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Abstract

A key requirement of sustainable forest management is accurate, timely, and comprehensive
information on forest resources, which is provided through forest inventories. In Canada, forest
inventories are conventionally undertaken through the delineation and interpretation of forest
stands using aerial photography, supported by data from permanent and temporary sample plots.
In recent years, Airborne Laser Scanning (ALS) data have been shown to provide accurate
estimates of a range of forest structural attributes. As a result, ALS has emerged as an
increasingly common data source for enhanced forest inventory programs. Capture of species
compositional information with ALS, based upon the nature of the data, is less reliable than
structural variables, with species information typically derived from spectral or textural
interpretation of aerial photography or very high spatial resolution digital imagery. Utilizing
national allometric equations for the major species found in British Columbia, Canada, and a
series of individual tree-level simulations, we analyzed (i) how incorrect species identification
can influence individual tree volume prediction; (ii) which of the possible species substitutions
result in higher volume errors; (iii) how the error in height that is typical for photogrammetry-
based and ALS-based forest inventories impacts individual tree volume estimates; and (iv) the
impact of combined errors in both species composition and height on overall individual tree
volume estimates. Our results indicate that species information is important for volume
calculations, and that the use of generic (i.e. all species) or cover-type allometric equations can
lead to large errors in volume estimates. We also found that, even with a 50% error in species
composition (whereby incorrect species-specific equations are substituted), volume estimates

derived from species-specific allometric equations were more accurate than estimates derived



from generic or cover-type equations. Our findings indicate that errors in species composition
have less impact on individual tree volume estimates than errors in height measurement. The
implications of these results are that, with very accurate estimates of height provided by ALS and
knowledge of what dominant species is expected in a stand, accurate estimates of volume can be

generated in the absence of more detailed species composition information.



1. Introduction

In Canada, the acquisition of information to support the sustainable management of forest
resources is challenging given the large forest area and limited accessibility (Wulder et al.,
2007). In the actively managed forests of southern Canada, forest companies and the provincial
governments undertake forest inventory programs to obtain information on the current state of
the forest with respect to its species composition, volume, age, health, and growth as well as
other non-forest timber values such as habitat quality or soil and water characteristics.
Historically, forest inventories were primarily designed to capture variations in forest structure
and composition to serve timber harvesting objectives. Over the past two decades there has been
a significant shift with forest inventories starting to serve multiple resource management

objectives (Tomppo et al., 2010).

Aerial photographic interpretation (API) is used to delineate homogeneous units of forest
resources (based on species composition, height, and stocking) followed by attribution utilizing
digital photogrammetric tools (Morgan et al., 2010). Ground inventory plots are then installed to
accurately capture a variety of tree and stand characteristics including species, diameter,
stocking, cover, and height on a subset of trees. From these measurements allometric equations
are used to predict volume and in some cases biomass (Gillis et al., 2005). Although recent
changes from analogue to digital aerial photogrammetry has resulted in increases in
measurement accuracy and processing time, the basic principle of parallax to produce height

measures remains the same.



The accuracy of interpreted variables from aerial photography is found to vary by the attribute of
interest. As a baseline, field measurements of tree height can offer accuracies as great as 1-2%
(Andersen et al., 2006; Wing et al., 2004). The accuracy is lower with measurements performed
using stereophotogrammetry, which relies on the scale and resolution of the photographs, the
precision of the photogrammetric instruments, and the skill of the interpreter. The resolution and
associated pixel size are directly related to scale of the photograph and flying height. For
example, assuming a flying height of 2000 m above the ground and an image overlap of 60%,
the theoretical maximum accuracy of height measurements, defined as the minimal recognized
parallax difference, is 1.08m (Avery, 1977). In addition, the overall accuracy of the height
measurement is based on accurate coordinates of the top of the tree and the base of the stem. As
the ground is often not visible through the canopy, the closest ground elevation is considered as
the stem base which can translate into significantly higher measurement error in height than the

theoretical minimum (St-Onge and Jumelet, 2004).

Stem volume of a single tree, derived from aerial photography is typically determined using
models based on species, tree height and, in some cases, crown area (Spencer and Hall, 1988),
and errors in any of these measurements directly impact model estimation. Eid and Naesset
(1998) determined the accuracy of volume models derived from aerial photographic techniques
and found volume was underestimated by 4-38%, with the average standard deviations of the
differences ranging between 13-33%. The authors combined their results with other studies and
noted that the bias in volume estimation can be extreme, ranging from -50 to 60%. A similar

study reported accuracy of stem volume predictions of 46%, although in this case the applied



methods were based on image extracted features, not the height measurements themselves

(Hyyppé and Hyyppa, 2001).

Interpretation of species composition from aerial imagery relies on additional features within the
image, such as radiometric properties (tone, color), size, shape, texture, pattern, shadow and
context. These features are used to delineate homogeneous areas on stereopairs and allow a
trained interpreter to combine them and differentiate between tree species (Morgan et al., 2010).
Species estimation from aerial photography is also impacted by error (Congalton and Mead,
1983). Accuracy depends not only on the scale, resolution, film and sensor type (black and
white, colour, near infrared) but also on optical viewing conditions (such as presence of cloud,
haze or smoke) and the skill and local knowledge of the interpreter. The studies that have
investigated this topic have found that expert opinion, training, and inherent geographic biases
play a role in species estimation with accuracy more appropriately specified as a range of error
values rather than a single number (Deegan and Befort, 1990; Leckie and Gillis, 1995;
Thompson et al., 2007). Moreover, the accuracy is also impacted by the species composition,
with errors being lower for conifer than deciduous stands, single- or two species stands versus
mixed stands, and older versus younger stands (Boan et al., 2013). Accuracy is also impacted by
stress, crown form variations and lighting conditions (Ciesla, 1990). Across all of these studies

the range of accuracy of species determination falls between 15-60%.

