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Abstract

Enhancing forest inventories using airborne laser scanning (ALS) and digital aerial
photogrammetry (DAP) is a spatially extensive means of providing accurate and consistent
measures of forest stand structure. While the cost of multi-temporal ALS is still sometimes
prohibitive to its integration for growth assessment, DAP point cloud data have been proposed as
a cost-effective alternative to those from ALS for inventory re-measurement. As such, the
primary objective of this thesis was to examine the capacity of ALS and DAP technologies to
assess height growth (Hy) in a disturbed boreal forest near Slave Lake, Alberta.

First, this thesis determined the variables to be used in modeling height growth, and
investigated how the predictive model errors responded to stand condition. To evaluate
appropriate variables for predictive modeling, a model using only height metrics (growth_single)
was compared with one using height, canopy cover and height variability metrics (growth-
_multi). The growth_multi model estimated height growth with an RMSE of 1.42 m (%RMSE =
164.18%) and the growth_single model estimated height growth with an RMSE of 1.76 m
(%RMSE = 203.03%). To evaluate error response to stand condition, an iterative process was
used to measure the accuracy of optimized height models while incrementing the mortality in the
dataset. %RMSE increased with increasing plot-level mortality as a parabolic asymptotic curve.
When the maximum allowable mortality was approximately 25% the %RMSE was just below
100%.

Second, this thesis determined growth patterns near Slave Lake with respect to eight
ecological variables, ecosite type and ecosite phase. Analysis of variance (ANOVA) tests were
conducted to test the significances of differences between the means of height growth (AH).

Patterns demonstrated by the ecological variables were most apparent using nutrient regime,
iii



moisture regime, species dominance and the soils classification. Growth patterns among ecosites
and ecosite phases followed the patterns of the ecological variables that describe them.

This research finds that, prior to utilizing multi-temporal remote sensing methods to
assess stand-level height growth, forest managers must first understand local forest growth rates
and mortality rates to ensure that the growth magnitudes and forest condition permit accurate

height growth estimation using predictive models.



Lay Summary

Quantifying forest growth is necessary to estimate the capacity of forest stands to provide
ecological goods and services. Remote sensing science offers a more spatially-extensive and
accurate means of quantification as compared to manual methods. The capacity for airborne laser
scanning (ALS) technologies to be utilized in the quantification of forest attributes has been well
established. However, aerial photography can be utilized to develop similar spatial data products
and has the advantages of providing spectral data, and requiring more flexible acquisition flight
specifications. As such this thesis assesses whether an initial acquisition of ALS, and a
subsequent acquisition of aerial photography can be used to generate estimates of forest height
growth near Slave Lake, Alberta. This research first explores how different predictive modeling
approaches and stand conditions impact the accuracy of growth predictions. Then, patterns

among different types of forest sites that emerge from site-wide growth estimates are evaluated.
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Chapter 1:

1.1 Boreal forests of Canada

Canada’s 347 million ha of forests comprise 9% of the world’s forest cover, containing
47 billion m® of wood. The total forest area can be divided into managed (232 million ha), and
unmanaged (115 million ha) regions. Canada’s forests are relatively slow growing, producing an
average wood volume of 136m®/ha (The State of Canada’s Forests: Annual Report 2017).
Approximately, 270 million ha of Canada’s forests occur within the boreal zone, which have
heterogeneous patterns of composition and structure, with stands frequently disturbed by
wildfires (Brandt et al. 2013). Canadian mixedwood boreal forests are dominated by several
genera including Abies, Betula, Larix, Picea, Pinus and Populus. Growth rates vary greatly
between regions (Gutsell and Johnson, 2002; Lieffers et al., 1996; Martin and Gower, 2006). The
boreal zone, which grows slower than the Canadian average, produces an average wood volume
of 111m?3/ha (The State of Canada’s Forests: Annual Report 2017).

