
Using the Bootstrap to Compare TwoSampling Designs Used by ForestEcologistsBernhard MaierChristian PfeiferG.U.H. SeeberABSTRACT: Estimates for the average volume of lying dead wood basedon conventional plot sampling and line intersect sampling are comparedby means of appropriately chosen bootstrap procedures. The latter designis much more easy to apply. In this case study we �nd that line inter-sect sampling does not perform considerably poorer than conventional plotsampling, which, however, is found to give rather imprecise estimates.KEYWORDS: Superpopulation Bootstrap.1 IntroductionThis paper is about estimating the average volume per unit area of lyingdead wood.Dead wood is a characteristic structural element and feature of naturaland semi-natural woodlands. In all its various manifestations dependingon degree of decomposition, decay mileu, piece form and size, dead woodprovides a habitat for an enormous number of highly specialized organisms(e.g. macromycetes, beetles). Dead wood has come to be regarded andappreciated as a useful indicator of biodiversity in forests.Nature conservationists and forest ecologists want to increase dead woodquantity in intensively managed forests, they want to maximize the qualityof dead wood and at the same time ensure sustainable dead wood man-agement of the entire forest area. It might be di�cult to reconcile thesedemands with classical forest management objectives such as yield produc-tion, forest protection against pests and the owner's obligation to ensuresafe tra�c conditions.In order to assess habitat quality for a great variety of saproxylic speciesas well as hemeroby, i.e. the proximity of a forest ecosystem to its pristine



Sampling Designs in Forest Ecology 2state, forest ecologists need to describe dead wood in a quantitative and aqualitative way. Allocating dead wood to di�erent quality classes such asdecay classes and agreeing on certain criteria and standards should facili-tate comparison between forests. Furthermore it would help to establish acommon ground for forest managers and nature conservationists.For conventional plot sampling coordinates of a starting point and an angleare selected at random on a map of the study area. From the starting point arectangular transect is drawn in direction of the angle. Within the transectmiddle diameter di and length li of each piece of dead wood are recorded.For pieces which extend beyond the boundaries only that portion withinthe transect are to be taken into account. The volume vi of each item isapproximated by treating it as if it were a cylinder, i.e. vi = li �� �d2i =4. Anestimate for the average volume is obtained by dividing the sum of volumesof all pieces recorded by the total area covered by transects, i.e. in obviousnotation, bV = 1A0 � tXj=1 niXi=1 vi: (1)Besides conventional plot sampling, line intersect sampling (LIS) can beused for the assessment of lying dead wood. LIS has been developed andtested as a quick method to estimate the amount of slash left on a site afterlogging or the amount of fuel wood that is present on the forest 
oor inan actively growing stand. As above, coordinates of a starting point andan angle are selected at random. From the starting point a line of �xedlength is drawn in direction of the angle. For each piece of lying dead woodcrossing the line its diameter at line intersection ei, say, is recorded. WithL being the total length of sample lines and n the total number of piecesof dead wood crossing lines, ~V = �28L � nXi=1 e2i (2)is calculated as an estimator for the average volume. For a more detailleddescription see Van Wagner (1968) or Pielou (1985). Kaiser (1983) providesa discussion of the closely related line-intercept sampling.2 Case Study: Great Monk WoodThe study area `Great Monk Wood' covers 43 hectares of semi-naturalwoodland and is part of Epping Forest (51� 40' N, 0� 4' E, about 20 kmnortheast of London St. Paul's), which has been managed by the Corpo-ration of London since 1978. Great Monk Wood is a structure-rich beechdominated forest with numerous pollards, which testify to its ancient wood-pasture management. The storms of 1987 and 1990 tore some gaps into
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Epping Forest Data
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FIGURE 1. Volume per unit area estimated by conventional plot sampling (CAS)and by line intersect sampling (LIS) for each of 36 transects.the stand texture, in which dense birch- and beech-regeneration has beenthriving for the last few years. Since 1960 this area has been untouched byforestry activities and only recently Great Monk Wood was proposed as aminimum intervention area.In this study the rectangular transect for conventional plot sampling cov-ered 100 m2 and was 25 m long and 2 m wide on each side of the transectline. With the rectangular sample plot diameter and length of each deadwood piece thicker than 5 cm middle diameter and longer than 0.5 m wererecorded. All piece volume totals were multiplied by 100 to give hectareequivalence.36 rectangular plot with a total of 829 pieces of dead wood were sampled.256 line intersections were recorded. Average volume is estimated as 89.79(standard error 15.52) by conventional plot sampling and as 95.28 (standarderror 18.40) by line intersect sampling.
