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Abstract. The combination of forest inventory and satellite-derived landscape
composition and structure provides otherwise unavailable information on regional forest
conditions and enables investigation of the cumulative effects of forest management over
time. Forest pattern results from a range of both natural and anthropogenic factors. This
study characterizes the forest pattern of Vancouver Island, British Columbia (>32,000
km?) at the watershed scale, using new national datasets of Canadian forest composition
and fragmentation, and relating these to forest inventory-derived age structure.
Vancouver Island is extensively forested, possessing highly valuable and productive
forests, and is managed to meet a range of stakeholder interests. Forest fragmentation
metrics were derived from a satellite-derived, 25-m spatial resolution land cover map
(i.e., grain) to represent patterns within 1 km analysis units (i.e., extent) for the entire
forested area of Canada. We summarized forest fragmentation island-wide and compared
trends between forest-dominated (>85% forest) and less-forested (<85% forest)
watersheds. We also explored these patterns with partial canonical correspondence
analyses to determine the independent and shared relationships of landscape composition,
forest fragmentation, and spatial variables with forest age structure.

Less-forested watersheds are more fragmented than forest-dominated watersheds,
as indicated by more (5.6 versus 2.7 per km®) and smaller (36 versus 63 ha) forest
patches, and a greater edge density (82 versus 55 m/ha). Of the 1283 watersheds
examined, 91% were forest-dominated; island-wide trends are thus similar to those of the
forest-dominated watersheds. Forest age is related to landscape composition and forest
fragmentation, which collectively explain 27% and 53% of the age structure of all and
less-forested watersheds, respectively. In both sets of watersheds, young forest stands (1-
120 years) are associated with broadleaf forests, agreeing with successional expectations,
and patchy forest distributions. For all watersheds, old growth forest stands (>240 years)
are associated with dense coniferous forest, but also with early successional communities,
smaller patch sizes, and greater edge densities, indicating fragmentation of these forests
and reflecting strategies for managing old growth on the landscape. In contrast,
watersheds with an abundance of mature forest (121-240 years) are compositionally
similar to watersheds with old growth, but are much less fragmented. Our results indicate
that although old growth forest stands on Vancouver Island have been retained, they are
not typically found within a continuous forest matrix. Medium spatial resolution Earth
observation products are now available for the entire forested area of Canada, providing
valuable insight into spatial and temporal forest dynamics (i.e., succession, harvesting).

1. Introduction

A major aspect of forest pattern is fragmentation, which is a function of the amount and
configuration of forest within a landscape. Fragmentation of forests may be caused by a variety
of factors, including both natural processes, such as fires and insect infestation, and
anthropogenic activities, such as logging and road building (Linke et al., 2007). Fragmentation
can be considered as broadly (e.g.: forest vs. non-forest) or as subtly (e.g., between forest classes
or ages) as desired; here we focus on gross fragmentation of forests in general by non-forested
land covers. A forested landscape is understood to be fragmented when it contains a greater
number of forest patches that are smaller and more isolated than those in an undisturbed



reference landscape or reference time point. Biota may be less able to disperse to and/or persist
in small, isolated patches (following island biogeography; MacArthur and Wilson, 1967).
Additionally, fragmentation increases the dominance of edge habitat, which has diverse effects
on the physical environment (Saunders et al., 1991) and, thus, consequences to the resident biota
(e.g., Kupfer and Runkle, 2003) and natural disturbance regimes (Franklin and Formann, 1987).

The effects of harvesting and associated road networks on forest pattern have been well
documented, with findings indicating that clear cutting and roads consistently decrease forest
patch size and increase the number of forest patches and the amount of edge (Franklin and
Formann, 1987; Ripple et al., 1991; Mladenoff et al., 1993). Forest removal also tends to
simplify patch shapes (Mladenoff et al., 1993; Reed et al., 1996; Tinker et al., 1998), although
the converse may occur when multiple cut blocks merge to form complexly-shaped aggregates
(Ripple et al., 1991; McGarigal et al., 2001).

However, forest pattern extends beyond spatial structuring alone. Forest stand age is
another crucial dimension of forest pattern. The forest age distribution within a landscape is a
record of the local disturbance regime (both natural and anthropogenic) and is a key control on
ecosystem function (Caspersen and Pacala, 2001). Forest age structure is strongly influenced by
extractive use, which results in even age distributions up to the rotation age (i.e., the age at which
a stand is considered mature and ready for harvesting), followed by a sharp decline in older age
classes (Gustafson and Crow, 1996; Fall et al., 2004). This age distribution contrasts sharply with
the negative exponential distribution of stand ages expected under many natural disturbance
regimes (Frelich, 2002). Changes to forest age distributions are of concern because biodiversity
and carbon cycling are closely linked to forest age: old forests provide critical habitat for
threatened and endangered species (Berg et al., 1994) and immense carbon storage capacity
(Harmon et al., 1990; Pregitzer and Euskirchen, 2004). There has been considerable interest and
research on alternative forest management plans, whereby harvesting mimics natural disturbance
and maintains natural age distributions and landscape structures (Franklin and Formann, 1987;
Gustafson and Crow, 1996; Fall et al., 2004; Didion et al., 2007).

There are thus intuitive effects of forest management on both age structure and landscape
structure, suggesting that there may also be a strong relationship between forest age and spatial
pattern. Yet these factors have rarely been studied together and the spatial effects of forest
harvesting on specific forest age classes are relatively unknown (but see McGarigal et al., 2001;
Etter et al., 2005; Helmer et al., 2008). The overall goal of this communication is to characterize
the forest patterns of watersheds on Vancouver Island, British Columbia and determine their
interrelationships. To achieve this, we synthesize data from forest inventory and remotely-sensed
land cover datasets to relate forest age structure to landscape composition, forest fragmentation,
and spatial variables (i.e., watershed location and size). Our first objective is to summarize forest
fragmentation for all watersheds considered in our analysis, and then compare the forest
fragmentation of watersheds that have different levels of forest abundance. Our second objective
is to determine the independent and shared relationships of landscape composition, forest
fragmentation, and spatial variables with forest age structure. This research provides a valuable
assessment of the current baseline conditions and correlations of forest age and landscape
structure on Vancouver Island, contributing to our understanding of anthropogenic impacts to
these landscapes. It also highlights the capabilities of several newly-available, national,
remotely-sensed datasets and analysis tools that are novel to and merit wider application in
landscape scale studies.