Differences in species dominance and successional patterns along an east-west gradient
in the Canadian boreal forest ecosystems vary primarily with climate and disturbance. The
western boreal has a drier continental climate, and is prone to higher frequency of severe fires
(Brassard and Chen 2006), whereas the eastern is cooler and wetter with less or reduced severity
fires. Within the western boreal, the focus of this thesis, successional patterns vary with climate.
Warmer mesic sites are often initially colonized by shade-intolerant trembling aspen (Populus
tremuloides) with some presence of white birch (Betula papyrifera) (Gauthier et al., 2000).
During the stem exclusion phase, stands are typically dense with an even structure. As stands are

thinned out by competition, more growing space is available for the understory species such as



white spruce (Picea glauca) and balsam fir (Abies balsamifera), increasing the stand’s structural
complexity (Brassard and Chen, 2006; Cumming et al., 2000). The shade-intolerant species are
generally shorter-lived and begin to die off, allowing the shade-tolerant species to grow more.
Stands may also be initially recruited by white spruce if conditions are too moist for trembling
aspen establishment, but not excessively so as to inhibit the white spruce (Archibald et al., 1996).
Mixedwood stands are able to continue recruiting broadleaved species (typically trembling
aspen) as long as gaps formed in the canopy are large enough to allow sufficient sunlight
(Kabzems and Garcia, 2004). Gaps in drier, wetter and cooler sites all generally recruit
coniferous species more effectively. Drier sites are often initially dominated by Jack pine (Pinus
banksiana) and replaced by black spruce (Picea mariana), as white spruce establishes more
effectively on more mesic or hygric sites (Timoney, 2003). In more mountainous regions such as
the Rockies, drier and/or cooler sites more often recruit lodgepole pine (Pinus contorta) initially,
to be replaced by black spruce (Archibald et al., 1996). Very wet and bog-type sites are only able
to recruit black spruce, resulting in its dominance at all seral stages of succession (Parisien and
Sirois, 2003). Gradients exist between all of these successional patterns given the presence of
microsites and the non-linear nature of stand succession (Oliver and Larson 1996).

Fire, windthrow and harvesting disturbances all modify boreal forest stand structures and
successional patterns. Fires of varying severity have different effects on forest structure. While
high-severity fires tend to bring about a new cohort of even-age colonizing species (Kipfmueller
and Baker, 1998), low-severity fires are more frequent and often remove the understory along
with a minority of overstory trees, leaving an open canopy (Schoennagel et al., 2004). Past
research has affiliated stands previously affected by low-severity fires with structural attributes

of late-successional stands, as partial burns cause stands to adopt multiple cohorts (Perry et al.,



2011). However, other work has found that differences in mixed-severity fire regimes only have
subtle differences in their convolution of stand structure, and that other factors such as elevation
and aspect more strongly control impact magnitude (Marcoux et al., 2015).

Most windthrow gaps in natural forests are smaller than 8 ha, and many are as small as a
few trees (Nowacki and Kramer, 1998). Windthrow thus increases stand-level heterogeneity:
overstory loss rates such that large windthrow gaps with many surviving trees often cannot be
discerned from a mosaic of small gaps (Mitchell, 2013). Even-aged stands of new regeneration
of trembling aspen and Jack pine tend to be the most susceptible (Rich et al., 2007). Wind-
induced mortality in stands is generally greatest for relatively intermediate-sized stems. Shorter
stems are sheltered by other trees, while taller veteran trees are often more effectively adapted
(Mitchell, 2013). As windthrow preferentially damages overstory trees, resulting in recruitment
of regrowth or the release of understory stems, windthrow is generally viewed as a process that
accelerates succession (Rich et al., 2007). Repeated wind damage thus leads to complex, multi-
cohort stands dominated by shade-tolerant species (Nowacki and Kramer, 1998). While stand-
replacing windstorms tend to be quite rare in the boreal forest, smaller gap-scale disturbances
can be quite frequent (Harper et al., 2002).