Airborne Laser Scanning (ALS) is increasingly becoming a data source for forest inventory and
industrial forest management activities worldwide (Wulder et al., 2013). This active remote

sensing technology acquires three dimensional points clouds using LiDAR (Light Detection And



Ranging) measurements captured from an aircraft. A GPS receiver is utilized to precisely
determine the position of the aircraft and is coupled with additional equipment to allow for
tracking of the pointing of the aircraft and recording the position on the ground of each received
laser pulse. Most ALS systems are capable of recording more than one return from each pulse of
laser energy, which is especially valuable in forested environments resulting in a greater number
of points under the canopy (Baltsavias, 1999a; Wehr and Lohr, 1999). Typical attributes
associated with each of the geolocated points from the ALS point cloud include information
about return number, flightline, and scan angle. Additional information on the intensity of the
LiDAR backscatter is also recorded, however this value is often not calibrated to any known
standard, and is dependent on a number of additional factors such pulse strength and footprint

size (Hofle and Pfeifer, 2007; Kaasalainen et al., 2009).

Most notable from the outcomes of using point clouds acquired with airborne laser scanning
technology for forest monitoring are the accurate measurements of tree height, stand biomass and
volume estimates (Hilker et al., 2008; Hyyppa et al., 2008; Lefsky et al., 2002b; Zhao et al.,
2009). Studies have shown that tree height estimation from ALS can exceed both field-based and
aerial-derived estimates, providing reliable values for both single tree and plot level
measurements with errors typically lower than 1.5 m and R? values higher than 0.8 (van
Leeuwen and Nieuwenhuis, 2010). It has also been demonstrated that accurate estimates of stand
biomass can be derived from ALS-based metrics using a variety of methods including height

percentiles, canopy cover, or voxel based approaches (Hollaus et al., 2007; Lefsky et al., 2002a).



ALS-based forest inventories can be divided into two major groups — area-based and individual
tree-based approaches (Reutebuch et al., 2005; Wulder et al., 2008). In the area-based approach,
forest inventory variables, derived from sample plots, are modelled as a function of LiDAR point
cloud distributions. To do so, the reference data collected on these plots is related to various
descriptive statistics of the point cloud that corresponds to the spatial extent of the plot. Models
are applied across the entire area of interest in order to create estimates of specific forest

attributes (White et al., 2013a).

In the individual tree detection (ITD) approach the canopy height model is used to detect the tree
crown polygons and then single tree attributes are estimated with various ALS features derived
for each detected polygon (Hyyppéa and Inkinen, 1999; Persson et al., 2002; Kaartinen et al.,
2012;). Although this approach requires dense point clouds (Wulder et al., 2008), it allows to
precisely map individual tree attributes, including height, crown diameter, biomass (Falkowski et

al., 2006; Popescu, 2007; Kankare et al., 2013).

When compared to conventional photogrammetric approaches ALS point clouds offer a higher
capacity for consistency and automation (Baltsavias, 1999b) as well as improved tree height
measurement accuracy (Holopainen and Talvitie, 2004). However, the lack of spectral
information in the point clouds can be problematic with respect to routine tree species
identification. Therefore any classification process to determine tree species that is based on ALS
data alone, is more complex than when using spectral data derived from aerial or satellite
imagery (Kim et al., 2011; @rka et al., 2009; Suratno et al., 2009). This issue has been previously

addressed through the fusion of ALS point clouds with optical imagery (Holmgren et al., 2008),



through the use of very dense point clouds or full waveform LIDAR datasets, which allow inter-
crown patterns to be more easily distinguished (Heinzel and Koch, 2011). These approaches
provide an option for obtaining species information from ALS, recognising there are increases in
costs associated with additional ground and airborne data and increased processing needs.
Moreover, in many cases, these studies are limited to distinguishing between conifer and

deciduous species only (Drka et al., 2009).

The accuracy of ITD based forest inventory depends principally on the detection rate of the trees,
when compared to error in DBH and height (Vastaranta et al., 2011). Tree detection accuracy has
been reported in various studies to range between 70-90% (Holmgren, 2004; Liang and
Matikainen, 2007; Persson et al., 2002), and up to 96% when point clouds are combined with
multi-spectral images (Holmgren et al., 2008). Vastaranta et al. (2011) demonstrated detecting
65% of trees results in an error of total volume of 27% and reported that the error in DBH
prediction has an effect in volume accuracy of single tree between 5-10%, with minor effect of

tree height inaccuracies.

Individual tree volume estimation can be derived from height and DBH allometric relationships
which can also incorporate crown diameter (Hall et al., 1989; Kalliovirta and Tokola, 2005;
Popescu, 2007) or statistical techniques such as Random Forests (Yu et al., 2011) or k-Most
Similar Neighbor (k-MSN) (Vauhkonen et al., 2010). However, it is known that these single tree
biomass or volume models are highly species dependent and often only locally applicable
resulting in regional and national models also being developed for forest inventories (Jenkins et

al., 2003; Zianis et al., 2005).



Our objective in this research is to investigate the impact of incorrect species information and
height measurement errors on individual tree volume estimates. To do so we implement a
simulation approach using summary data from a large number of forest inventory plots within
British Columbia, Canada, covering a wide range of species composition, age, and site classes.
Using our approach we undertake four sets of analysis. We first assess the impact of not having a
species-specific stem volume model on volume prediction by applying generic and cover-type
allometric equations. We then assess the impact of species substitution on the single tree volume
estimates based on most likely species compositions; and then demonstrate the impact of height
error on single tree volume prediction by species. Lastly, we examine the impact of traditional
inventory height errors on single tree volume estimates compared to ALS-derived estimates. We
conclude with some recommendations on the use of ALS for single tree volume prediction in

mixed species stands.