2. Materials and Methods

2.1. Study area

Vancouver Island is found at the southwestern corner of the province of British Columbia,
Canada. It is approximately 460 km long and 80 km wide, with an area of 32,134 km®. The
island is characterized by a maritime climate with mild, wet winters, when temperatures rarely
fall below 0°C, and cool, dry summers (Coops et al., 2007). A mild climate, high amounts of
precipitation, and suitable soils promote forest growth over much of Vancouver Island. With the
exception of alpine areas, much of the island is occupied by forests dominated by Douglas-fir
(Pseudotsuga menziesii), western red cedar (Thuja plicata), western hemlock (Tsuga
heterophylla), yellow cedar (Chamaecyparis nootkatensis), and Sitka spruce (Picea sitchensis)
(Burns and Honkala, 1990), and has been for more than 12,000 years (British Columbia Ministry
of Environment, Lands and Parks, 1999).

Vancouver Island is part of Canada’s Pacific Maritime ecozone. The Pacific Maritime
ecozone occupies 3% of Canada’s area of forest, but accounts for 12% of Canada’s wood volume
(Power and Gillis, 2006). Since 1848, forest harvesting has been an important economic activity
on Vancouver Island (British Columbia Ministry of Environment, Lands and Parks, 1999).
Wildfires are well suppressed; harvesting, agriculture, and urban expansion are the primary
agents of forest change and, in the latter case, land use conversion (Pew and Larsen, 2001).
While 12.9% of Vancouver Island is occupied by protected areas, much of the island is managed
in support of forest harvesting activities.

2.2. Data and input variables

2.2.1. Watersheds

British Columbia vector-based third order and higher watershed boundaries at a scale of 1:50,000
were obtained from the Government of British Columbia (Ministry of Sustainable Resource
Management, 2004). This data represents 2093 watersheds on Vancouver Island. Watersheds
larger than 50 ha were selected for analysis to ensure sufficient within-watershed land cover
information (N = 1429). Of these, 146 watersheds were excluded from analysis because the land
cover classification in these watersheds was incomplete as a result of substantial cloud
contamination in the original satellite imagery, or because there were insufficient forest
inventory data available in these areas, primarily in the private railroad concession in
southeastern Vancouver Island. This omission perhaps improves our analyses and the
consistency of the identified patterns as this area is more developed, drier, and thus less
representative, in terms of disturbance regimes, landscape structure, and forest age distributions,
of the island as a whole. In total, 1283 watersheds were retained to analyze forest patterns.
Watersheds were divided into three sets: (1) a full set of all 1283 watersheds; (2) a subset of
forest-dominated watersheds (where forests cover > 85% of the watershed area, N = 1166); and
(3) a subset of less-forested watersheds (where forests occur in < 85% of the watershed area; N =
117). The 85% forest threshold corresponds to the island-wide mean forest cover.

Spatial variables were derived from the watershed boundaries. Space was represented by
a third order polynomial of the geographic coordinates (UTM northing and easting) of the
centroid of each watershed (sensu Borcard et al., 1992; Table 1) and by the watershed area.



2.2.2. Land cover classification

Existing land cover data derived from Landsat-7 Enhanced Thematic Mapper Plus (ETM+) were
used to represent landscape composition on Vancouver Island
(http://www4.saforah.org/eosdlcp/nts_prov.html). Produced by the Canadian Forest Service, with
support from the Canadian Space Agency and partnerships with all provinces and territories, the
Earth Observation for Sustainable Development of Forests (EOSD) land cover dataset represents
circa year 2000 (EOSD LC 2000) conditions and depicts 23 land cover classes over the forested
ecozones of Canada at a spatial resolution of 25 m (Wulder et al., 2008a).

The EOSD LC 2000 classification of Vancouver Island is shown in Figure 1. Of the 23
possible EOSD land cover classes, 18 classes occur on Vancouver Island (Wulder et al., 2007),
but only 16 classes were found in the watersheds considered in our analysis (Table 1). The
coniferous-open (coniferous trees with a crown closure of 26-60%) class is the dominant class in
over 90% of the watersheds on Vancouver Island. The EOSD LC 2000 product was used to
generate information on both landscape composition and fragmentation for our analyses.
Landscape composition was defined as the percent-by-area of each land cover class within each
watershed.

2.2.3. Forest fragmentation metrics

A large number of landscape metrics have been developed to describe the composition and
spatial structuring of habitat patches within a landscape, including patch size, shape, diversity,
and co-occurrence, among others (McGarigal and Marks, 1995). While many metrics may be
selected for a fragmentation study, not all metrics are useful in all types of landscapes or behave
consistently across all levels of fragmentation or scales (Gergel, 2007). Thus, an appropriate
rationale for metric selection is recommended (Li and Wu, 2004). From over 90 available
metrics (Wulder et al., 2008b), we chose the metrics outlined in Table 2 to represent the nature of
forest fragmentation on Vancouver Island. To calculate forest fragmentation, EOSD LC 2000
classes were first combined into broad forest, non-forest, and other (e.g., water, cloud) classes.
Metrics were calculated over a grid of 1 km® (40 x 40 pixels) analysis units. The eight
neighboring cells were used for metric calculation, and the EOSD pixels found along the borders
of the 1km by lkm analysis units were not included in the analysis (i.e., were not considered
edges). Further details on metric calculation are provided in Wulder et al. (2008b). To aggregate
fragmentation metrics to the watershed analysis unit of our study, maximum, mean, and standard
deviation values of the 1 km? cells within each watershed were determined (Table 1).

2.2.4. Forest inventory

Strategic forest inventory data were available for the majority of Vancouver Island (Leckie and
Gillis, 1995). Forest stands were mapped as polygons with attributes describing stand
characteristics such as age and composition. Forest inventory attributes were derived from a
combination of photo interpretation and field validation. For each watershed, we determined the
areal proportion for two distinct sets of age classes (Table 3): in the first set, stands were grouped
into five age classes, following the recommendations of Gillis et al. (2003) for British Columbia
forests; the second set of expanded age classes further divides stands into ten age classes
commonly used in Canadian forest inventories (Leckie and Gillis, 1995).



2.3. Analysis

2.3.1. General trends in forest fragmentation

Summary statistics were computed to characterize the island-wide forest fragmentation for all
watersheds. Forest fragmentation metrics of forest-dominated and less-forested watersheds were
compared with ANOVAs. A criticism of many fragmentation studies is that they fail to
characterize the effects of fragmentation independent of the amount of habitat in fragmented and
unfragmented treatments (Fahrig, 2003). To address this, we also used ANCOVAs to assess
trends in forest fragmentation between forest-dominated and less-forested watersheds (with
analyses performed in STATISTICA 8.0 (StatSoft, Inc., Tulsa, OK, USA)). In this test, the
proportion of a watershed that is forested was treated as a covariate. The question tested is then:
How do the landscape configurations of forest-dominated and less-forested watersheds differ
after controlling for any systematic effects of forest amount?

