.81*** 0.90*** 0.72*** 0.83*** −0.02ns
 H25 0.87*** 0.80*** 0.89*** 0.74*** 0.82*** −0.05ns
 H30 0.88*** 0.80*** 0.89*** 0.76*** 0.81*** −0.08ns
 H40 0.91*** 0.78*** 0.87*** 0.79*** 0.79*** −0.13ns
 H50 0.92*** 0.77*** 0.86*** 0.81*** 0.76*** −0.17ns
 H60 0.92*** 0.75*** 0.84*** 0.82*** 0.74*** −0.20*
 H70 0.92*** 0.73*** 0.82*** 0.84*** 0.72*** −0.23*
 H75 0.92*** 0.72*** 0.81*** 0.84*** 0.71*** −0.24**
 H80 0.92*** 0.71*** 0.80*** 0.85*** 0.70*** −0.25**
 H90 0.92*** 0.70*** 0.79*** 0.86*** 0.68*** −0.28**
 H95 0.92*** 0.68*** 0.77*** 0.86*** 0.66*** −0.30***
 H99 0.91*** 0.66*** 0.74*** 0.86*** 0.63*** −0.33***
 Other LiDAR metrics
 PCzero −0.39*** −0.26** −0.47*** −0.35*** −0.59*** −0.42***
 Elev. kurtosis 0.08ns 0.23* 0.30*** 0.01ns 0.32*** 0.20*
 Elev. skewness −0.53*** −0.29** −0.43*** −0.56*** −0.45*** 0.10ns
 Elev. CV −0.51*** −0.61*** −0.72*** −0.35*** −0.75*** −0.32***
 Elev. SD 0.60*** 0.18* 0.24** 0.69*** 0.14ns −0.56***
 Elev. IQ 0.53*** 0.12ns 0.15ns 0.63*** 0.04ns −0.58***
 Stand metrics
 Mean top height - 0.78*** 0.85*** 0.88*** 0.74*** −0.23**
 Crown height 0.78*** - 0.89*** 0.60*** 0.80*** 0.03ns
 Volume 0.85*** 0.89*** - 0.70*** 0.96*** 0.12ns
 Mean diameter at breast height 0.88*** 0.60*** 0.70*** - 0.63*** −0.46***
 Basal area 0.74*** 0.80*** 0.96*** 0.63*** - 0.29**
 Stand density −0.23** 0.03ns 0.12ns −0.46*** 0.29** -
 Stand age 0.62*** 0.37*** 0.49*** 0.74*** 0.45*** −0.39***
 Values shown include the correlation coefficient, followed by the P category. ***, **, * denote significance at P = 0.001, 0.01 and 0.05, respectively; ns = notsignificant at P = 0.05. Values shown in bold represent the LiDAR variable that had the highest correlation coefficient with the associated stand metric.
 Watt et al. New Zealand Journal of Forestry Science Page 5 of 102013, 43:18http://www.nzjforestryscience.com/content/43/1/18
 The best model for mean diameter included H95, standdensity, stand age and PCzero (Table 4). The largest con-tributor to the model was H95 and when included in themodel as a positive linear term accounted for 74% of thevariance in the dataset. Stand density and PCzero were in-cluded in the model as negative linear terms and accountedfor a further 4 and 5%, respectively, of the variance in thedata. Inclusion of age as a positive linear term added a fur-ther 0.03 to the model R2 and the final model R2 was 0.86.Basal area was best described by a model that included
 H10, PCzero, stand density and stand age (Table 4). The
 positive linear relationship with H10 accounted for 72%of the variance, while a negative linear relationship withPCzero added a further 6%. Stand density and age wereboth included in the model as positive linear terms andcontributed a further 2 and 3%, respectively, to themodel. The final R2 was 0.84.The best model of stand density included LiDAR
 height interquartile distance, HIQ, (height differencebetween the 25th and 75th height percentiles), PCzero
 and stand age (Table 4). All variables were includedin the model as negative linear terms and HIQ, PCzero
 http://www.nzjforestryscience.com/content/43/1/18
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 Figure 2 Bivariate relationships between LiDAR metrics and (a) mean top height, (b) green crown height, (c) total stem volume, (d)mean diameter at breast height, (e) basal area and (f) stand density. In all figures linear lines of the form y = a + bx have been fitted. Forthese equations values of a, b, followed by R2 and RMSE are (a) 2.381, 1.151; R2 = 0.85, RMSE = 1.02 m, (b) 0.3602, 0.5699; R2 = 0.71, RMSE = 0.497 m,(c) 2.501, 28.56; R2 = 0.83, RMSE = 22.1 m3 ha-1, (d) 46.74, 13.24; R2 = 0.74, RMSE = 18.9 mm, (e) 7.061, 4.632; R2 = 0.72, RMSE = 4.87 m2 ha-1, (f) 2172,-413.8; R2 = 0.33, RMSE = 430 stems ha-1.