Harvesting can also modify the dynamics of a forest stand. The modifications incurred
from selective harvesting depend on the species selected and the gap size created. Selective
harvesting has historically targeted large, old stems. As such, gaps created from cutting these
individuals were often large. Recruitment into these gaps are thus generally shade-intolerant
species, namely trembling aspen in a boreal mixedwood context (Kabzems and Garcia, 2004).
Selective harvest over a stand thus generally pushes it towards an earlier seral stage in succession

(Carleton, 2000). Alternatively, modifications from clearcut harvests depend on the stand type



that existed prior to harvest. Using mechanized harvesting methods, the overstory is removed
while understory shrubs and saplings are often crushed by machinery, thus reinitiating the
stand’s succession and recruiting shade-intolerant species. Species with serotinous cones, such as
Jack pine, are difficult to establish without fire to open their cones (Carleton, 2000).

The mosaicking of a forested landscape with cutblocks causes fragmentation and
increases the amount of edges within the landscape. Forest edges in the boreal tend to have high
levels of structural complexity due to the resulting openness of tree canopies, more downed logs
and higher amounts of understory regeneration (Harper et al., 2015). Studies have shown that
edge effects in boreal forests are less pronounced compared to temperate or tropical forests due
to the natural patchiness occurring from regular, large-scale natural disturbances (Harper et al.,
2015; Kneeshaw et al., 2011). However, the edge effects in conjunction with insect disturbances
and the other disturbances discussed above all culminate to create a diverse and structurally

complex landscape.

1.2 Drivers of growth in forests

Ecological factors affecting forest growth regulate the supply of light, water and nutrients
to considered organisms (Ashton and Kelty, 2018). These factors can be divided into biotic and
abiotic components. Some biotic factors related to the amount of interspecific competition within
a site, include age, density and species composition. Some authors have argued that age is an
unimportant factor as it is an ineffective proxy for diameter at breast height, as the age of a tree
can be unrelated to its position in the canopy if the tree is tolerant or suppressed (Huang and
Titus, 1994; Lynch and Moser, 1986.) However, stands consistently demonstrate a set of stages

in stand development including stand initiation, stem exclusion, understory regeneration and



finally old growth, although it is possible for stands to pass over stages or to revert in their
development as they are subject to disturbance (Bergeron et al., 2014). Density relates to the
number of organisms an individual will be interacting with at a given site while seeking to
acquire light, water and nutrients. As such, density indirectly measures competition and
facilitation among organisms (Callaway and Walker, 1997). Competition is generally higher in
denser stands. Though larger trees generally have a competitive advantage to acquire the three
listed resources, they may also act as facilitators to smaller trees in a forest stand. Recent studies
have shown that large trees in a stand can act as mother trees, transferring nutrients to trees
recognized as genetically similar through the underground mycorrhizal network (Pickles et al.,
2017). Mixed-species stands can be potentially facilitative environments. Certain trees may
compliment others’ uses of water and soil nutrients, and shade-intolerant species in the overstory
may provide cover for shade-tolerant species in the understory (Oliver and Larson, 1996). The
balance between competitive and facilitative effects of other trees around an individual tree, and
their contributions to an organism’s growth thus varies between individual organisms and their
environments.

The most influential abiotic factors of a site are climate and landform. Climate is the
predominant controller of light and water (precipitation) input into an ecosystem. At the forest
stand scale, topographical features can modify climatic effects. The atmosphere cools according
to the adiabatic cooling rate (9.8°C/km), and so increasing elevations have a comparable to effect
on the ambient temperature to large changes in latitude. Orographic lifting can also induce
precipitation events due to the cooling of air parcels by the adiabatic rate (Ahrens 2009). The
steepness and orientation of a slope can alter the amount and direction of incoming solar

radiation to an area (Ashton and Kelty, 2018). Landform characteristics also affect the dispersion
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of inputs across a given site. Topographical features and elevation differences dictate patterns of
overland flow, as well as soil water flow. However, quantities and flow directions of soil water
are affected by other attributes, including the depth of the soil to the parent material and the
texture of the parent material. These two variables determine the field capacity and the allowable
rooting depth. Finer textured soils have stronger capillary rise and so often retain more water and
have slower flow rates than coarser textured soils (Ward and Robinson, 2000). Any ecosystem
factors that control hydrological inputs or flows will also relate to the ecosystems proneness to
flooding (or excess moisture), and its duration. As different species have different flood or
drought tolerances, the frequency and regularity of the flood, and adaptation of the organisms
onsite to those events determine the magnitude of flood impacts on vegetation productivity.