2. Methods

2.1 Study area

In order to ensure the analysis was undertaken on a representative set of stand conditions that
cover a range of species compositions, age, and site index, we aggregated province-wide plot
data into three key bioclimatic zones. Across British Columbia, the Biogeoclimatic Ecosystem
Classification (BEC) system is a well-established and useful ecosystem-based classification
based upon gradients in climate, soil fertility, and availability of water (Meidinger and Pojar,
1991). We selected three BEC zones across British Columbia (BC) representing a range of forest

conditions (Figure 1): the Boreal White and Black Spruce (BWBS), the Coastal Western
10



Hemlock (CWH), and the Interior Cedar Hemlock (ICH). The BWBS zone is located in the
northeast of BC, occurring in lowlands or valleys ranging in elevation from 230-1300 m. The
climate in this zone can be characterized by short growing seasons and very cold winters, with an
annual mean temperature not exceeding 2°C and annual precipitation averages between 330-570
mm. The forests are mainly composed of white and black spruce, lodgepole pine, trembling
aspen, balsam poplar, tamarack, subalpine fir and paper birch. The CWH, located along the
entire British Columbia coast, typically occurs at low and middle elevations (up to ~1000 m),
and also covers the majority of Vancouver Island and Haida Gwaii. This highly productive zone
is the wettest in BC, with an annual precipitation of 2228 mm and a mean annual temperature of
8°C. Western hemlock is the most common species with stands also comprising Douglas-fir,
western redcedar, amabilis fir, Sitka spruce, among others. The ICH zone occurs in two major
locations in British Columbia, one at the south-east occupying lower slopes of the Columbia
Mountains and the second, east of the Coast Mountains, with a similar elevation range as CWH.
The zone is characterized by a continental climate with cool wet winters and dry summers with
mean annual temperature between 2-8.7° C and precipitation ranging from 500-1200 mm. This

zone has the highest degree of tree diversity of all the BEC zones in the province (Table 1).

Stand exemplars were developed from forest inventory measurements for permanent sample plot
data provided by the BC Ministry of Forests, Lands, and Natural Resource Operations (2007).
The sample represents natural stands regenerating from harvest or natural disturbance. Plot
measurements were taken periodically between 1950 and 2002. The median area of the plots was
538 m? targeting a census of 90 trees. The terms "age class 50" and "age class 100" refer to

subsamples with a stand age within the 45-55 and 95-105 year intervals, respectively. The third
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age class consisted of all plots with a stand age that exceeded 200 years. Diameter at breast
height was measured for all trees within each plot. Heights were measured for a subsample of
trees within each plot and relationships between height and diameter were used to model heights
for the remaining trees in the plot. All available inventory plots within each of the three BEC
zones were aggregated and the average age, diameter at breast height (DBH), height, species
composition, and stocking density were summarized (Table 2). To simplify the analyses, species
composition within each BEC zone was limited to those species which occupied more than 5%

of the BEC zone, by tree count.

2.2. Inventory measurement accuracies

We undertook a literature review to summarize typical accuracies associated with species
composition and height estimation from field measurements, aerial photography and ALS (Table
3). Given the need to confirm the quality of measurements from a new technology and the digital
nature of the approach, accuracy statistics are more commonly reported for ALS than
conventional estimates derived from air photo interpretation. Accuracy statistics for forest
inventory data are often not reported, with the specified target accuracy indicated, rather than
quantitative analysis from a systematic assessment. Based on this review, we assessed typical
accuracies for species composition from aerial photography as ranging between 30 and 60%. We
assessed accuracies for photogrammetric estimates of tree height at a 20% RMSE, and accuracies

for ALS-based estimates of individual tree height at 3.46% + 2.04%.

2.3 Simulation methodologies
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To investigate the impact of species composition and height measurement errors on individual
tree volume estimates, we conducted a series of simulations to characterize the differences
between reference tree volume estimates, and tree volume estimates modified using various error
scenarios. To enable the simulations, for each of the BEC zones using the inventory plot
characteristics summarized in Table 2, we defined eight stand exemplars (three age classes by
three BEC zones, minus the oldest BWBS zone due to lack of plots within that stratum). Each
stand exemplar was populated with the species composition from that BEC zone/age stratum and
the mean and variance matching the actual inventory plot summaries. Tree DBH was assigned
using a truncated normal distribution in order to ensure DBH predictions were greater than the
measured minimum of 4 cm. Height was estimated for each tree based on previous published
species specific DBH-height models (Hanus et al., 1999; Huang and Titus, 1992; Huang, 1999).
If DBH-height models were not available for BC we utilised equations for the nearest
jurisdiction (province or US state). To estimate volume of each tree we applied the biomass
allometric equations by Ung et al. (2008) which were produced for each province in Canada
(updated from Lambert et al. (2005)). These national allometric equations include equations for
the 14 most common tree species in Canada and can be utilized to calculate foliage, branch, stem
bark, stem wood, or total tree biomass using either DBH or a combination of DBH and height
measurements. The equation coefficients were determined by Ung et al. (2008) using 9209
sample tree measurements (573 of those trees were located in BC). Moreover, for cases where
the species is not known, Ung et al. (2008) provide a generalized equation for all species, as well
as separate equations for hardwood and softwood species. All of the equations have two different

forms; one using only DBH, and one using a combination of DBH and height:
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- for DBH only: y = ,DP2 + e (same coefficients as below);

- for DBH and height: y = g, DP2HPs + e

where y — biomass [kg]; D — tree DBH [cm]; H — tree height [m]; f1...5n — equation coefficients;

e —error [Kg].