 Watt et al. New Zealand Journal of Forestry Science Page 6 of 102013, 43:18http://www.nzjforestryscience.com/content/43/1/18
 and stand age had respective partial R2 values of 0.33,0.17 and 0.05. The final model had an R2 of 0.55.
 Model precision and biasWith the exception of stand density, the coefficients ofdetermination for the final developed models were highranging from 0.79 to 0.86. The total amount of varianceaccounted for by the multiple regression model of standdensity was markedly lower at 0.55. The RMSE of thefinal models was relatively low for all variables apartfrom stand density. Values of RMSE for the final modelsof mean top height, green crown height, stem volume,mean diameter, basal area and stand density were, respec-tively, 1.02 m, 0.427 m, 20.2 m3 ha-1, 13.9 mm, 3.81 m2
 and 355 stems ha-1. All variables included within the sixmodels were highly significant (Table 4). The highest
 variance inflation factor in for any of the terms in the mul-tiple regression model was 1.97 indicating that multicolli-nearity was well within acceptable limits.Plots of predicted against actual values for all models,
 apart from stand density, showed little apparent bias(Figure 3). For these five models there was also little pat-tern in the residuals when these values were plottedagainst predicted values or variables included in the finalmodels (data not shown). For stand density, values ofstand density were underpredicted at very low and veryhigh stand densities (Figure 3f ).
 DiscussionWith the exception of stand density, the models de-veloped in this study had a high degree of precision.
 http://www.nzjforestryscience.com/content/43/1/18
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Table 4 Multiple regression models for the stand characteristics described in this study
 Dependant Model coefficients Model statistics
 Variable Model term Estimate RMSE Partial R2 Overall R2
 Mean top height Intercept 2.381
 H75 1.151 1.02 m 0.85*** 0.85
 Green crown height Intercept 0.789
 H01 0.0125 0.497 m 0.71***
 H012 0.108 0.462 m 0.76***
 Elev skewness −0.680 0.427 m 0.03*** 0.79
 Volume Intercept −1.442
 H10 9.017 22.1 m3 ha-1 0.83***
 H102 2.215 21.8 m3 ha-1 0.01*
 PCzero −0.7102 20.9 m3 ha-1 0.01**
 Age 2.994 20.2 m3 ha-1 0.01** 0.86
 Mean Intercept 76.09
 Diameter at breast height H95 8.465 18.9 mm 0.74***
 stand density −0.02407 17.2 mm 0.04***
 Age 3.189 15.8 mm 0.03***
 PCzero −0.9579 13.9 mm 0.05*** 0.86
 Basal area Intercept −9.353
 H10 3.683 4.87 m2 ha-1 0.72***
 PCzero −0.1117 4.32 m2 ha-1 0.06***
 Stand density 4.975 x 10-3 4.12 m2 ha-1 0.02***
 Age 0.9880 3.81 m2 ha-1 0.03*** 0.84
 Stand density Intercept 2986
 Elev IQ −314.9 430 stems ha-1 0.33***
 PCzero −22.94 371 stems ha-1 0.17***
 Age −64.26 355 stems ha-1 0.05*** 0.55
 Shown are the estimated coefficients for each term included in the six models. Model statistics shown include the root mean square error (RMSE), partial R2 andsignificance category for each variable included in the model, with asterisks ***, **, * denoting significance at P = 0.001, P = 0.01 and 0.05 respectively. Also shownis the overall model R2.