2.3.2. Partial canonical correspondence analysis

Partial canonical correspondence analysis (CCA; ter Braak, 1986; Borcard et al., 1992; Palmer,
1993) was used to relate forest age structure to landscape variables derived from EOSD data and
to determine the independent and joint effects of landscape composition, forest fragmentation,
and spatial variables on forest age. CCA is a constrained ordination technique that is widely used
in community ecology. In typical applications, CCA is used to project the information content of
a species-by-site matrix into fewer dimensions, each of which are defined to maximize their
correlations with the input environmental gradients. CCA has begun to be applied to remotely
sensed data, for example to relate community composition to spectral (Thomas et al., 2003;
Schmidlein and Sassin, 2004; Malik and Husain 2008) or landscape variables (Cushman and
McGarigal, 2004; Miller et al., 2004; Titeux et al., 2004; Watson et al., 2004; Brown et al., 2006;
Barbaro et al., 2007; Davis et al., 2007; Pillsbury and Miller 2008; van Halder et al., 2008). CCA
has also been used to impute forest inventory attributes from Landsat and geoclimatic (Ohmann
and Gregory, 2002) and LiDAR data (Hudak et al., 2008). We know of no applications of CCA
to investigate patterns of forest age.

CCA assumes unimodal relationships between variables, but is robust to violations of this
assumption (ter Braak, 1986). We chose to use CCA because it is a multivariate technique,
allowing the inclusion of all age information, rather than forcing us to distill the age variation
within a watershed into a single, potentially ambiguous metric (i.e., mean age). It also directly
relates age composition patterns to explanatory environmental variables (unlike an unconstrained
ordination such as principal components analysis), and is thus readily interpretable. In the
framework of a typical CCA in community ecology, our age classes were analogous to species,
and the proportions of the watersheds in each age class were analogous to the species
abundances.

Stepwise CCAs were performed for each dataset (landscape composition, fragmentation,
and space) independently to determine the subsets of composition, fragmentation, and spatial
variables that are most highly correlated to forest age distributions. These variable sets were then
used in all possible combinations of partial CCAs. A partial CCA first statistically removes the
effects of a given set, or sets, of variables (the covariates, or conditional variables) on the
response variable set in order to then determine the “pure” effects of the variable set of interest
(the constraining variable set). The outputs of these CCAs can be used to partition the
independent and shared variation between each set of variables (Borcard et al., 1992; Cushman



and McGarigal, 2002). For example, a CCA of age, constrained by composition, conditional on
fragmentation and space, will determine the variation in age distributions uniquely explained by
landscape composition; a CCA of age, constrained by fragmentation, conditional on space, will
determine the variation in age distribution explained by fragmentation metrics independent of
spatial variables, but which may have redundancies with landscape composition; and so forth.

Biplots of the age scores (c.f. species scores) and vectors representing the environmental
variables were constructed from the partial CCAs of the independent contributions of landscape
composition and fragmentation in order to graphically interpret the relationships between
variables. In these plots, age classes are plotted at the centroids of their distribution in ordination
space. Constraining variables are centered by their means at the origin of the plot and increase in
the direction of their vector. The length of each vector indicates variable importance and vector
direction indicates correlations between variables and both the canonical axes and other
variables. A variable is highly correlated to axes and other variables that are largely parallel to its
vector and uncorrelated to those that are perpendicular. The joint position of age classes and
environmental variables in the ordination diagrams can be used to infer the importance of each
variable to each age class (ter Braak, 1986). Age classes are strongly associated with variables
that point in their general direction in ordination space. Watershed (site) scores can also be
plotted in an ordination diagram (now a triplot), but for clarity, we have not done so. Instead,
watershed scores were mapped in a GIS. These watershed score maps can be interpreted by
cross-referencing relative values with their position in the species-environment biplot. Analyses
were conducted in the open source statistical software package R (http://www.r-project.org),
using the add-on package vegan (Oksanen et al., 2008).

2.3.3. Patch-to-watershed scaling

In order to confirm the relationships observed between forest age structure and forest
fragmentation of watersheds and to elucidate the scaling between forest stand attributes and
emergent properties at the landscape scale, we calculated area and shape metrics (fractal
dimension, shape index, perimeter:area ratio; McGarigal and Marks (1995)) for the forest
inventory polygons. Differences between age classes were assessed with Kruskal-Wallis
nonparametric tests.

3. Results

3.1. General trends in forest fragmentation

Vancouver Island is dominated by forest (Table 4). On average, 85% of the area of each
watershed is covered by forest. Watersheds typically have 3 large forest patches per square km
with an average area of 60 ha. Only 117 watersheds (9%) had less than 85% forest cover.
Consequently, the island-wide trends in forest fragmentation are very similar to those of the
forest-dominated watersheds (Table 4). In contrast, and not surprisingly, less-forested watersheds
were more fragmented, with less (68%) and greater variability in forested area. Furthermore,
less-forested watersheds had more and smaller forest patches. Interestingly, the proportion of
patches that was forested is similar for both watershed groups. Likewise, the standard deviation
of forest patch size is uninfluenced by forest cover, indicating that forest patches are consistently
smaller in less-forested watersheds, with few to no remnant, large forest patches. Watershed area
did not differ between forest-dominated and less-forested watersheds, and therefore does not



influence the trends in patch size. Finally, less-forested watersheds have a much greater edge
density.

The trends in forest fragmentation metrics for these two watershed groups are quite
different, however, when we control for the amount of forest area (Table 5). The differences in
mean patch size and edge density for forest-dominated and less-forested watersheds are no
longer significantly different. Furthermore, the differences between the proportion of patches
that are forested and the variability of patch size have gained significance: for a given amount of
forest area, less-forested watersheds have a greater proportion of forested patches and less
variability in patch size. Less-forested watersheds still contained more forest patches, but the
difference with forest-dominated watersheds is less notable.

3.2. Partial canonical correspondence analyses

3.2.1. All watersheds

Both of the forest age classifications yielded similar patterns. The broader age classes resulted in
slightly stronger relationships between age and landscape structure, likely as a result of the larger
per-class sample sizes associated with these broader classes. Only the results of the analyses
using the five broader age classes are presented, but interpretations are robust for either age
grouping used.

Forest age structure on Vancouver Island was related to 8 forest fragmentation metrics,
14 land cover classes, and 6 spatial variables (variables and Monte Carlo permutation test p-
values listed in Table 6). Individually, forest fragmentation, landscape composition, and spatial
variables accounted for 4.5%, 25.2%, and 15.6% of the variation in forest age distributions;
however, there was substantial overlap between these components (Figure 2a), and not all
variables remained significant when including other components as covariables. Specifically,
fmarea STD, frarea MAX, frarea MEAN, fprop STD, and watershed area did not provide
unique information and were excluded from the final models.