After calculating biomass, tree volume was calculated by multiplying tree biomass with tree
density (Gonzalez, 1990). All results reported in this paper are for tree volume. For each of the
eight stand exemplars, we generated six different reference volume estimates. We recognise that
these reference volume estimates are themselves not 100% accurate and will be subject to errors
in allometry and tree density estimation; however, for the purpose of this study, the reference
estimates, which were generated according to standard practices, provide a baseline for

comparison against which other scenarios can be assessed.
The six reference volume estimates are as follows:

1. Volume calculated using a generic (all species) equation (denoted as generic; DBH as
predictor);

2. Volume calculated using a generic (all species) equation (denoted as generic; DBH and
height as predictors);

3. Volume calculated using a cover-type (softwood , hardwood) equation (denoted as cover
type; DBH as predictor);

4. Volume calculated using a cover-type (softwood , hardwood) equation (denoted as cover

type; DBH and height as predictors);

14



5. Volume calculated using a species-specific equation (denoted as reference volume; DBH
as predictor).
6. Volume calculated using a species-specific equation (denoted as reference volume; DBH

and height as predictors).

All analyses are performed at the individual tree level and then summarized for each of the stand
exemplars. To assess differences between the volume estimates, individual tree volumes were
compared and subtracted as per Equation 1:

Ay =220 1009 (Eq. 1)
yref

where: Ay — relative difference between two volume values [%]; yrer — reference volume based on

either DBH or DBH and height; y — calculated volume based on either DBH or DBH and height.

Following 100 repetitions, the mean and standard deviation of differences between the reference
and simulated volumes were summarized for each stand exemplar. The data was log-transformed
to ensure symmetry in the distribution around the median and the Wilcoxon signed-rank test was
then applied to test the null hypothesis that the median difference between the reference and the

simulated individual tree volumes, within each stands exemplar, was zero.
Four separate analyses were undertaken and are explained below:
1. Error in species composition:

To assess the impact of incorrect species identification on individual tree volume prediction,

we randomly assigned species to individual trees for either 5%, 10%, 20%, 30%, 40%, and

15



50% of the total tree number in the stand exemplar. To ensure this species error was
realistic, we limited species substitutions to a list of species found within the BEC zone
(Table 2). Differences between reference (without modified species) and simulated
individual tree volumes (with modified species) were assessed using the Wilcoxon signed-

rank test, as described above.

2. Error in volume between species (next most likely species):

Within each of the three BEC zones, we assessed the impact of applying volume equations
designed for all other species found within the zone. Individual tree volume (that is, the
reference volume) was calculated for a range of DBH values (4 to 70 cm) using DBH only
and DBH and height (Ung et al. 2008) species-specific equations. This reference volume
was then compared to the individual tree volume values calculated with species substitution.
Relative differences between the volumes were calculated for each species combination and

evaluated using the Wilcoxon signed-rank test.

3. Impact of height error on volume by species:

To assess the impact of measurement error on height and the subsequent estimation of
volume, a third set of simulations were performed. Reference individual tree volume values
were calculated for 1000 trees by generating individual tree DBH and height with DBH-
height curve. The reference height values were then altered to incorporate increasingly
larger random errors (0.25 — 5.0 m at 0.25 m increment, random normal distribution with

mean = 0). To calculate volume values resulting from that error, DBH values were modified

16



proportionally according to the error introduced for the tree heights. Finally, individual tree

volume values were compared to the reference volumes.

4. Impact of API-based inventory error on volume compared to ALS derived estimate.

To assess how these errors impact the overall error budget, we undertook a final set of
simulations where we modelled differences in individual tree volume incorporating the
range of errors typical for both conventional and ALS-based inventory. For this final
simulation, ALS estimates of individual tree volume were made using randomly assigned
species that occurred within the BEC zone, on the assumption that ALS was unable to
provide a reliable species estimate. Additionally, error in individual tree height was
introduced, set to a mean =-3.46% and SD = 2.04% (after Andersen et al. 2006; Table 3).
Individual tree volume based on conventional inventory approaches (photogrammetry) was
prepared in a slightly different manner and had three different variants: (i) error in species
equal to 50%, resulting in 50% of trees having randomly assigned species occurring within
the BEC zone and no height error; (ii) no error in species, however an error in height of
RMSE = 20% (after Holopainen & Talvitie 2004)) and (iii) error in species equal to 50%
and error in height. All 4 sets of simulations were compared to the reference individual tree
volumes, differences calculated and Wilcoxon statistical test performed (with logarithmic

transformation of the variables).

All simulations were performed in R software (R Core Team, 2013). Unless otherwise indicated,

simulations were performed using 100 repetitions for each of the eight stand exemplars.
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3. Results

3.1 Error in species composition

Table 4 summarizes the effect of different types of allometric equations on individual tree-based
volume estimates for each stand exemplar. We used species-specific allometric equations as a
reference and compared the results to those obtained using generic or cover-type equations. The
effect of errors in species composition is also calculated based on DBH-only or DBH-height
equations. For the BWBS stand exemplars at 50 years (BWBS50), the cover-type and generic
allometric equations resulted in a 7.8% and 12.9% increase in average volume relative to the
reference volume estimate. By comparison, if 50% of the trees within the simulated stand
exemplar were randomly assigned to another species and their volume recalculated, the mean
difference in individual tree-based volume was on average only 4.2% greater than the reference,
and less than one third of the generic case. This trend occurs across all BEC zones and all age
classes, with the generic and cover-type equations always resulting in greater differences when
compared to the reference volume than when an error in species is introduced. For almost all
stand exemplars, the results of Wilcoxon tests indicate that the median difference between the
reference and modified individual tree-based volumes is not zero (0=0.05). The largest error in
volume introduced by randomly assigning species was 29.7% for BWBS100 using 50% species
error and the combined DBH-height equation. The largest generic error was 64% for ICH100
(DBH only). There were no clear trends in the differences between the two groups of equations
(DBH only, DBH and height), although differences exceeding 50% from the reference estimate

were more frequent for DBH modelled volume. The other marked trend is that while the generic
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and cover-type equations commonly result in an overestimation of volume, the introduction of

species error frequently results in an underestimation of volume.