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 Despite the scattered nature of the resource from whichdata were acquired the models appeared to be quite robust.The use of LiDAR provides a viable approach for charac-terising the resource in young stands where there is littleprior information (such as those sampled in this study).The strength of relationships between LiDAR metrics
 and key stand characteristics were sufficiently high todelineate and prioritise areas for thinning. Thinningwithin the forests in the study area is typically under-taken when stands reach a mean top height of 14 m andthe green crown reaches 3 m in height. Both mean topheight and green crown height were predicted with ahigh degree of precision suggesting that LiDAR informa-tion could be useful for scheduling operations.Of the key measurements used in forest inventory,
 mean top height is always predicted with the most preci-sion using LiDAR. Although the coefficient of determin-ation for the final mean top height model developed in
 this study was at the lower end of previously reportedvalues, which range from 0.82 to 0.98 (Watt and Watt2013; Coops et al. 2007; Means et al. 2000; Næsset 2002;Means et al. 1999; González-Ferreiro et al. 2012; Stoneet al. 2011), the RMSE was similar to or lower than re-ported values for Douglas-fir and other coniferous spe-cies (Means et al. 2000; Watt and Watt 2013; Meanset al. 1999). Previous research found LiDAR-derivedestimates of height for Douglas-fir to be considerablyless precise than those estimated for Pinus ponderosaDouglas ex. C. Lawson (Andersen et al. 2006). LiDARmay predict height less precisely in Douglas-fir as thepronounced conical shape of the species is more likelyto be missed by LiDAR than the wider crowns of otherconiferous species.Total stem volume was predicted with a high degree
 of precision. The coefficient of determination for thefinal model was within the range cited by previous
 http://www.nzjforestryscience.com/content/43/1/18
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 studies for coniferous species that vary from 0.46 to 0.97(Means et al. 2000; Næsset 1997, 2002; Watt and Watt2013). Compared to previous research, the RMSE of20.2 m3 ha-1 for the final model compares favourably toprevious values that include 18.3 – 31.9 m3 ha-1 (Holmgrenand Jonsson 2004), 26.1 – 82.8 m3 ha-1 (Næsset 1997),71.6 m3 ha-1 (Watt and Watt 2013) and 73 m3 ha-1 (Meanset al. 2000).Model predictions of basal area had a comparable preci-
 sion to similar studies within coniferous forests in borealand temperate regions. Coefficients of determination rangedfrom 0.62 to 0.94 for models predicting basal area in conifer-ous forests in the United States of America (Means et al.1999), Norway (Næsset 2004b, 2005, 2002) and Denmark(Nord-Larsen and Schumacher 2012). LiDAR-derived pre-dictions of basal area in young and old growth Douglas-firstands had a coefficient of determination of 0.95 (Meanset al. 2000) that exceeds the value reported in this study.
 This high R2 may reflect the relatively large plot size(0.25 ha) and wide range in basal area covered by the datasetas increases in both factors often result in increases in thecoefficient of determination (see Zhao et al., 2009 for detailson effects of plot size on precision).Although little previous research has developed plot-