Collectively, 35.8% of the variation in forest age distribution on Vancouver Island could
be related to forest fragmentation, landscape composition, and spatial variables. Note that there is
negative shared variation between the three components and between spatial variables and forest
fragmentation metrics. Although counterintuitive, negative shared variation is possible and
occurs when variables conditional on one another model a response better than those variables
alone (Okland, 2003). Forest age was most strongly related to landscape composition. The
unique contribution of landscape composition to forest age is plotted in Figure 3. The first four
canonical axes were significant (p < 0.05). Axis one separates young forests (regeneration and
immature; 1-120 years) on the right, from mature and old growth forests in the center, from the
non-forest age on the left. This corresponds well with the EOSD LC 2000 composition:
Abundances of all forest classes are either positively correlated or uncorrelated with axis one
(except for treed wetlands) while all non-forested and non-vegetated classes are negatively
correlated with this axis. Axis two further separates age classes within the broad categories
defined by axis one; age is positively associated with this axis. Axis two also has strong
correlations with the proportion of dense coniferous vegetation (positive) and the proportion of
herbaceous vegetation (negative) in a watershed. Thus, the abundance of dense coniferous forest
in a watershed is strongly associated with the abundance of older age classes. Conversely,
broadleaf, mixed woods, and sparse conifer forests are all associated with abundant younger
forests. The patterns arising along axes three and four are not as readily interpreted (Figure 3b);
however, they do reveal that the oldest forests are associated with abundant non-forested and



other early successional cover: Recently logged areas, as indicated by a greater abundance of
herbs, shrubs, and the regeneration age class, fall out to the left of axis three, as does the old
growth age group. Axis 4 is especially sensitive to the mature forest age class and the rock and
rubble, and wetland shrub land cover classes.

Forest fragmentation metrics correlated relatively weakly with forest age structure on
Vancouver Island, and were largely redundant with composition (Figure 2a). The first
fragmentation canonical axis was significant (p < 0.05), and axes two and three were marginally
significant (p < 0.1). A biplot of age classes and fragmentation variables along the first two axes
is given in Figure 4. Axis one is a continuum of forest patch structure within a watershed,
separating watersheds characterized by large, compact patches and intermediate forest ages on
the left from those with small patches and a greater edge density, and very young and very old
forests on the right. Axis two is sensitive to the heterogeneity among the 1 km?” analysis units
within a watershed. Watersheds with patchy forest distributions (i.e., a high standard deviation of
the proportion of forest area) and at least locally high edge densities are associated with negative
values of axis two.

Watershed scores, corresponding to the position of each watershed within these
ordinations, were mapped over Vancouver Island and are shown in Figure 5. Interpretations of
these maps follow the above interpretations of the axes. Watersheds with large, negative values
for the first composition axis, and thus relatively high abundances of non-vegetated land cover,
are clustered in the mountainous interior of Vancouver Island (site A in Figure 5) and in
agricultural areas to the southeast (Figure 5, site B). Watersheds with large positive scores on
this axis, indicating greater proportions of young and broadleaf forests, occur near Quatsino
Sound (Figure 5, site C) and around Rock Bay to the northeast (Figure 5, site D); these same
watersheds also receive large negative scores on fragmentation axis two, indicating that they are
patchily forested and contain highly fragmented areas. Relatively large, positive values for
composition axis two and fragmentation axis one, which are strongly associated with watersheds
with abundant old growth stands, dense coniferous forests, small patches, and high edge
densities, are concentrated in protected areas, especially Brooks Peninsula Recreation Area
(Figure 5, site E), and Pacific Rim National Park and Carmanah Walbran Provincial Park (Figure
5, site F). Large negative values of composition axis three, associated with regenerating forest
and herbaceous vegetation and shrubs, are more likely in watersheds near the coast and
concentrated in the north-center of the island (Figure 5, site G).

3.2.2. Scale effects

Relationships between age class and fragmentation were also investigated at the stand level with
the forest inventory polygons, and partially confirm the watershed-level patterns (data not
shown). Old growth and mature stands have the highest and lowest mean fractal dimensions, and
thus the greatest and least patch shape complexity, respectively (p < 0.05), which corresponds to
the patterns of edge density for these age classes at the watershed scale. (This holds true for other
patch shape metrics as well.) Stand- and watershed-level patterns of patch size, however, are
contradictory. At the stand level, old growth forests occur in the largest patches, on average,
while stands of mature forest are the smallest (p < 0.05).

3.2.3. Less-forested watersheds

Landscape variables were more closely associated with forest age structure in the subset of less-
forested watersheds than over all watersheds; 7 land cover classes, 4 fragmentation metrics, and



4 spatial variables collectively accounted for 61% of the variation (Table 7). As with the analysis
of all watersheds, landscape composition was the strongest correlate, followed by spatial
variables and forest fragmentation, and considerable variation was shared between these variable
sets (Figure 2b). The independent effects of composition yielded two significant canonical axes
(Figure 6). As with the analysis of all watersheds, axis one separates the non-forested age from
forest ages and is positively associated with forested land covers, and negatively associated with
non-forested classes. Axis two appears to be a gradient from cover by herbaceous vegetation and
broadleaf forests to coniferous and wetland cover types. In contrast to the island-wide pattern,
where mature forests are associated with dense coniferous cover, mature forests in less-forested
watersheds tend to be associated with broadleaf species.

Forest fragmentation could be related to a small portion of the variance in age structure in
less-forested watersheds; one canonical axis was marginally significant. The regeneration age
class was associated with greater forest abundance and greater within-watershed variability of
edge density, while immature forests were associated with lower forest abundance. Mature and
old growth classes showed no real trend, suggesting that these age groups are either associated
with mean values of these variables or that they were evenly distributed across these watersheds

(Figure 7).
4. Discussion

The age class distribution of forests on Vancouver Island is variable, with the western coast
having greater rainfall and a potential for long periods between stand replacing disturbances.
Lertzman et al. (1996) concluded that for hemlock forest on the west coast of Vancouver Island,
area-wide stand-replacing disturbances are uncommon. Instead, for this wet maritime ecosystem
gap processes dominate and the average turnover time for stands ranges between 350 and 950
years. While not necessarily applicable island-wide due to differing forest types and moisture
conditions, to act as a foil we plot age distributions that would result from these rotation periods
(350 and 950 years) alongside the observed age frequencies from the forest inventory in Figure
8. Vancouver Island has more young forest and slightly less mature and old growth forest than
would be expected under the natural disturbance regimes posited by Lertzman et al. (1996),
which is consistent with age patterns expected where forest harvesting is occurring. Of note, the
amount of old growth forest observed is in accord with that under a 350 year rotation. In this
study, we sought to further understand the mechanisms influencing forest age distribution and its
spatial variation using landscape composition and forest fragmentation information derived from
a remotely-sensed land cover product.

