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Executive Summary 
LLS has engaged DPI to design and implement an R&D project that will help address policy, 
planning needs and information gaps relating to private native forestry. The project seeks to 
extrapolate forest attribute and canopy change models to the broader private native forest 
estate using field plots, LiDAR, Sentinel and Landsat satellite imagery. The assessment of 
inventory measures such as biomass, basal area, stumps and stags, coarse woody debris, 
standing timber etc are measured with field plots, which are then used to calibrate the 
models using the remote sensing data.  The document outlines the sampling strategy used 
for this study.  Sampling strategy for any program must consider sampling design, sample 
size estimations and estimation methods both for the estimates and the variances.   
 
The sampling strategy implemented has the following main elements:  

• Stratification of the population by size of the property and date PNF plan were 
authorised, with varying sampling intensity among strata, so that each stratum is 
adequately sampled for statistical reliability  

• For each property selected in the sample, LiDAR data is captured using transects.  
Within a subset of properties, ground-based plot are selected, where a range of 
forest structure, composition and inventory measurements are collected.  The 
plot-based system is complemented by remotely sensed data such as 
Landsat/Sentinel. 

• A network of sampling plots across northern NSW. 

• Estimation of attributes using design based, model based or hybrid approaches. 
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Introduction 
LLS has engaged DPI to design and implement an R&D project that will help address policy, 
planning needs and information gaps relating to private native forestry. The project seeks to 
extrapolate forest attribute and canopy change models to the broader private native forest 
estate using field plots, LiDAR, Sentinel and Landsat satellite imagery. The assessment of 
inventory measures such as biomass, basal area, stumps and stags, coarse woody debris, 
standing timber etc are measured with field plots, which are then used to calibrate the 
models using the remote sensing data. 
 
Assessing all properties belonging to the target population is generally too costly, which is 
why sampling techniques are used select representative samples instead. The general 
principle of sampling is to select a subset from a population and draw inferences from the 
sample for the entire population. The selection of the most appropriate sampling design is 
subject to several considerations, respondent burden cost and safety are some of them.  To 
ensure the validity and reliability of the estimates, the sample selected should be 
representative of the population.  A non-representative sample will lead to inaccurate and 
misleading estimates – a situation which will be unknown as the true estimate of the whole 
population is unknown.  The best way to avoid a biased result is by using scientifically 
rigorous rules to pick up a representative sample and minimising errors in measuring each 
sample. “Design-unbiasedness” and “sampling precision” are often used to summarize the 
characteristics of a good statistical sampling design (Dumais and Gough 2012). Sampling 
strategies developed for this study ensure that: (1) probability sampling design; this ensures 
that both the design based and model based approaches could be used for estimation; (2) 
given the cost consideration, population estimates are close to what a complete census 
would have given and precise enough for the intended purposes; (3) the data could be used 
for the model based inference using LiDAR and satellite data; (4) variance estimation can be 
done; and (5) the sample is spatially well distributed. 
 
The sampling strategy implemented has the following main elements:  

• Stratification of the population by size of the property and date PNF plan was 
authorised, with varying sampling intensity among strata, so that each stratum is 
adequately sampled for statistical reliability  

• For each property selected in the sample, LiDAR data is captured using transects.  
Within a subset of properties, ground-based plot are selected, where a range of 
forest structure, composition and inventory measurements are collected.  The 
plot-based system is complemented by remotely sensed data such as 
Landsat/Sentinel. 

• A network of sampling plots across northern NSW. 
• Estimation of attributes using design based and model based. 
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Sampling Design 
The project is focused on the region covered by the PNF Code of Practice for Northern NSW 
(loosely described as the north coast). This region encompasses ~11M hectares of land and 
~3.4M hectares of private native forest. The project seeks to specifically examine private 
native forests that are being subject to timber harvesting (i.e. those that have a ‘live’ PNF 
Plan) in the Northern Code region where ~ 80% of all PNF activity occurs.  

A three-stage probability sampling design is used to select the properties from the NSW’s 
North Coast area.  In a multi-stage sampling design, the sample units at each stage are sub-
sampled from the sample units selected at the previous stage (Dodge, 2006).  Figure 1 
presents the sampling design.  The three stages used in PNF study design are described 
below: 

 
Figure1: Schematic diagram for the three-stage sampling design used for the PNF R&D 
project. 
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First Stage  

First-stage units are commonly referred to as primary sample units.  As at March 2020, there 
were 3,185 individual properties authorised for timber harvesting in the Northern NSW 
region (Figure2). 480 (15%) of these properties were less than 15 hectares in size. Area of 
<15 ha properties 4,012.6 ha, and total area of 3185 properties is 455,554.2 ha.  These small 
properties were removed from the sample population as they accounted for only 0.9% of the 
authorised forest. This left a sample population of 2,705 properties. A stratified sampling 
design is used at selection of properties at the first stage.  In stratified sampling, the 
population is partitioned into non-overlapping groups, called strata and a sample is selected 
by some design within each stratum. The 2,705 properties were stratified according to their 
size and the date that they were authorised.  There were four size strata: 15-50 ha, 50-200 ha, 
200-500 ha and >500 ha.  The date the plan was approved was the second strata with three 
classes: 2019-2020, 2016-2019 and pre 2016.  So, there are 12 strata, table1 summarises the 
number of properties in each strata.  
 