 level models of either stem diameter or green crownheight from discrete-return LiDAR, both stand metricswere found to be strongly correlated to LiDAR metricsin the current study. Stem diameter was most stronglyrelated to H95, which most likely acts as a surrogate formean top height, reflecting the strong relationship bet-ween mean diameter and mean top height in the dataset(Table 3). The strength of these relationships is broadlyconsistent with research on coniferous species withinNorway where coefficients of determination ranged from0.39 to 0.78 (Næsset 2002). Green crown height wasmost strongly related to H01 which is likely to represent
 http://www.nzjforestryscience.com/content/43/1/18
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 the transition between green needles that intercept lightto dead or absent needles at the crown base that allowgreater light transmission. The degree of precision of thefinal model of green crown height exceeds that of mo-dels previously developed for stands dominated by Piceaabies (L.) Karst. (Norway spruce) and Pinus sylvestris L.(Scots pine) where the coefficient of determinationranged from 0.6 – 0.71 (Næsset and Okland 2002).Stand density was only predicted with a moderate de-
 gree of precision from LiDAR and stand level metrics.Previous research has also shown the correlation betweenLiDAR cloud metrics and stand density to be weaker thanthat for other stand characteristics reporting correlationsthat are only of moderate strength (Næsset and Bjerknes2001; Hall et al. 2005; Næsset 2002).Inclusion of stand age and stand density as predictive
 variables significantly improved a number of the devel-oped models. Age featured in the final model for four ofthe six stand characteristics while stand density was asignificant contributor to the models of mean diameterand basal area. These findings are broadly consistentwith previous research that showed significant improve-ments in LiDAR models of stem volume through additionof stand density as an explanatory variable (Watt andWatt 2013; Watt et al. 2013).The results of this study suggest that an accurate stand
 density map would provide a useful source of ancillary in-formation to support use of LiDAR in predictions of standmetrics. As direct estimation of stand density from LiDARcloud metrics is typically only moderately precise, the useof individual tree delineation may provide the most accur-ate method for deriving a stand density map. Althoughthere have been difficulties in precisely counting trees(Vauhkonen et al. 2012), recent research has shown thatplantation stand density can be accurately estimated fromLiDAR imagery through use of a calibrated tree detectionmethodology (D. Pont, Scion pers. comm.).The very low percentage of ground returns recorded in
 this dataset provided a robust test of the utility of LiDARdata in predicting stand characteristics. Compared to pre-vious research, the mean percentage of ground returns re-corded in this study (3.82%) was markedly lower that thetypical range found for other coniferous species (Næsset2002; Næsset and Bjerknes 2001; Næsset 2004a) but wassimilar to that recorded for high density unthinned hinokicypress (Chamaecyparis obtusa Sieb. et Zucc.) and sugi(Cryptomeria japonica D. Don) plantations (Takahashiet al. 2006). The low penetration rates in this study arelikely to be attributable to the dense closed canopy of theunthinned plantations and the topographically complexterrain over which the study sites were located. In olderthinned stands of Douglas-fir, predictive precision of standcharacteristics is likely to be higher due to greater canopypenetration by LiDAR and consequently more accurate