Partial canonical correspondence analyses were successful at describing the variation in
forest age, explaining 36-61% of the variation in forest age structure. This is a novel application
of CCA, which is typically used for community description, at a novel scale. However,
multivariate problems are common across all levels of organization and we strongly recommend
the use of CCA to explore multivariate correlations at the landscape scale. Moreover, the site
(watershed) scores from CCA can be input into a GIS to provide information-rich maps of
composite variables (e.g., Figure 5). Findings in this study highlight the parallels between stand
age distributions, landscape composition, and forest fragmentation on Vancouver Island. All of
these characteristics are sensitive to natural and anthropogenic disturbance regimes. Thus, their
individual and collective patterns can shed light on regional forest management.
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4.1. Landscape composition and forest succession

Relationships we identified between forest age and landscape composition reinforce our
understanding of forest succession and development processes. We observed that, at the
watershed scale, younger forests are associated with broadleaf and sparse coniferous forest types,
while older forests are associated with dense coniferous forest types. This finding agrees with the
forest succession trajectories associated with Coastal Western Hemlock Zone forests, such as the
majority of Vancouver Island forests, where deciduous trees are represented in many seral
communities (Franklin and Dyrness, 1988). This agrees with Wimberly and Ohmann (2004),
who observed increases in broadleaf and sparse forests at the expense of large conifer forests in
response to extractive forest management. The transition from broadleaf to conifer and sparse to
dense forests over time reflects stand development, following harvest, for example, although the
exact relationships also depend on propagule pressure, productivity (Franklin et al., 2002), and
stocking protocols (Kennedy and Spies, 2005).

4.2. Forest fragmentation

We found that old growth is associated with greater forest fragmentation. The partial ordination
of forest age on forest fragmentation shows that old growth forests are more abundant in
watersheds with smaller, more irregular patches. Taken together with the association of this age
class with early seral communities in the ordination by landscape composition (Figure 3b), these
results suggest that fragmentation of old growth stands is likely to be due to harvesting activities
in the same watershed. When analyses were restricted to less-forested watersheds, old growth
forests were not strongly associated with any of the forest fragmentation metrics. Regenerating
forests, in both watershed groups, were associated with within-watershed heterogeneity, which
may reflect the patchwork nature of historic forest harvesting patterns. Interestingly, comparing
Figures 3a and 4 indicates that although watersheds with abundant mature and old growth forests
are compositionally similar, they have very different fragmentation characteristics. In contrast to
old growth stands, mature stands are strongly associated with less fragmented forests.

Increased fragmentation of old growth forests relative to mature forests is also supported
by the contradictory trend of relative patch size of these ages between the watershed and stand
levels. This pattern likely arises from the differences in patch delineation at the two scales.
Forest inventory polygons are defined as homogenous forest units; forest patches in the
watershed-level analysis are an aggregation of all forest types and, thus, contain any number of
forest inventory stands. The reversal of mature and old growth patch area when scaling from the
stand to the landscape indicates that though mature forest stands may themselves be small, they
occur within larger forested patches at the watershed scale. Conversely, while individual old
growth stands are relatively large, they are also isolated in a non-forested matrix. This raises very
interesting questions about the effects of a non-random distribution of edge types and edge
permeability across stand ages.

Our results are consistent with existing studies of the landscape structure of forest ages,
however, all other such studies have been conducted at the patch scale, and it is unclear how
previous results would scale up to the landscape. Mladenoff et al. (1993) observed that the old
growth type was the most fragmented forest class in a disturbed landscape. They also note that
anthropogenic land cover change substantially simplified patch shapes; patch shape of the old
growth type most closely approximates the high shape complexity of old growth patches in a
natural landscape. McGarigal et al. (2001) document that logging and roads reduced the total
area and the patch size of mature forest. We similarly observed that old growth forests are
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strongly associated with smaller patches and with greater edge densities (i.e., are more
fragmented), which may indicate either increased forest fragmentation as a result of management
(more small patches will result in a greater edge density than fewer large patches), or may simply
be a reflection of the naturally more complex shapes associated with old growth forest patches.

In contrast, our results only partly agree with those of Etter et al. (2005), who found that
forest age is positively associated with the amount of surrounding forest and that, when
aggregating to a coarse forest/non-forest classification, regenerating forest adjacent to remnant
mature stands increases patch size. Both of these lines of evidence suggest that, although
fragmented, old forests in their system are embedded within a greater forested matrix. Although
we found that old growth forest on Vancouver Island is associated with the amount of dense
conifer forest in a landscape (which may be the signal of the old growth forest itself), additional
lines of evidence from the relationships between abundant old growth and landscape composition
and from the patch-to-watershed scaling reinforce the correlations observed with the
fragmentation metrics, all of which suggest that old growth forest occurs in the areas of greatest
fragmentation: Old growth is associated with non-forested and early seral patches co-occurring
in the same watershed and tends to be found in isolation rather than as part of a larger forest
matrix. In part, this reflects forest management strategies for retention and management of old
growth biodiversity targets on the landscape (Klenner et al., 2000).

4.3. Landscape composition versus forest fragmentation

Both our inspection of general trends in landscape metrics between forest-dominated and less-
forested watersheds and our detailed CCAs of forest age allowed us to identify the unique,
overlapping, and potentially contradictory effects of landscape composition and forest
fragmentation on Vancouver Island. Comparisons of the ANOVA and ANCOVA of forest
fragmentation metrics between forest-dominated and less-forested watersheds on Vancouver
Island indicate that reduced forest abundance has reduced patch sizes and increased edge density,
and, conversely, that fragmentation (i.e., changes in patch shape and configuration, but
independent of forest amount) has increased the proportion of forested patches and reduced the
variability of patch size, when standardizing for forest abundance. Both of these processes have
contributed to the larger number of forested patches in less-forested watersheds.

Partial CCAs revealed substantial overlap between landscape composition and forest
fragmentation variables and their related influences on forest age distributions. This can be
expected as many of the forest fragmentation variables are simple calculations from the
landscape composition dataset (e.g., % forested area). Previous studies of biodiversity have noted
that fragmentation metrics have relatively low explanatory power independent of land cover, and
that the unique contribution of these metrics is generally dwarfed by that of landscape
composition (Cushman and McGarigal, 2004; Barbaro et al., 2007). Possibly using more
complicated metrics that encapsulate the shape and juxtaposition of landscape elements, rather
than patch and area tallies, will increase the independent explanatory power of fragmentation
variables. Indeed, the fragmentation variables that dropped out of the CCA analysis when
composition was included were predominantly associated with the proportion of forest within a
watershed. Those retained in the CCA emphasized patch structure (fmarea MEAN,
fdense MEAN, fdense MAX) and variability within a watershed (frarea STD), information that
is not present in the aspatial landscape composition variables.