Stratification generally increases the precision of the population estimates.  The second reason 
for the stratification is the avoidance of bias as there is better representation of the population 
in smaller subpopulations (Cochran, 1977).  Another reason for stratification is to have 
estimates of population parameters for groups within the population, e.g. comparison by size 
or year the plan was approved. A simple random sample is then drawn from each stratum.   
 
The number of samples in each of the strata are selected by using number of properties in 
the strata, area of the properties in the strata and the year the plan was approved.  More 
samples were selected from larger properties with the PNF plan that was recently approved 
as it was hypothesised it is more probable that the properties harvest soon after the plan is 
approved.   
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Figure 2: Map of North Coast NSW Private Native Forest area, all the properties with 
PNF plan on Nov2020 (blue) and the selected properties in the sample (red).  
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Table 1: Summary of the number and area under the properties in the population and 
in the sample 

 
 

Second Stage 

For each of the 256 properties selected in the first stage data from LiDAR transects was 
collected.  The properties in red in figure 2; are the selected properties.  There is no 
apparent clustering of selected properties; they are spatially well distributed.  The transect 
were drawn such that we have the maximum area covered from each of the property, making 
sure that most of the property is covered by LiDAR data. 
 
The airborne capture of LiDAR and orthophotography using a Riegel sensor covers ~750 
metres(m) of land per pass (swath). Properties between 15 and 200 ha in size were flown 
over once generating a 750 metre wide transect (Figure3). Properties 200 -500 ha in size had 
two flight transects that overlapped by ~30% (total width of ~1,275 m).  Large properties 
>500 ha had a minimum of three overlapping transects (total width of ~1,950 m).   
 
The sample area captured by LiDAR and orthophotography represents 10% of the properties 
forests that have a ‘live’ PNF plan within the Northern NSW PNF Code of Practice region (and 
8% of the properties by number).  
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Figure 3: The orientation of LiDAR transects (examples).   
 

Third Stage 

The third stage sampling units are the tertiary units.  The plot level field data for the 
inventory variables was collected at this stage.  A random selection of properties is the ideal 
but as property owners’ consent is needed to collect plot information the plots could only be 
collected from the owners who responded positively for being in the field survey.  Table 2 
presents the distribution of 34 properties which were available for plot sampling.  
 
 
Table 2: The distribution of properties by Year of PNF approval and Size class. 
  LT50 50to200 200to500 GT500 Total 
2019-20 12 2 2 2 18 
2016-2019  2 3 3 8 
LT2016  1 3 4 8 
Total 12 5 8 9 34 

 
 
The spatial distribution of the properties is presented in map below.  The spread of the 
properties spatially is quite good (figure 4) except for the middle region from Kempsey to 
Bellingen where no property is available for survey. 
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Figure 4: Map of North Coast NSW, all the properties with PNF plan on Nov2020 (blue) 
and the selected properties with signed deed (fuscia).  
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All together a sample of 60 plots is to be collected for inventory sampling.  The population is 
commercial forest in PNF properties.  YAG map created was used as strata.  YAGs are yield 
association groups defining forest types.  The plots were placed in the non-exclusion areas of 
the property.  Also, the plots were placed in the area of the property which is covered by the 
LiDAR transect.  The plots that are on the edge of two YAG classes where moved slightly. 
 
The sample sizes for the plots were estimated based on the % of area in each YAG.  YAG 
information was missing from some of the Northern Tableland properties, adjustment of the 
area in these YAGs was done based on the Northern Tableland YAG for the whole of North 
Coast.  Also, Blackbutt, Spotted Gum and Moist Coastal YAGs are very important (Nick 
Cameron, personal communication), so they were given more weight.  A minimum sample 
size of 5 was chosen and 2 for the very small YAG classes such as Swamp Sclerophyll and 
Viney invasive scrub.  So, the column ‘Modified to keep a minimum sample in strata’ is the 
final sample size from each of the YAG strata, giving a total of 60 samples.  The samples are 
to be collected over a period of three years.   
 
Table 3: Proportion of area in commercial, non-commercial forest for all of north coast 
and for properties with PNF plan. 