3.2 Error in volume between species

Simulation results for differences in individual tree volume for pure, single species, stand
exemplars associated with varying species composition show that volume can vary markedly
(Figure 2 for a subset of BEC zones and species). Consider the example where the lodgepole
pine (PL) equation is substituted for the Douglas-fir (FD) equation, resulting in average
overestimation of individual tree volume by more than 50% (for DBH-only equations).
Substituting western hemlock (HW) with Douglas-fir (FD) results in underestimation of about
20% for both the DBH-only and DBH-height equations. In some cases, such as between amabilis
fir (BA) and western redcedar (CW), the difference is lower, not exceeding 5% (for DBH-height
equation type). Also of note is that the same species substitution does not produce the same
response in the DBH-only and DBH-height equations: in some cases the differences in individual
tree volume are similar between both equation types (e.g., FD and HW) and in some cases they

are quite different (e.g., PL and HW).

A summary of these species substitution results is shown in Figure 3 for both DBH-only and
DBH-height equation types. The Wilcoxon test indicated that in almost all species combinations,
the median difference between the reference volume estimate and the simulated volume estimate
was not zero (0=0.05). In 20 cases (8 in DBH-only and 12 in DBH-height equations) species
substitutions resulted in both the mean and standard deviation of the volume differences being
less than 5%, and in 70 cases (38 and 32 for DBH-only and DBH-height equations, respectively)

the mean individual tree-based volume difference values did not exceed 10%. This provides an
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indication of those species combinations will result in lower volume error and which species are
highly problematic when confused. Figure 3 indicates that for DBH-only, subalpine fir (BL) is
found to be the most universal species (least error prone), although species such as balsam poplar
(AC), trembling aspen (AT), Engelmann spruce (SE), or white spruce (SW) also result in low
errors. For DBH-height equations, strong agreement between Douglas-fir (FD) and western
redcedar (CW) is observed, but also white spruce (SW), western larch (LW) and amabilis fir
(BA) do not exceed 10% error when substituted with other species. The figure also shows that
for DBH-height equation types, the substitution between conifer and deciduous species in most

cases leads to differences in volume that are greater than 50%.

3.3 Impact of height error on volume by species

In Figure 4 we show the differences in volume between reference individual tree volumes and
volumes generated with an increasing height error calculated for 1000 trees of each species. As it
can be seen, the mean relative differences in volume are always positive, for all species. For
height errors that are typical for airborne ALS acquisitions (i.e., 3.46% + 2.04%), the relative
differences between the reference individual tree volumes and the simulated individual tree
volumes do not exceed, on average, 2%. White spruce appears to be most sensitive to height
errors, with a difference in volume of 22.6% when computed using a height error of 5 m. In

contrast, volume calculations of amabilis fir are the least impacted by this height error.

3.4 Impact of API-based inventory error on individual tree volume compared to ALS derived
estimates

The final set of simulations compared differences between reference individual tree volumes and

simulated individual tree volumes for stand exemplars with both simulated species and height
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errors (Figure 5). Each BEC zone and age class is represented by a panel; each with four
simulation results. Similar patterns can be observed across all exemplars. First, the mean
differences in individual tree volumes are nearly always positive (i.e., volume is overestimated)
for all API-based inventory simulated errors, whereas for the ALS simulated error, individual
tree volume is typically negative (i.e., volume is underestimated) in the ALS simulated stand
exemplars. The spread of the difference values is much larger for conventional errors (API) than
for the ALS and this trend is consistent across all BEC zone and age class combinations. It is
observed that in some cases while the mean differences of the API simulated individual tree-
based volume is small; the variation observed is much greater. However, the results of the
Wilcoxon test (Table 5) show that only in one case (CWH50) were the reference and simulated
individual tree-based volumes not significantly different. The modification of height and full
randomization of species resulted in statistically different volume distributions for almost all

ALS simulated stand exemplars.

4. Discussion

In this research, we undertook a variety of simulations to better understand and characterize the
impact of species and height errors on the accuracy of individual tree volume estimates. To do so
we generated a number of simulations designed to establish what the difference in individual tree
volume was when a generic or cover-type equation was used, or when there was a given error in
species, compared to reference estimates. Additionally, tree heights were modified with a

random error with the subsequent influence in volume observed. Finally, a comparison of stand
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exemplars representing (i) typical API-based forest inventory accuracy and (ii) typical ALS

accuracy was performed.

The results indicate that there are often large differences in individual tree volumes calculated
using different types of volume equations. Individual tree volume calculated without species
information (i.e., when generic or cover-type equations are used) leads to an overestimation in all
of the BEC zones we analyzed, and in some cases this volume overestimation exceeded 50%.
The overestimation varied in magnitude by age class and BEC zone. Conversely, the relative
differences between reference tree volumes and modified tree volumes with different proportions
of substituted species were much lower. Even in cases where 50% of the trees in the simulated
stand exemplar were assigned the incorrect species, errors were not as great as when individual
tree volumes were calculated using the generic equations. This clearly indicates that it is better to
“take an educated guess” with regards to dominant species in the stand than to rely on the use of

a generic equation.

It can be observed that in some cases, species substitution leads to minimal errors in individual
tree volume estimates, likely resulting from similarities between different tree species in terms of
their size, shape, growth dynamics, or site conditions. Defining cohorts of tree species that yield
similar volume estimates for a given DBH and height, allows proxy species to be identified that

can be used when detailed species information is unavailable.