Texture also relates the degree of weathering, an important factor in nutrient availability
and exchange. Weathering rates depend on the type and exposure of the soil’s parent material.
However, most nutrients in the boreal forest soil profile come from the decomposition of organic
matter. Decomposition rates are controlled by climate and the ease with which the substrate is
broken down, generally dictated by the species of vegetation providing the substrate. The organic
matter accumulation and extent of disturbance will also affect the soil temperature. In cold soils,
the rate of root development and the ability of plants to draw water are much less than in warmer
soils (Larcher, 2003). Warmer soils also facilitate seedling establishment and growth

(Beckingham and Archibald, 1996).

1.3 Forest inventories in Canada
Forest inventories report on the quantity, extent, and location of forests in some defined

area (Penman et al., 2003). The forest attributes measured, the methods used for measurement,



and the desired quantifications inferred from these measurements depend on the objectives of the
inventory, as information needs for forest managers are increasingly complex and wide-ranging.
For example, national forest inventories (NFIs) are undertaken to inform on national-scale
resources for strategic planning and policy development. Desired quantifications for these
inventories may include canopy cover, growing stock volume, biomass and carbon stock
estimates (White et al., 2016). They are often based on field samples (Tomppo et al., 2010).
Conversely, industry-realized inventories contemporarily focus on supply chain optimization of
forest resources, for which field sampling methods alone are often inadequate for the desired
accuracy (Shabani et al., 2013). Desired quantifications for these generally focus on attributes
informing on wood procurement, stand classification, biodiversity assessment and potential for
forest growth. For these finer-scaled inventories, data acquisition generally includes ground-plot
assessment and remote sensing methodologies (White et al., 2016). This thesis will focus on
industry-realized inventories.

Forest management in Canada is a provincial/territorial responsibility and each
jurisdiction implements its own methods to conduct forest inventories according to their
respective requirements. Jurisdictions themselves are divided into forest management units
and/or forest licenses, and inventories are often conducted over individual units or regions.
Derived inventory data are provided to direct forest agencies and companies for use in
management planning of each unit (Leckie and Gillis, 1995). Prior to the development of
geographic information systems (GIS), Canadian forest inventories were conducted using a
combination of ground plot data acquired from field campaigns along with manual interpretation
of stereo aerial photography. The development of a forest inventory in a given province

generally was implemented as follows: photo acquisition and processing, stand delineation,



photointerpretation of required attributes for delineated stands, transferring and drafting
delineations and interpretations to new map sheets, and (following the implementation of GIS)
digitizing (Leckie and Gillis, 1995). Stands were delineated on the photos based on the
perceived homogeneity of species composition, density, height, and age characteristics.
Attributes were then estimated for each stand. Species composition was estimated based on
apparent crown cover and stand volume, and the latter three characteristics were all quantified
categorically, with some characteristics being interdependent. For example, age is estimated
using interpreted height categories, as well as site characteristics. Ground and air calls are often
used to aid in calibrating photo interpreters. Accuracy assessment of photo-interpreted
information is difficult and is rarely undertaken (Magnussen and Russo, 2012) although audits
may be done to assess specific attributes, namely timber volume. Quality is evaluated using a
combination of aerial photography and field plot information, but the rigorousness of the
evaluations are dependent on the expertise of the interpreters (Kangas and Maltamo, 2006). More
experienced interpreters are faster, more accurate, and require less field work to calibrate their
interpretations in a given forested region. However, inconsistencies between interpreters
sometimes makes inventory comparisons within and between jurisdictions problematic. As well,
acquiring experienced interpreters has historically been a major problem for forest agencies
(Leckie and Gillis, 1995). Regardless, as the first form of remotely sensed data implemented into
forest inventories (Smith, 1976), aerial photography has been a staple data source for operational
inventories since the 1950s, so the costs are low and the step sequence for inventory
development is familiar with personnel adequately prepared to train newcomers to the industry