 definition of the digital terrain model and canopy heightmodel. Further research should be undertaken to investi-gate how well LiDAR data can be used to predict standcharacteristics in older thinned stands of Douglas-fir.
 ConclusionThis research demonstrates that strong relationships canbe developed for mean top height, green crown height,volume, mean diameter and basal area from LiDAR andstand metrics. Although the final model developed forstand density was only of moderate strength, these resultsare consistent with previous research linking LiDAR cloudmetrics to stand density. Further research should investi-gate how well stand characteristics are predicted at olderages from LiDAR. It would also be useful to compare theaccuracy and cost efficacy of predictions from LiDAR datawith standard inventory methods for the scheduling ofproduction thinning operations and later more detailedinventories in stands of Douglas-fir.
 Competing interestsThe authors declare that they have no competing interests.
 Authors’ contributionsMSW was the primary author and undertook all analyses. AM processed the LiDARdata, extracted metrics and produced the maps. PW and AG assisted with thewriting, provision of technical detail. AG developed the specification for the LiDARand provided the plot data. All authors read and approved the final manuscript.
 AcknowledgementsWe are grateful to Blakely Pacific Ltd for providing the LiDAR dataset onwhich this study is based. We also acknowledge useful comments made bytwo anonymous reviewers that helped improve the manuscript.
 Author details1Scion, Fendalton, PO Box 29237, Christchurch, New Zealand. 2InduforAsia-Pacific Ltd, PO Box 105039, Auckland, New Zealand. 3Blakely Pacific Ltd,PO Box 13–980, Christchurch 8141, New Zealand.
 Received: 16 July 2013 Accepted: 30 November 2013Published:
 ReferencesAndersen, HE, Reutebuch, SE, & McGaughey, RJ. (2006). A rigorous assessment of
 tree height measurements obtained using airborne lidar and conventionalfield methods. Canadian Journal of Remote Sensing, 32(5), 355–366.
 Coops, NC, Hilker, T, Wulder, MA, St-Onge, B, Newnham, G, Siggins, A, & Trofymow,JA. (2007). Estimating canopy structure of Douglas-fir forest stands fromdiscrete-return LiDAR. Trees-Structure and Function, 21, 295–310.
 Emmingham, WH, & Green, D. (2003). Thinning systems for western OregonDouglas-fir stands EC1132. The Woodland Workbook. Corvallis, OR, USA:Oregon State University.
 González-Ferreiro, E, Diéguez-Aranda, U, & Miranda, D. (2012). Estimation of standvariables in Pinus radiata D. Don plantations using different LiDAR pulsedensities. Forestry, 85, 281–292.
 Hall, SA, Burke, IC, Box, DO, Kaufmann, MR, & Stoker, JM. (2005). Estimating standstructure using discrete-return lidar: an example from low density, fire proneponderosa pine forests. Forest Ecology and Management, 208(1–3), 189–209.
 Hermann, RK, & Lavender, DP. (1999). Douglas-fir planted forests. New Forests,17(1–3), 53–70, doi:10.1023/A:1006581028080.
 Holmgren, G, & Jonsson, T. (2004). Large scale airborne laser scanning of forestresources in Sweden. International Archives of Photogrammetry, RemoteSensing and Spatial Information Sciences, XXXV1 - 8/W2, 157–160.
 MacLaren, JP, & Knowles, RL. (2005). Version 2 calculators: upgrading the businessof farm forestry. New Zealand Tree Grower, 26(2), 24.
 30 Dec 2013
 http://www.nzjforestryscience.com/content/43/1/18