The height based simulations (Figure 4) always produced an overestimation of individual tree
volume even when random height errors introduced will be less than 0 (recall that error
distribution ranged from 0.25-5.0 m; around 0.0 m mean). This overestimation is an effect of
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non-linear equation used for calculating the individual tree volume. The relative difference
between the reference volume and volume calculated for a taller tree is not equal to a relative
difference between the same reference and a shorter tree. For example, the volume calculated for
a 30 cm thick western hemlock is 0.8023 m2. If the tree's height is increased by 3 m or reduced
by 3 m to simulate error in height measurement, the resulting volumes will be 1.09 m® and 0.56
m?3 respectively. The relative differences in volume (Eq. 1) are not equal: 0.29 m® and -0.23 m?
respectively (36.4% and -23.5%), resulting in mean values of the differences calculated on 1000
trees always being positive. The impact of this finding is that if there are overestimates in height
from ALS data, volume errors will be greater, than if the equivalent height error was
underestimated. For typical ALS height errors of less than 1 m and negative bias, the impact on
stand volume is likely to be unimportant. We acknowledge that as technology improves for
conventional forest inventory approaches, accuracy also increases. Improvements in digital
photogrammetry (such as Semi Global Matching, SGM) can be directly transferred into lower
height errors (White et al., 2013b) when implementing a conventional forest inventory; and in
some cases may result in errors that are very similar to ALS-based approaches. As image quality
improves, species identification becomes easier, although there is a global lack of trained
interpreters (Morgan et al., 2010). Simulation of height errors typical for both API-based
inventories and ALS, demonstrated that smaller error of ALS derived height measurements result
in smaller differences in volume estimates than API based inventories, even if the species is
assigned at random (given an a priori knowledge about species composition based on the BEC
zone). Our analysis represents a variety of productivity, species, and site conditions typical to

British Columbia which showed very similar simulation results. Therefore our general findings
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are thought to be valid for a wide range forest species compositions and sites in North America,
or even worldwide. Similar models that allow for the calculation of tree volume and biomass
exist for Canada and also exist for many other regions such as the USA (Jenkins et al., 2003),
Europe (Zianis et al., 2005) and Australia (Keith et al., 2000). Outside of southern Ontario,
British Columbia represents some of the most complex forest environments in Canada offering
species diversity that is not commonly found nationally. Across much of the Canadian boreal,
species diversity is limited (e.g., dominated by jack pine and black spruce, with regionally
important species such as trembling aspen or balsam poplar). For much of Canada, knowledge of
dominant cover type and expectations of species assemblages can serve to guide regionally

appropriate species determination for equation selection.

For ALS-based forest inventory performed with ITD approach, the outcomes of our study
indicate species-specific equations should be used rather than generic equations because they
result in lower errors in modelled volumes even with large errors in species composition.
However, species occurring within one ecozone tend to have similar allometric equations
contributing to lower errors in volume estimates, and initial knowledge about the possible
species composition is thus required for our conclusion to hold. Taking into account the results
of Vastaranta et al. (2011), we conclude that among all of factors considered to influence volume
prediction accuracy, the tree detection rate remains the most important, followed by error in
DBH measurement, error in height measurement, and error in species composition. It should be
noted that the use of generic allometric equations increases the overall error in volume estimates
more than typical measurement errors that are commonly associated with individual model

inputs.
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It is important to recognise that species information is not only relevant for individual tree
volume calculations, but also may be critically important for biomass estimation, biodiversity
characterization, tracking spread of pests and disease, wood quality assessment, and economic
considerations in support of mill operations and harvest planning. Hence, if ALS estimates of
individual tree volume are more accurate than conventional inventory estimates, even with
incorrect species identification, knowledge of species is still important for other forestry
purposes. Not surprisingly then, reliable species identification from ALS using point clouds is an
active area of research and has shown some promising results. In typical cases however, these
studies are based on extremely dense (Li et al., 2013) or multi-temporal ALS datasets
(Brandtberg, 2007; Kim et al., 2011, 2009). Notable results have also been obtained with full
waveform datasets (Heinzel and Koch, 2011) or when ALS data is integrated with other spatial
datasets, providing spectral information, like satellite or airborne imagery (Holmgren et al.,
2008), or hyperspectral data (Dalponte et al., 2014; Jones et al., 2012). Recent studies by Suratno
et al. (2009) are also a good example of using relatively low density data for classifying conifer
species. Overall classification accuracy for species identification varies from ~60 to ~80%. If
after applying all these additional data collection and processing steps, species remains incorrect
in 20% to 40% of cases (as indicated in studies conducted to date), the costs and effort required
may not be justified. The quality of species estimates will depend on factors such as the number
and possibly how distinctive (spectrally, morphologically) species are in a given location. The
simulations presented in this research may allow some users to decide upon allocation of
appropriate species-specific allometric equations via local knowledge and expectation rather than

via estimation using alternate data sources.
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5. Conclusion

Accurate characterizations of forest structure and composition are required to support sustainable
forest management. The use of ALS as a forest measurement tool results in increased stand
inventory accuracy. However, the lack of multispectral information from ALS point clouds
(among other considerations), limits the capacity to obtain accurate determination of tree species.
In this research we simulated various forest plots using inventory data from British Columbia,
Canada. Using generic, cover-type, and species-specific allometric equations, we verified the
relative importance of accurate measurements of height and information on species composition

for estimating individual tree volume.