(Leckie and Gillis, 1995). To estimate growth, permanent sample plots were established in many



provinces and remeasured at 10-year intervals, while standard re-inventory was conducted at
anywhere between 5- and 20-year intervals depending on the region (Smith, 1976).

The introduction of new geographic information systems (GIS) in the 1980s revolutionized
forest inventories by facilitating the transfer and drafting processes of the inventory step
sequence, and greatly reducing the labour and time inputs required. Outcomes of these
facilitations included improved capability for modelling, ease of data manipulation and display,
improved data storage, and advancements in decision support systems (Leckie and Gillis, 1995).
However, the technological advent of GIS and the changing demands of forest managers began
to impact the precision of the data recorded. For example, age or height, which were formally
recorded as classes are now more frequently recorded as actual values. GIS also increased the
capacity of forest agencies to store inventory data and facilitated data sharing, allowing other
agencies to make use of data collected for forest inventories. For example, management
inventory data began to be used for operational planning where appropriate (e.g., estimating

logging costs or the costs of road construction) (Leckie and Gillis, 1995).

1.4 The role of remote sensing in forest inventories

Currently, changing demands of forest managers reflect the changing global economic
climate of forest products. The Canadian forest products industry must maximize the value of
timber and other forest products, and improve supply chains. To accomplish this, enhanced forest
inventories containing timely, accurate and consistent measures of forest stand structure,
composition and productivity is required (Alam et al., 2014). Recent remote sensing advances,
such as the development and use of three-dimensional point clouds to measure forest structural

variables, have shown marked promise as a cost-effective and spatially extensive means of



supplementing traditional modes of inventory using the area-based approach (ABA) (White et
al., 2013a). This two-step approach first develops predictive models from ground plot inventories
and plot-level point cloud data, then applies them across the region of interest to generate wall-
to-wall estimates of forest inventory attributes (Naesset, 2002). The required point clouds are
commonly developed using airborne laser scanning (ALS) technology. ALS is an active remote
sensing technology that utilizes a near-infrared laser to emit pulses that return to a sensor to
measure the location of targets (Lim et al., 2003). The laser is able to penetrate forest canopies at
depth to construct a three-dimensional distribution of vegetation through the canopy (Wehr and
Lohr, 1999). The discrete return ALS systems can now measure multiple returns per pulse
emitted (Lim et al., 2003), and precise locations for ALS returns are enabled by an inertial
measurement unit (IMU) and Global Positioning System (GPS) (White et al., 2016). A pulse
density of 0.5-1 point/m? is low but considered adequate for the application of ABA in most
forest environments (Jakubowski et al., 2013).

The ABA is now a proven concept (Wulder et al., 2012b), and currently applied
operationally in a variety of forest types and for a range of managerial requirements (Bouvier et
al., 2015; Nasset, 2007; Woods et al., 2011). Although ALS data may provide less accurate
estimates of individual tree heights relative to field measurements, the loss in accuracy is easily
offset by the extensive coverage afforded by the technology (Andersen et al., 2006). Remote
sensing technologies also offer economies of scale, with acquisition costs per unit area
decreasing as the area of interest increases (Franklin et al., 2002). Operationally, the ABA has
become an agency-standard through which to produce predictive models for forest attributes
from ALS point cloud data (White et al., 2013a). However, barriers still exist to the full

integration of ALS, including the cost and complexity of the data acquisition and the availability
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of trained and reliable personnel for subsequent processing (White et al., 2016). For example,
trade-offs exist between the area covered by an acquisition flight and issues such as point density
and scan angle (Jakubowski et al., 2013), thus optimizing the flight parameters for the best cost
and to provide the necessary quality of data requires complex statistical analyses. As well, it is
difficult for many managers to understand the value of ALS as a data source due to the lack of
cost-benefit analyses in the literature (Holopainen et al., 2010).