Another possibility for the limited relationship between fragmentation and forest age
structure is the limited range of forest fragmentation that occurs on Vancouver Island. Nearly all

12



watersheds are dominated by forest (i.e., 91% of Vancouver Island watersheds have >85% forest
cover, and 96% have >50% forest cover). Many researchers have found that the importance of
fragmentation and landscape structure to ecological processes is strongly mediated by habitat
abundance (Andrén, 1994; Collingham and Huntley, 2000; King and With, 2002; Matlack and
Monde, 2004; but see Cushman and McGarigal, 2003). Most Vancouver Island watersheds are
well above any of the habitat loss thresholds identified in the literature as being necessary to
display a fragmentation effect. Furthermore, although a mosaic of forest ages suggests
fragmentation within a forested area, the generalized forest, non-forest, and other categories that
were used in the calculation of the fragmentation metrics do not allow us to characterize patterns
amongst forest types. Even when we repeated the above analyses on the subset of less-forested
watersheds (with less than 85% forest cover), which would be expected to be more likely to
highlight the influence of landscape configuration, fragmentation was not disproportionately
more important (Figure 2b). In fact, although forest fragmentation explains more of the total
inertia in forest age structure in less-forested watersheds compared to all watersheds (2.4% vs.
1.6%), it actually accounts for slightly less of the explained inertia (4.0% vs. 4.5%). Working in
a similar system, Cushman and McGarigal (2003) also found that the effects of fragmentation
were not restricted to landscapes with low forest abundance.

5. Conclusions

In this research we have characterized the general trends in forest patterns in Vancouver
Island watersheds. Remotely sensed land cover products have a demonstrated capacity to provide
valuable information on forest pattern. Vancouver Island is extensively forested, and is
composed of a mosaic of different forest ages. Most watersheds are characterized by a small
number of large forest patches. More fragmented watersheds are also those with relatively less
forest cover. As a result, most Vancouver Island watersheds are above typical habitat loss
thresholds identified in the literature as being necessary to display a fragmentation effect.

Forest age structure at the watershed level is linked to both landscape composition and
configuration, and these relationships are indicative of ecological processes and forest
management practices. On Vancouver Island, forest age primarily reflects landscape
composition, which indicates the typical successional development of stands as they age.
Additionally, old growth forests island-wide tend to occur in fragmented watersheds and are
associated with seral communities such as broadleaf forests and with regenerating stands. Old
growth forests also occur in watersheds that characteristically have smaller patches and greater
edge densities. Furthermore, old growth forests are often found in isolated patches rather than as
part of a larger mosaic of continuous forest, reflecting specific management strategies and the
on-going history of harvesting on Vancouver Island.

Medium spatial resolution Earth observation products are now available for Canada's
entire forested area (with over 600 million hectares mapped). These data allow us to characterize
landscape composition and configuration, providing valuable insight into spatial and temporal
forest dynamics (i.e., succession, harvesting). The findings in this study highlight the parallels
between stand age distributions, landscape composition, and forest fragmentation on Vancouver
Island. While we investigated the inter-relationships between forest management and subsequent
landscape patterns on Vancouver Island, a myriad of additional opportunities to address issues of
regional or national scope remain to be undertaken.

13



Acknowledgements

This research was enabled through funding of “BioSpace: Biodiversity monitoring with Earth
Observation data” through the Government Related Initiatives Program (GRIP) of the Canadian
Space Agency. Additional funding and support was also provided by the Canadian Forest
Service (of Natural Resources Canada) and the University of British Columbia (UBC).

14



References
Andrén, H., 1994. Effects of habitat fragmentation on birds and mammals in landscapes with
different proportions of suitable habitat - a review. Oikos 71, 355-366.

Barbaro, L., Rossi, J.P., Vetillard, F., Nezan, J., Jactel, H., 2007. The spatial distribution of birds
and carabid beetles in pine plantation forests: the role of landscape composition and
structure. Journal of Biogeography 34, 652-664.

Berg, A., Ehnstrom, B., Gustafsson, L., Hallingbéck, T., Jonsell, M., Weslien, J., 1994.
Threatened plant, animal, and fungus species in Swedish forests - distribution and habitat
associations. Conservation Biology 8, 718-731.

Borcard, D., Legendre, P., Drapeau, P., 1992. Partialling out the spatial component of ecological
variation. Ecology 73, 1045-1055.

British Columbia Ministry of Environment, Lands and Parks, 1999. Coastal Douglas-fir
Ecosystems. Ecosystems at Risk in British Columbia. p. 6.

Brown, G.S., Rettie, W.J., Mallory, F.F., 2006. Application of a variance decomposition method
to compare satellite and aerial inventory data: a tool for evaluating wildlife-habitat
relationships. Journal of Applied Ecology 43, 173-184.

Burns, R.M., Honkala, B.H., 1990. Silvics of North America. USDA Forest Service Handbook p.
654.

Casperson, J.P., Pacala, S.W., 2001. Successional diversity and forest ecosystem function.
Ecological Research 16, 895-903.

Collingham, Y.C., Huntley, B., 2000. Impacts of habitat fragmentation and patch size upon
migration rates. Ecological Applications 10, 131-144.

Coops, N.C., Coggins, S.B., Kurz, W.A., 2007. Mapping the environmental limitations to growth
of coastal Douglas-fir stands on Vancouver Island, British Columbia. Tree Physiology
27, 805-815.

Cumming, S., Vervier, P. 2002. Statistical models of landscape pattern metrics, with applications
to regional scale dynamic forest simulations. Landscape Ecology 17, 433-444.

Cushman, S.A., McGarigal, K., 2002. Hierarchical, multi-scale decomposition of species-
environment relationships. Landscape Ecology 17, 637-646.

Cushman, S.A., McGarigal, K., 2003. Landscape-level patterns of avian diversity in the Oregon
Coast Range. Ecological Monographs 73, 259-281.

Cushman, S.A., McGarigal, K., 2004. Hierarchical analysis of forest bird species-environment
relationships in the Oregon Coast Range. Ecological Applications 14, 1090-1105.

15



Davis, J.D., Debinski, D.M., Danielson, B.J., 2007. Local and landscape effects on the butterfly
community in fragmented midwest USA prairie habitats. Landscape Ecology 22, 1341-
1354.

Didion, M., Fortin, M.J., Fall, A., 2007. Forest age structure as indicator of boreal forest
sustainability under alternative management and fire regimes: a landscape level
sensitivity analysis. Ecological Modelling 200, 45-58.

Etter, A., Mcalpine, C., Pullar, D., Possingham, H., 2005. Modeling the age of tropical moist
forest fragments in heavily-cleared lowland landscapes of Colombia. Forest Ecology and
Management 208, 249-260.