Our simulations indicate that the selection of allometric equations is critical for reliable volume
estimates. Accurate tree species identification increased the accuracy of volume calculations over
the use of generic or cover-type (i.e., deciduous/conifer) equations which resulted in higher
volume estimation errors. Moreover, even with a 50% error in species composition, volume
estimates were more accurate than when no species information was used at all (i.e., when
generic equations are used). Overall, accuracy of height measurements was more important for

accurately estimating individual tree volumes than species composition.
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Table 1. List of abundant (**) and common (*) tree species occurring in three chosen BEC zones according to

Meidinger and Pojar, 1991.

o Species  Species occurence in BEC zone

Scientific name Common name
symbol  BWBS  CWH ICH

Abies amabilis amabilis fir BA *
A. grandis grand fir BG *
A. lasiocarpa subalpine fir BL * *
Chamaecyparis nootkatensis yellow-cedar YC *
Larix laricina tamarack LT *
L. occidentalis western larch LW *
Picea engelmannii Engelmann spruce  SE *
P. glauca white spruce SW *
P. mariana black spruce SB *
P. sitchensis Sitka spruce SS *
Pinus contorta lodgepole pine PL * * *
Pseudotsuga menziesii Douglas-fir FD * *
Taxus brevifolia western yew W * *
Thuja plicata western redcedar Cw > >
Tsuga heterophylla western hemlock HW * *
Alnus rubra red alder DR >
Betula neoalaskana Alaska paper birch EXP *
B. papyrifera paper birch EP * *
Populus balsamifera ssp. Balsamifera balsam poplar ACB *
Populus balsamifera ssp. Trichocarpa  black cottonwood ACT * *
P. tremuloides trembling aspen AT * *
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Table 2. Species occurrences for different age classes and biogeoclimatic zone.

age class
50 100 200
Biogeoclimatic zone: BWBS
species % DBH height species% DBH height
mean sd  mean sd meansd  mean sd
PL 060 112 31 128 24 SS 078 197 76 202 54
AT 036 110 37 133 31 SW 016 192 54 182 25
AC 004 128 48 145 6.1 SE 006 274 89 252 6.7
Mean and SD of tree number: 3341+ 2487 Mean and SD of tree number: 1628 + 787
Biogeoclimatic zone: CWH
species % DBH height species % DBH height species% DBH height
mean sd  mean sd meansd  mean sd mean sd  mean sd
HW 049 162 92 172 77 HW 046 225 138 21.3 109 HW 051 411 246 272 115
FD 028 163 102 164 74 FD 027 295 163 24.8 10.0 BA 022 407 241 271 122
cw 011 120 85 106 54 Ccw 018 187 16.0 14.2 85 Cw 021 698 503 29.0 120
SS 006 245 144 210 76 SS 0.06 441 241 299 105 FD 0.06 874 268 466 11.1
BA 006 137 85 129 69 BA 0.04 243 156 199 113

Mean and SD of tree number: 2076 + 1365

Mean and SD of tree number: 1212 + 972 Mean and SD of tree number: 360 £ 117

Biogeoclimatic zone: ICH

o DBH height . 0 DBH height o DBH height

species % species % species%

mean sd  mean sd meansd  mean sd mean sd  mean sd
PL 0.54 136 44 163 34 FD 030 215 110 204 75 CW 044 247 310 122 77
FD 0.16 143 6.1 141 43 cw 029 131 75 109 56 BL 026 119 59 108 5.0
LW 0.5 133 54 158 44 HW 018 139 68 137 6.3 HW  0.21 29.0 205 184 119
AT 0.10 122 36 136 28 PL 016 182 6.0 20.6 45 LW 009 115 20 135 15
HW  0.05 110 51 116 42 LW 007 208 85 232 6.1

Mean and SD of tree number: 2098 + 2366

Mean and SD of tree number: 2038 + 1802 Mean and SD of tree number: 3249 + 3761

35



Table 3. Review of measurement accuracies for DBH, height, and species composition from ground surveys,
photogrammetry, and ALS data. Values used in simulations are shown in bold.

general description, stand characteristics,

remarks Error value Location reference
Field measurements
DBH (caliper) +0.001 m (West, 2004)
Tree height £0.5m (West, 2004)
Tree height (clinometer) Bias: -0.59 m (-5.2%) Finland (Vastaranta et al., 2009)

Tree height (hypsometer)

SE: 0.99 m (10.1%)
1-2% us

(Wing et al., 2004)

Error in tree species composition, accuracy of
forest resource inventory (FRI)

Error in tree species composition, analog
photogrammetry

Cover type, analog photogrammetry

Species composition, photogrammetry

30-60% Ontario, Canada
15-20% (based on expert Canada
opinion)

30-41% Minnesota, USA

(Thompson et al., 2007)

(D.G. Leckie and Gillis,
1995)

(Deegan and Befort,
1990)

Norway spruce stands, error in mean stand
height with digital photogrammetry

Height, photogrammetry

-5.42 m (mean error value) Norway

(Neesset, 2002)

White cedr stands, with ALS-derived DTM o~ 0™ Montreal, Canada (St-Onge et al., 2004)
Various stands RMSE =20% Finland (Holopainen and Taliie,
2004)
Height, ALS

Tree height accuracy. conifer stands Mean difference 0.18 m; SD= Norwa (Neesset and Gkland,

9 Y 3.45m, R? = 0.91 y 2002)
Tree helght accuracy, stands dominated with R2=0.93, RMSE = 3.4 Oregon, USA (Means et al., 2000)
Douglas-fir
Norway spruce, scots pine and birch stands RMSE =0.63, R=0.99 Sweden (Persson et al., 2002)

Deciduous tree stands, leaf-off conditions

Douglas fir stands

R2=0.69 West Virginia, USA
Mean=-0.73m; SD=0.43m .
(-3.46%  2.04%) Washington, USA

(Brandtberg et al., 2003)

(Andersen et al., 2006)
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Table 4. Mean and standard deviation for differences (%) between reference volume (calculated with species-
specific equations) and volume calculated with cover-type equations (i.e., conifer/deciduous), a generic

equation, and with a given amount of error in species composition. The asterisk indicates the p-value < 0.05
for Wilcoxon signed rank test.