Extensive research has been conducted to assess survey design for growth monitoring of
height increment with ALS (Hopkinson et al., 2008; Nesset and Gobakken, 2005; St-Onge and
Vepakomma, 2004; Yu et al., 2008). However, two matters to address are how to link growth
estimates derived from ALS to traditional growth and yield curves (Tompalski et al., 2018), and
how to assess the error magnitudes associated with growth estimates relative to actual measured

growth increments (Wulder et al., 2008).

1.5 Assessing forest height growth with remote sensing

One proposed method of addressing the issue of cost for repeat ALS acquisitions for
growth assessments is to use ALS for an initial acquisition, primarily to obtain a detailed and
accurate digital terrain model (DTM) under canopy, followed by the use of digital aerial
photogrammetry (DAP) point cloud data at subsequent time steps (White et al., 2016). Stereo
photogrammetry allows the measurement of an object’s position when imaged from two different
perspectives. Applying this to the many objects that compose a surface on overlapping images
produces an image-based point cloud from which a digital surface model (DSM) can be created
(St-Onge et al., 2008). Flights for photogrammetric image acquisition are typically conducted at

a higher altitude and faster than ALS flights, with a wider field of view, consequently image
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platforms can cover a much larger area for a given number of flying hours. In all, the cost of
image acquisition is estimated at one-half to one-third that of ALS data (White et al., 2013b).
However, pixel-matching algorithms are only applicable to objects that are directly visible in the
images themselves and therefore image-based point clouds can only describe the upper canopy
surface (Zimble et al. 2003). Oversmoothing and reduction of local variance between points in
the point cloud distribution can hide canopy gaps and architectural details (Baltsavias et al.,
2008). A digital elevation model (DEM) can be subtracted from these point clouds to obtain the
elevations of returns from vegetation, but DEMs of adequate resolution for normalization are
usually available exclusively from ALS data (Reutebuch et al., 2003), particularly underneath
forest canopies.

DAP is currently infrequently used for forest inventories. However, research has
established the potential for forest inventory applications (e.g. Korpela, 2006; Véga and St-Onge,
2008; St-Onge et al., 2008). Comparisons of ALS and DAP derived point clouds using ABA for
predictions of stand height, basal area and volume have generally concluded that ALS data
provides more accurate estimates (Gobakken et al., 2015; Vastaranta et al., 2013; White et al.,
2015). Imagery is also affected by illumination conditions and viewing angles, limiting the
optimal flying hours per day (White et al., 2013b). Overall, optimal photo acquisition parameters
and their impacts on the resulting data quality are uncertain (White et al., 2016). However, using
the data is convenient, as it can be stored and manipulated similarly to ALS once processed
(Leberl et al. 2010). The data is comparatively inexpensive to collect, and provides spectral data
not afforded by non-multispectral ALS sensors. Preliminary studies have shown the potential for
combined structural and spectral metrics to be useful for predicting species composition (St-

Onge et al., 2015). Finally, photo-derived data complement the pre-existing expertise of photo-
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interpreters in the inventory process; the imagery can be used to create point clouds, as well as

interpreted.

1.6 Research objectives and questions

Given the aforementioned context, the primary objective of this thesis was to examine the
capacity of ALS and DAP technologies to assess Lorey’s height growth (AHL) over
approximately eight years in the managed and highly disturbed mixedwood boreal forests near
Slave Lake in central Alberta, Canada. Through this analysis, the following two research

questions were addressed:

Question 1.  How can ALS and DAP point clouds be utilized to derive measures 