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FIGURE 2. Great Monk Wood. Histograms for average volume of lying deadwood estimated by conventional plot sampling and by line intersect sampling,respectively, under resampling transect plots according to procedure I.3 Bootstrap ProceduresBoth sampling designs and their associated estimators are assessed andcompared by boostrap procedures. Bootstrapping has become a populartechnique in biology (see, e.g., Manly, 1997), it has also been found use-ful in forestry (see, e.g., Schreuder, Gregoire and Wood, 1993). However,it seems that no procedure adapted for the situation at hand has beenproposed in the literature. Modifying suggestions by Presnell and Booth(1994) and Davison and Hinkley (1997) made for the case of sampling �nitepopulations we suggest algorithms with the following general structure:Each iteration of the resampling procedures consists of two sub-steps:1. generate a replicate population of the same size as theactual universe, and2. generate a bootstrap sample of the same size as the actualsample from the replicate population, following as closelyas possible the original sampling design.We consider three variations of the procedure:
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FIGURE 3. Great Monk Wood. Histograms for average volume of lying deadwood estimated by conventional plot sampling and by line intersect sampling,respectively, under resampling pieces of lying dead wood according to procedureII.Procedure I: Substep 1: Sample with replacement from the set of rectangu-lar plots in the actual sample until the area of resampled plots equalsthe total study area.Substep 2: Sample without replacement as many transect plots orlines as have been in the actual sample. For each bootstrap samplecalculate bV � and ~V � according to (1) and (2), respectively.Procedure II: Substep 1: Sample with replacement from the set of ract-angular plots in the actual sample until the area of resampled plotsequals the total study area.Substep 2: Sample without replacement as many transect plots ashave been in the actual sample. Use these resampled rectangular plotsto calculate bV �.Take each piece of dead wood in one of the resampled plots and`throw' it randomly into a large rectangle of the same width as therectangular plots and length equal to the total length of rectangularplots. To be more precise: The midpoint of each piece of dead woodis randomly assigned a coordinate in the large rectangle as well as anangle. Then it is determined whether the piece entirely lies within theboundaries of the rectangle. If not, it will be assigned new coordinates
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FIGURE 4. Great Monk Wood. Histograms for average volume of lying deadwood estimated by conventional plot sampling and by line intersect sampling,respectively, under resampling pieces of lying dead wood according to procedureIII. and angle until a position is reached, where the whole piece lies withinthe boundaries. For each piece check whether it intersects the transectline in the middle of the large rectangle. If it does, add it to the setof pieces used to calculate ~V �.This procedure is motivated by the derivation of the solution to thefamous Bu�on's needle problem, which states that the probability fora randomly `thrown' piece if length l intersects a line of length L inan area of size A equals (2 � L � l)=(� � A).Procedure III: Substep 1: Sample bn times with replacement from the set ofpieces of dead wood, where bN is a reasonable estimate for the numberof pieces of dead wood lying in the study ares.Substep 2: Sample without replacement as many pieces of dead woodas found in the original sample. Use these pieces to calculate bV �.Use substep 2 of procedure II to calculate ~V �.



Sampling Designs in Forest Ecology 7bV � ~V �Procedure mean st.dev. mean std.dev.I 90.40 15.30 95.88 17.88II 89.82 15.34 96.74 21.62III 90.03 11.22 96.99 18.94TABLE 1.1. Great Monk Wood. Results for 2000 bootstrap replications usingthe three procedures described in the text.4 DiscussionTable 1.1 summarizes the results for 2000 bootstrap replications using theprocedures described above. No surprise, means and standard deviationsfor conventional plot sampling are close to those found in the sample, asbV is a mean. For procedure III standard deviations seem to be too small {due to the fact of ignoring some sort of clustering in the original samplingdesign.In a simulations study designed to assess line intersect sampling in thespeci�c situation of forest residue of tractor-logged and cable-logged pop-ulations Hazard and Pickford (1986) �nd that the line intersect methodrequires considerable sampling e�orts to satisfy high levels of precision.The Epping Forest data suggest this to be true for natural environmentsas well. Standard errors for LIS are rather high for the actual sample sizeof 36 lines of length 25 m. However, conventional plot sampling does notperform signi�cantly better as regards precision.Table 1.1 provides evidence that the estimator ~V based on line intersectsampling has a positive bias.ReferencesDavison, A., and Hinkley, D. (1997). Bootstrap Methods and Their Appli-cation. Cambridge: Cambridge University Press.De Vries, P.G. (1986). Sampling Theory for Forest Inventory: A Teach-yourself Course. Berlin: Springer.Hazard, J.W., and Pickford, S.G. (1986). Simulation studies on line inter-sect sampling of forest residue, part II. Forest Science 32, 447{470.Kaiser, L. (1983). Unbiased estimation in line-intercept sampling. Biomet-rics 39, 956{976.Manly, B.F.J. (1997). Randomization, Bootstrap, and Monte Carlo Meth-ods in Biology. Second Edition. London: Chapman & Hall.
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