Differences [%]; volume calculated using DBH only

Differences [%]; volume calculated using DBH and height

(g?gdzgﬁzfzpézre Cover-typel Generic Error in species %%Zr' S(?S:triic(): Error in species

class) equation | equation | 5% | 10% | 20% | 30% | 40% | 50% equation| n 5% [10% |20% | 30% | 40% | 50%
BWBS50 mean 7.8* 12.9* [ 04%|0.8* [ 1.7 25| 34" | 42°| 11.7* 9.3* | 0.7 |-1.4*|-2.7*|-4.1*| -55* | -6.8*
sd 10.2 6.8 21129139 (46 |50 |52 | 20.7 146 | 36 |49 |67 |79 8.7 9.3

BWBS100 mean 6.7* 21.9* |1 04* 08| 1.6*| 25" |3.3°|41* | 458" | 50.2* | 2.9* | 5.9* [11.9*|17.8*| 23.7" | 29.7*
sd 6.2 8.0 22 (30|41 |48 |53 |56 22.6 215 | 131 (181|242 |27.7| 29.8 | 30.6

CWHS50 mean | 41.5* 64.0¢ |-0.2*(-0.3*|-0.7* |-1.0*|-1.3*|-1.6* | 24.4* | 283* | 0.2 | 05 [1.2*|1.7*| 2.2* 2.9
sd 26.5 335 39 | 55|78 (96 |11.0(123| 131 129 | 44 (62 |89 (108 123 13.8

CWH100 mean | 25.9* 432* [-0.5%|-1.1*|-22%|-3.2*|-4.3"|-45°| 16.1* | 21.2* | -01 |-0.3 |-0.5|-0.8*| -1.0* | -1.0*
sd 255 321 39 (56 |77|92(105(121| 118 115 | 39 [ 57 (8199 115 12.6

CWH200 mean -1.5 8.5 |-1.3*|-2.6%|-5.3*|-8.0* [-10.7*-13.4*| 10.7* | 17.7* | -0.6* |-1.2*|-2.4*|-3.6*| 4.7* | -5.9
sd 19.7 22.9 6.0 | 83 [11.3|13.0(140|145| 174 171 40 | 56 |179|94 | 106 11.6
ICH50 mean 17.6* 33.8% |-1.2¢|-24*|-4.9*|-7.3°|-9.7*|-12.2*| 12.8* | 15.0* | -1.2* |-2.5* |-5.0*|-7.5*| -10.1* | -12.6*
sd 271 334 6.7 | 93 |128(150(16.6|17.8| 19.8 190 | 56 | 7.7 |104|11.9| 128 13.1

ICH100 mean | 42.0* 64.0¢ | 1.2*|23°|4.8°|71*[10.2°|13.3*| 14.6* | 19.0* | 04 | 08 | 1.8 | 2.6* | 1.2 | -0.1*
sd 311 38.1 8.0 |11.11155(185(215|239| 15.0 146 | 42 | 59 | 83 [10.1| 121 13.7

ICH200 mean | 25.4* 440 [09*|1.8*|3.6" 55|73 |68 | 7.0° 1.7 | 04* |-0.8*[-1.6*|-2.3*| -3.1* | 4.6*
sd 28.7 36.4 65|90 [125|15.0(17.0|19.1| 13.0 129 | 40 | 56 |79 96| 11.0 12.5
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Table 5. Results of Wilcoxon test (p-values) performed on reference and modified simulated plots. Values less

than 0.05 shown in bold type.

BWBS50 BWBS100 CWH50  CWH100 CWH200 ICH50 ICH100  ICH200
API'v1 0.301 0.405 0.416 0.010 0.013 0.246 0.002 0.069
API'v2 0.130 0.005 0.184 0.000 0.006 0.000 0.000 0.000
API'v3 0.491 0.062 0.470 0.000 0.010 0.000 0.000 0.000
ALS  0.000 0.000 0.140 0.000 0.000 0.000 0.000 0.000
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Climatic zones
I Bwes
B cwH
I icH

0

Figure 1. Study area is located in British Columbia, Canada. The location and extent of the three
biogeoclimatic (BEC) zones are indicated: Boreal White and Black Spruce (BWBS); Coastal Western
Hemlock (CWH); and Interior Cedar-Hemlock (ICH).
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Figure 2. Some examples of the difference (%) between individual tree volumes calculated with equations for
different species and a sequence of DBH values (x-axis). Colours indicate equation type: red indicates the use
of an equation based on DBH only; blue indicates the use of an equation based on DBH and height.
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DBH-only equations
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Figure 3. Matrices presenting the error categories resulting from species substitutions. Relative differences
between reference and simulated individual tree volumes were categorized into five groups as indicated. The
volume of each instance was calculated in this case for a smaller range of DBH values: 20 — 50cm and the
vector of differences was used to calculate mean and standard deviation values. The asterisk indicates
significant differences in individual tree volumes as determined using the Wilcoxon signed rank test (o =

0.05).
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Figure 4. Mean relative differences in volume (%) between a reference individual tree volume and a
simulated tree volume with modified height values indicated by the error (standard deviation) in height value.

Each line represents an average for 1000 trees of the same species. Black line relates the mean across all
species.
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Figure 5. Differences between reference individual tree volumes and simulated individual tree volumes for
errors in species attribution, height, or both (mean + SD), for conventional forest inventory (air photo
interpretation or API), and ALS-based measures.