Page 10
                        
                        

Watt et al. New Zealand Journal of Forestry Science Page 10 of 102013, 43:18http://www.nzjforestryscience.com/content/43/1/18
 McMurtrie, RE. (1993). Modelling of canopy carbon and water balance. In DO Hall,JMO Scurlock, HR Bolhar-Nordenkampf, RC Leegood, & SP Long (Eds.),Photosynthesis and production in a changing environment: a field andlaboratory manual (pp. 220–231). London, UK: Chapman and Hall.
 Means, JE, Acker, SA, Harding, DJ, Blair, JB, Lefsky, MA, Cohen, WB, Harmon, ME, &McKee, WA. (1999). Use of large-footprint scanning airborne LiDAR to esti-mate forest stand characteristics in the Western Cascades of Oregon. RemoteSensing of Environment, 67(3), 298–308.
 Means, JE, Acker, SA, Fitt, BJ, Renslow, M, Emerson, L, & Hendrix, CJ. (2000).Predicting forest stand characteristics with airborne scanning LiDAR.Photogrammetric Engineering and Remote Sensing, 66(11), 1367–1371.
 Næsset, E. (1997). Estimating timber volume of forest stands using airborne laserscanner data. Remote Sensing of Environment, 61(2), 246–253.
 Næsset, E. (2002). Predicting forest stand characteristics with airborne scanninglaser using a practical two-stage procedure and field data. Remote Sensing ofEnvironment, 80(1), 88–99.
 Næsset, E. (2004a). Effects of different flying altitudes on biophysical stand propertiesestimated from canopy height and density measured with a small-footprintairborne scanning laser. Remote Sensing of Environment, 92, 243–255.
 Næsset, E. (2004b). Practical large-scale forest stand inventory using a small-footprint airborne scanning laser. Scandinavian Journal of Forest Research,19(2), 164–179. doi:10.1080/02827580310019257.
 Næsset, E. (2005). Assessing sensor effects and effects of leaf-off and leaf-oncanopy conditions on biophysical stand properties derived from small-footprintairborne laser data. Remote Sensing of Environment, 98(2–3), 356–370.
 Næsset, E, & Bjerknes, KO. (2001). Estimating tree heights and number of stems inyoung forest stands using airborne laser scanner data. Remote Sensing ofEnvironment, 78(3), 328–340.
 Næsset, E, & Okland, T. (2002). Estimating tree height and tree crown propertiesusing airborne scanning laser in a boreal nature reserve. Remote Sensing ofEnvironment, 79(1), 105–115.
 Næsset, E, Gobakken, T, Holmgren, J, Hyyppa, H, Hyyppa, J, Maltamo, M, Nilsson,M, Olsson, H, Persson, A, & Soderman, U. (2004). Laser scanning of forestresources: The Nordic experience. Scandinavian Journal of Forest Research, 19(6), 482–499. doi:10.1080/02827580410019553.
 Nord-Larsen, T, & Schumacher, J. (2012). Estimation of forest resources from acountry wide laser scanning survey and national forest inventory data.Remote Sensing of Environment, 119, 148–157. doi:10.1016/j.rse.2011.12.022.
 Reukema, DL. (1975). Guidelines for precommercial thinning of Douglas-fir. USDAForest Service General Technical Report PNW, 30. Portland, OR, USA: UnitedStates Department of Agriculture.
 SAS Institute Inc. (2008). SAS/STAT 9.2 user’s guide. Cary NC, USA: SAS Institute Inc.Stone, C, Penman, T, & Turner, R. (2011). Determining an optimal model for processing
 lidar data at the plot level: results for a Pinus radiata plantation in New SouthWales, Australia. New Zealand Journal of Forestry Science, 41, 191–205.
 Takahashi, T, Yamamoto, K, Miyachi, Y, Senda, Y, & Tsuzuku, M. (2006). Thepenetration rate of laser pulses transmitted from a small-footprint airborneLiDAR: a case study in closed canopy, middle-aged pure sugi (Cryptomeriajaponica D. Don) and hinoki cypress (Chamaecyparis obtusa Sieb. et Zucc.)stands in Japan. Journal of Forest Research, 11(2), 117–123.
 Vauhkonen, J, Ene, L, Gupta, S, Heinzel, J, Holmgren, J, Pitkanen, J, Solberg, S,Wang, YS, Weinacker, H, Hauglin, KM, Lien, V, Packalen, P, Gobakken, T, Koch,B, Næsset, E, Tokola, T, & Maltamo, M. (2012). Comparative testing of single-tree detection algorithms under different types of forest. Forestry, 85(1), 27–40. doi:10.1093/forestry/cpr051.
 Watt, P, & Watt, MS. (2013). Development of a national model of Pinus radiatastand volume from LiDAR metrics for New Zealand. International Journal ofRemote Sensing, 34, 5892–5904.
 Watt, MS, Adams, T, Marshall, H, Pont, D, Lee, J, Crawley, D, & Watt, P. (2013).Modelling variation in Pinus radiata stem volume and outerwood stress-wavevelocity from LiDAR metrics. New Zealand Journal of Forestry Science, 43.
 Zhao, KG, Popescu, S, & Nelson, R. (2009). Lidar remote sensing of forest biomass:a scale-invariant estimation approach using airborne lasers. Remote Sensing ofEnvironment, 113(1), 182–196. doi:10.1016/j.rse.2008.09.009.
 Cite this article as: Watt et al.: Use of LiDAR to estimate standcharacteristics for thinning operations in young Douglas-fir plantations.New Zealand Journal of Forestry Science
 10.1186/1179-5395-43-18
 2013, 43:18
 Submit your manuscript to a journal and benefi t from:
 7 Convenient online submission
 7 Rigorous peer review
 7 Immediate publication on acceptance
 7 Open access: articles freely available online
 7 High visibility within the fi eld
 7 Retaining the copyright to your article
 Submit your next manuscript at 7 springeropen.com
 http://www.nzjforestryscience.com/content/43/1/18