Fahrig, L., 2003. Effects of habitat fragmentation on biodiversity. Annual Review of Ecology
Evolution and Systematics 34, 487-515.

Fall, A., Fortin. M.-J., Kneeshaw, D.D., Yamasaki, S.H., Messier, C., Bouthillier, L., Smyth, C.,
2004. Conseqences of various landscape-scale ecosystem management strategies and fire

cycles on age-class structure and harvest in boreal forests. Canadian Journal of Forest
Research 34, 310-322.

Franklin, J.F., Dyrness, C.T., 1988. Natural Vegetation of Oregon and Washington. Oregon State
University Press, Corvallis, OR.

Franklin, J.F., Formann, R.T.T., 1987. Creating landscape patterns by forest cutting: Ecological
consequences and principles. Landscape Ecology 1, 5-18.

Franklin, J.F., Spies, T.A., Van Pelt, R., Carey, A.B., Thornburgh, D.A., Berg, D.R.,
Lindenmayer, D.B., Harmon, M.E., Keeton, W.S., Shaw, D.C., Bible, K., Chen, J., 2002.
Disturbances and structural development of natural forest ecosystems with silvicultural
implications, using Douglas-fir forests as an example. Forest Ecology and Management
155, 399-423.

Frelich, L.E., 2002. Forest Dynamics and Disturbance Regimes: Studies from Temperate
Evergreen-Deciduous Forests. Cambridge University Press, Cambridge, UK.

Gergel, S., 2007. New directions in landscape pattern analysis and linkages with remote sensing.
In: Wulder, M.A., Franklin, S.E. (Eds.), Understanding Forest Disturbance and Spatial
Pattern: Remote Sensing and GIS Approaches. Taylor and Francis, Boca Raton, FL, pp.
173-208.

Gillis, M.D., Gray, S.L., Clarke, D., Power, K., 2003. Canada's national forest inventory: what
can it tell us about old growth? The Forestry Chronicle 79, 421-428.

Gustafson, E.J., Crow, T.R., 1996. Simulating the effects of alternative forest management
strategies on landscape structure. Journal of Environmental Management 46, 77-94.

Harmon, M.E., Ferrell, W.K., Franklin, J.F., 1990. Effects on carbon storage of conversion of
old-growth forests to young forests. Science 247, 699-702.

16



Helmer, E.H., Brandeis, T.J., Lugo, A.E., Kennaway, T., 2008. Factors influencing spatial
pattern in tropical forest clearance and stand age: implications for carbon storage and
species diversity. Journal of Geophysical Research 113, G02S04.

Hudak, A.T., Crookston, N.L., Evans, J.S., Hall, D.E., Falkowski, M.J., 2008. Nearest neighbor
imputation of species-level, plot-scale forest structure attributes from LiDAR data.
Remote Sensing of Environment 112, 2232-2245.

Kennedy, R.S.H., Spies, T.A., 2005. Dynamics of hardwood patches in a conifer matrix: 54 years
of change in a forested landscape in Coastal Oregon, USA. Biological Conservation 122,
363-374.

King, A.W., With, K.A., 2002. Dispersal success on spatially structured landscapes: when do
spatial pattern and dispersal behavior really matter? Ecological Modelling 147, 23-39.

Klenner, W., Kurz, W., Beukema, S., 2000. Habitat patterns in forested landscapes: management
practices and the uncertainty associated with natural disturbances. Computers and
Electronics in Agriculture 27, 243-262.

Kupfer, J.A., Runkle, J.R., 2003. Edge-mediated effects on stand dynamic processes in forest
interiors: a coupled field and simulation approach. Oikos 101, 135-146.

Leckie, D., Gillis, M., 1995. Forest inventory in Canada with an emphasis on map production.
The Forestry Chronicle 71, 74-88.

Lertzman, K.P., Sutherland, G.D., Inselberg, A., Saunders, S.C., 1996. Canopy gaps and the
landscape mosaic in a coastal temperate rain forest. Ecology 77, 1254-1270.

Li, H.B., Wu, J.G., 2004. Use and misuse of landscape indices. Landscape Ecology 19, 389-399.

Li, X., He, H. S., Bu, R., Wen, Q., Chang, Y., Hu, Y., Li, Y., 2005. The adequacy of different
landscape metrics for various landscape patterns. Pattern Recognition 38, 2626-2638.

Linke, J., Betts, M.G., Lavigne, M.B., and Franklin, S.E. 2007., Structure, function and change
of forest landscapes. In Understanding Forest Disturbance and Spatial Pattern: Remote
Sensing and GIS Approaches. Edited by M.A. Wulder and S.E. Franklin. Taylor and
Francis, Boca Raton, FL. pp. 1-29.

Malik, R.N., Husain, S.Z., 2008. Linking remote sensing and ecological vegetation communities:
a multivariate approach. Pakistan Journal of Botany 40, 337-349.

Matlack, G.R., Monde, J., 2004. Consequences of low mobility in spatially and temporally
heterogeneous ecosystems. Journal of Ecology 92, 1025-1035.

MacArthur, R.H., Wilson, E.O., 1967. The Theory of Island Biogeography. Princeton University
Press, Princeton, NJ.

McGarigal, K., Marks, B.J., 1995. FRAGSTATS: Spatial Pattern Analysis Program for

17



Quantifying Landscape Structure. U.S. Department of Agriculture, Forest Service, Pacific
Northwest Research Station, Portland, OR.

McGarigal, K., Romme, W.H., Crist, M., Roworth, E., 2001. Cumulative effects of roads and
logging on landscape structure in the San Juan Mountains, Colorado (USA). Landscape
Ecology 16, 327-349.

Miller, J.R., Dixon, M.D., Turner, M.G., 2004. Response of avian communities in large-river
floodplains to environmental variation at multiple scales. Ecological Applications 14,
1394-1410.

Ministry of Sustainable Resource Management, 2004. User's Guide to the British Columbia
Watershed/Waterbody Identifier System. Version 3.0. Resources Information Branch,
Resources Information Standards Committee, Victoria, British Columbia. Available
online (accessed March 25, 2009):
http://www.llbc.leg.bc.ca/public/PubDocs/bedocs/369070/waterbody guide v3.pdf

Mladenoff, D.J., White, M.A., Pastor, J., Crow, T.R., 1993. Comparing spatial pattern in
unaltered old-growth and disturbed forest landscapes. Ecological Applications 3, 294-
306.

Ohmann, J.L., Gregory, M.J., 2002. Predictive mapping of forest composition and structure with
direct gradient analysis and nearest-neighbor imputation in coastal Oregon, USA.
Canadian Journal of Forestry Research 32, 725-741.

Okland, R.H., 2003. Partitioning the variation in a plot-by-species data matrix that is related to n
sets of explanatory variables. Journal of Vegetation Science 14, 693-700.