 
 
A good surrogate for dominant height is the 90th percentile of height (p90) using LiDAR 
data.  The distribution of the dominant height is presented below for the commercial forest 
in PNF properties. The dominant height of the selected plots for 2,021 sample is presented in 
figure 5.  The histogram is the dominant height for commercial forest of all PNF properties 
and the red dotted lines are the dominant heights of the 2,021 selected plots.  In the plot 
data a good spread of dominant heights is represented. 
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Figure 5: The histogram of dominant height for commercial forest of all PNF properties 
and the red dotted lines are the dominant heights of the 2,021 selected plots. 
 

Estimation methods 

Design Based Inference 

Design-based inference typically assumes a finite population of elements to which one or 
more fixed target quantities are linked. The objective normally is to estimate some fixed 
population parameter, such as the total or the mean of these quantities (Gregoire and 
Valentine 2008). In order to estimate the fixed but unknown parameters a probability 
sample is selected from the population according to some appropriate sampling design, 
which assigns positive inclusion probabilities to each element. Mathematical formulas 
(estimators) are used for estimating the parameters based on the sample data. 

Estimation at LiDAR transects level  

N is the total number of properties in the population (2,705)  

Nh Number of properties in each stratum ΣNh = N, h is for strata varying from 1 to L strata 

n is the number of properties selected in the sample  

nh is the sampled properties from each strata Σnh = n  

yhi is the variable of interest for the ith unit in the hth stratum  
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Estimation of the mean  

 

Where  

 

where 𝑤𝑤ℎ𝑖𝑖 is  

  

𝐴𝐴ℎ𝑖𝑖𝑖𝑖 is the area of the ith property in the hth stratum, 𝐴𝐴ℎ𝑖𝑖𝑖𝑖 is the area under LiDAR transect of 
the ith property in the hth stratum.  
 
𝑤𝑤ℎ𝑖𝑖 is the inverse of fraction of the property covered by LiDAR transect. 
 
Variance of the mean 

 
 
 
As all the samples are drawn independently in the different strata all covariance terms are 0. 
So, the variance of 𝑦𝑦 � is 
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Cochran (1977) outlines the formula for the variance for the strata mean when sample in 

each stratum is selected at random 

 
 
The formula for 95% confidence interval is  

 
 

Estimates of population totals 𝑁𝑁𝑦𝑦� and the variance of the total is 𝑁𝑁2𝑉𝑉(𝑦𝑦�). 

Resampling Approaches for Variance Estimation  

For complex sample data, sampling variance could be estimated using replication techniques 
such as Balanced Repeated Replication (BRR), Jackknife Repeated Replication (JRR) and the 
Bootstrap methods. In each of these methods, multiple replicates (also called subsamples) 
are drawn repeatedly from a full sample according to a specific resampling scheme. The 
original weights for each replicate are then modified for the primary stage units to create 
replicate weights. The statistics of interest are estimated by using the replicate weights for 
each replicate. Variability among the estimates derived from these replicates is an estimate 
of the variance. Let y be the value of our statistic as calculated from the full sample; let yi(i= 
1,...,n) be the corresponding statistics calculated for replicates samples (n is the number of 
replicate samples). The estimate for the sampling variance of the statistic is the average of (yi 
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− y)2. Wolter (1985) and Lohr (2010) outline the necessary computational formulas for BRR. 
Variance formulas for the delete-1, jackknife method is given by Shao and Tu(1995), Berger, 
(2007) and Cambell(1980). 
 
With improvements in computational flexibility and speed, jackknife and bootstrap methods 
for sampling error estimation and inference have become more common (Rao and Wu, 
1988). These methods provide unbiased estimates of the sampling error arising from 
complex sample selection procedures. The estimates capture the effects of stratification, 
clustering, and unequal probabilities of selection. 

Model-Based Inference 

For Model-based inference, the first step is to formulate a statistical model. Field data using 
plots is still needed for calibration and validation of the model. Auxiliary data that is correlated 
with the variable of interest (biomass, volume, carbon, stems per hectare etc.) is essential for 
the construction of a model. Remote sensing data could be used as auxiliary data. The field 
data is used to develop a model, and that model can then be used to make predictions for the 
whole of the area rather than just estimates of totals or mean values as is estimated by a 
design-based approach. Figure 6 is a diagrammatic representation of the model-based 
approach that can be used for producing inventory variable maps for this study. 
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Figure 6: Hierarchical model representing the steps in model-based estimation for this 
study.  
 
 
Variance estimation for purposes of quantifying precision is often complex and 
computationally intensive, particularly when estimates are obtained from remote sensing-
based maps. In fact, parametric estimators in the form of simple equations may not be 
available or may be very difficult to incorporate into estimation software. An increasingly 
popular alternative is to use resampling estimators such as the jackknife or the bootstrap 
(Efron & Tibshirani, 1994). However, caution is advised, because these resampling estimators 
quantify only the portion of uncertainty resulting from sampling, not the uncertainty resulting 
from model misspecification or lack of fit. In addition, the resampling procedures must mimic 
the original sampling features such as clustering. 
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