						
LOAD MORE                    

                                    


                
                    
                    
                                        
                

                

                        


                    

                                                    
                                New Zealand Journal of Forestry Science - Scion - Home€¦ ·  · 2010-06-08New Zealand Journal of Forestry Science 40 (2010) 71-81 © 2010 New Zealand Forest Research Institute

                            

                                                    
                                Australian and New Zealand Journal of Public Health · 2020-01-24 · Australian and New Zealand Journal of Public Health Statement of policy The Australian and New Zealand Journal

                            

                                                    
                                New Zealand Journal of Forestry Science fileDepartment of Environment and Agriculture, Curtin University, GPO Box U1987, Perth, WA 6845, Australia (Received for publication 28 September

                            

                                                    
                                New Zealand Journal New Zealand Journal of Forestry Science · 2010-03-17 · NEW ZEALAND JOURNAL OF FORESTRY SCIENCE Volume 40 Supplement 2009 † Based on a presentation at the

                            

                                                    
                                GROWTH AND YIELD OF TOTARA IN PLANTED STANDS · 2010-01-24 · 244 New Zealand Journal of Forestry Science 33(2) New Zealand Journal of Forestry Science 33(2): 244–264 (2003) GROWTH

                            

                                                    
                                THE NEW ZEALAND MEDICAL JOURNAL - Te Arai Ketetearai.kete.net.nz/documents/0000/0000/0164/medical_journal_on... · THE NEW ZEALAND MEDICAL JOURNAL Journal of the New Zealand Medical

                            

                                                    
                                Facts & Figures...Facts & Figures. 2019/20. NEW ZEALAND PLANTATION FOREST INDUSTRY. Contents. Section 1. New Zealand Planted Forestry Highlights New Zealand Planted Forestry Highlights

                            

                                                    
                                New Zealand Journal of - wgtn.ac.nz

                            

                                                    
                                EVOLUTION AND BIOGEOGRAPHY OF PINUS RADIATA, WITH …...attenuata muricata radiata var. binata var. cedrosensis var. radiata tecunumanii . 338 New Zealand Journal of Forestry Science

                            

                                                    
                                ENVIRONMENTAL CERTIFICATION SYSTEMS AND IMPACTS … · New Zealand Journal of Forestry Science 35(2/3): 153–165 (2005) ENVIRONMENTAL CERTIFICATION SYSTEMS AND IMPACTS OF THEIR IMPLEMENTATION

                            

                                                    
                                New Zealand Journal New Zealand Journal of Forestry Science...NEW ZEALAND JOURNAL OF FORESTRY SCIENCE Volume 40 Supplement 2009 † Based on a presentation at the OECD Workshop at

                            

                                                    
                                Ofﬁcial journal of the New Zealand Farm Forestry ... · Ofﬁcial journal of the New Zealand Farm Forestry Association November 2010 Main feature on ... Wood-Mizer ® SaWMillS ‘world

                            

                                                    
                                New Zealand Journal of Forestry Science · 2Scion, Private Bag 3020, Rotorua 3046, ... New Zealand Journal of Forestry Science 41 ... (UNS) were selected 

                            

                                                    
                                NEW ZEALAND JOURNAL OF PHYSIOTHERAPY

                            

                                                    
                                New Zealand Journal of Forestry Science · New Zealand Journal of Forestry Science 41 (2011) ... (Harris, 1965; Cown & McConchie, ... Hodges et al. (1981) 

                            

                                                    
                                New Zealand Law r Journal - library.victoria.ac.nzlibrary.victoria.ac.nz/databases/nzlawjournal/pubs/... · New Zealand Law r Journal Incorporating “ Butterworth’s Fortnightly

                            

                                                    
                                THE NEW ZEALAND MEDICAL JOURNAL - Webflow · 2020-01-30 · 13 October 2000 New Zealand Medical Journal 407 Journal of the New Zealand Medical Association THE NEW ZEALAND MEDICAL

                            

                                                    
                                The Phoenix from New Zealand State Forestry...The Phoenix from New Zealand State Forestry 2 2003: Verry family create Red Stag Timber out of Liquidation 2004: New acoustic grading

                            

                                                    
                                Indonesian Journal of Forestry Research

                            

                                                    
                                Journal of New Zealand Literature

                            

                                                    
                                NEW ZEALAND JOURNAL OF ARCHAEOLOGY · NEW ZEALAND JOURNAL OF ARCHAEOLOGY ... (1975) evolutionary sequence of Maori art. Keywords NEW ZEALAND, TARANAKI, WOODEN ARTEFACTS, DECORATION,

                            

                                                    
                                New Zealand Forestry Business Outlook February 2020 · 2020-04-08 · New Zealand Forestry Business Outlook ... log prices had peaked at $141/JAS m3 and just 8% expected negative

                            

                                                    
                                New Zealand Journal of Public and International Law · PDF fileNew Zealand Journal of Public and International Law NEW ZEALAND JOURNAL OF PUBLIC AND INTERNATIONAL ... Deep Lying Rights

                            

                                                    
                                New Zealand Journal of Forestry Science - scionresearch.com · Breeding Kiwifruit with Novel Peelability and ... fruit with peelable skins such as banana or mandarin, or with edible

                            

                                                    
                                JOURNAL OF THE FORESTRY COMMISSION

                            

                                                    
                                New Zealand Forestry - NZ Forest Owners Association

                            

                                                    
                                Open Journal of Forestry, 2014, 4, 171-289 · Open Journal of Forestry (OJF) Journal Information SUBSCRIPTIONS The Open Journal of Forestry (Online at Scientific Research Publishing,

                            

                                                    
                                Nelv Zealand Journal of Industrial Relations,

                            

                                                    
                                ESTIMATING TENSILE STRENGTH IN PINUS RADIATA STRUCTURAL … … · 70 New Zealand Journal of Forestry Science 32(1) New Zealand Journal of Forestry Science 32(1): 70–85 (2002) ESTIMATING

                            

                                                    
                                Rotorua, Asia-Pacific New Zealand, Forestry …Forestry Commission (APFC) was held in Rotorua, New Zealand, from 5 to 8 November 2013. Delegates from 28 member countries and 2 United

                            

                                                    
                                GHANA JOURNAL OF FORESTRY - CSIR-FORIG · The Ghana Journal of Forestry (ISSN 0855-1707) is published by CSIR-Forestry Research Institute of Ghana. The Journal publishes scientific

                            

                                                    
                                FORESTRY ASSOCIATION Fix SC’s Forestry Journal bimonthly 2016 JAN FEB... · Forestry Association’s 49th Annual Meeting Hyatt Regency on Main Street Greenville, SC ... Forestry

                            

                                                    
                                NEW ZEALAND · new zealand journal of sports medicine - 3 nZ JournAL oF SPorTS MEDiCinE instructions to Authors GEnErAL The New Zealand Journal of Sports Medicine is the official

                            

                                                    
                                new zealand - un.org · 2 Key Contacts Senior Forestry Official in New Zealand Name: Mr Murray Sherwin Title: Director General, Ministry of Agriculture and Forestry

                            

                                                    
                                New ZealaNd JourNal of PhysiotheraPy - PNZ

                            

                        
                    

                                    

            

        

    

















    
        
            
                	About us
	Contact us
	Term
	DMCA
	Privacy Policy



                	English
	Français
	Español
	Deutsch


            

        

        
            
                Copyright © 2022 VDOCUMENTS

            

                    

    








    