Oksanen, J., Kindt, R., Legendre, P., O'Hara, B., Simpson, G.L., Solymos, P., Stevens, M.H.H.,
Wagner, H., 2008. vegan: Community ecology package. Available online (accessed April
17, 2009): http://cran.r-project.org/.

Palmer, M.W., 1993. Putting things in even better order: the advantages of canonical
correspondence analysis. Ecology 74, 2215-2230.

Pew, K.L., Larsen, C.P.S., 2001. GIS analysis of spatial and temporal patterns of human-caused
wildfires in the temperate rain forest of Vancouver Island, Canada. Forest Ecology and
Management 140, 1-18.

Pillsbury, F.C., Miller, J.R., 2008. Habitat and landscape characteristics underlying anuran
community structure along an urban-rural gradient. Ecological Applications 18, 1107-
1118.

Power, K., Gillis, M., 2006. Canada's Forest Inventory 2001. Canadian Forest Service, Victoria,
BC. p. 140.

Pregitzer, K.S., Euskirchen, E.S., 2004. Carbon cycling and storage in world forests: biome
patterns related to forest age. Global Change Biology 10, 2052-2077.

18



Reed, R.A., Johnson-Barnard, J., Baker, W.L., 1996. Fragmentation of a forested Rocky
Mountain landscape, 1950-1993. Biological Conservation 75, 267-277.

Ripple, W.J., Bradshaw, G.A., Spies, T.A., 1991. Measuring forest landscape patterns in the
Cascade Range of Oregon, USA. Biological Conservation 57, 73-88.

Saunders, D.A., Hobbs, R.J., Margules, C.R., 1991. Biological consequences of ecosystem
fragmentation: A review. Conservation Biology 5, 18-32.

Schmidtlein, S., Sassin, J., 2004. Mapping of continuous floristic gradients in grasslands using
hyperspectral imagery. Remote Sensing of Environment 92, 126-138.

ter Braak, C.J.F., 1986. Canonical correspondence analysis - a new eigenvector technique for
multivariate direct gradient analysis. Ecology 67, 1167-1179.

Thomas, V., Treitz, P., Jelinski, D., Miller, J., Lafleur, P., Mccaughey, J.H., 2003. Image
classification of a northern peatland complex using spectral and plant community data.
Remote Sensing of Environment 84, 83-99.

Tinker, D.B., Resor, C.A.C., Beauvais, G.P., Kipfmueller, K.F., Fernandes, C.I., Baker, W.L.,
1998. Watershed analysis of forest fragmentation by clearcuts and roads in a Wyoming
forest. Landscape Ecology 13, 149-165.

Titeux, N., Dufréne, M., Jacob, J.P., Paquay, M., Defourny, P., 2004. Multivariate analysis of a
fine-scale breeding bird atlas using a geographical information system and partial
canonical correspondence analysis: environmental and spatial effects. Journal of
Biogeography 31, 1841-1856.

Turner, M.G., Gardner, R.H., O'Neill, R.V., 2001. Landscape ecology in theory and practice:
Pattern and process. Springer-Verlag, USA. 404 p.

van Halder, 1., Barbaro, L., Corcket, E., Jactel, H., 2008. Importance of semi-natural habitats for
the conservation of butterfly communities in landscapes dominated by pine plantations.
Biodiversity and Conservation 17, 1149-1169.

Watson, J.LE.M., Whittaker, R.J., Dawson, T.P., 2004. Avifaunal responses to habitat
fragmentation in the threatened littoral forests of south-eastern Madagascar. Journal of
Biogeography 31, 1791-1807.

Wimberly, M.C., Ohmann, J.L., 2004. A multi-scale assessment of human and environmental
constraints on forest land cover change on the Oregon (USA) coast range. Landscape
Ecology 19, 631-646.

Waulder, M.A., White, J.C., Magnussen, S., McDonald, S., 2007. Validation of a large area land
cover product using purpose-acquired airborne video. Remote Sensing of Environment
106, 480-491.

Wulder, M.A., White, J.C., Cranny, M., Hall, R.J., Luther, J., Beaudoin, A., Goodenough, D.G.,

19



Dechka, J.A., 2008a. Monitoring Canada's forests - Part 1: Completion of the EOSD land
cover project. Canadian Journal of Remote Sensing 34, 549-562.

Wulder, M., White, J., Han, T., Coops, N., Cardille, J., Holland, T., Grills, D., 2008b.
Monitoring Canada's forests - Part 2: National forest fragmentation and pattern. Canadian
Journal of Remote Sensing 34, 563-584.

20



Table 1. Full suite of fragmentation, composition, and spatial input variables.

Fragmen.tatlon Land cover class  Spatial
metric
fpatch MEAN  water X
fpatch STD snow/ice Y
fpatch MAX rock/rubble X2
fprop. MEAN  exposed land Y?
fprop STD shrub low XY
fprop MAX wetland shrub XY
fmarea MEAN wetland herb XY?
fmarea STD herb X
fmarea MAX  wetland treed Y?
frarea MEAN  coniferous dense ws_area
frarea STD coniferous open

frarea MAX
fdense MEAN
fdense STD
fdense MAX

coniferous sparse
broadleaf dense
broadleaf open
broadleaf sparse
mixedwood sparse
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Table 2. Selected forest fragmentation metrics.

Metric Description Reference

f rarea  Relative area (%) Turner et al. (2001)

f patch Number of forest patches Li et al. (2005)

f prop  Proportion of forest patches (%)

f marea Mean patch size (ha) McGarigal and Marks (1995)
f sarea  Standard deviation of patch size (ha) Cumming and Vervier (2002)
f dense Edge density (m/ha) Li et al. (2005)

Table 3. Age class definitions.

Age

range Age class Expanded age class
(Gillis et al., 2003) (Leckie and Gillis, 1995)
(years)
0 none 0
1-20 regeneration 1
21-40 2
41-60 3
61-80 immature 4
81-100 5
101-120 6
121-140 mature 7
141-240

241-250 8
251+ old growth 9




Table 4. Forest fragmentation trends for Vancouver Island watersheds. All watersheds
intersecting the forest inventory, larger than 50ha, and uncontaminated by cloud in the EOSD
dataset are considered (n = 1283). Fragmentation metrics were calculated for 1 km? subunits and
averaged to watersheds. Values are the mean = standard deviation [range] of these watershed
averages. Forest-dominated watersheds (> 85% forest cover, n = 1166) and less-forested
watersheds (< 85% forest cover, n = 117) were compared with ANOVA and significance is
reported.

Variable All watersheds Forest- Less-forested ANOVA
dominated watersheds p
watersheds
f rarea (%) 85.3+13.6 87.1+11.7 67.9 £ 18.6 <0.0001
[4, 100] [14, 100] [4, 99.6]

f patch (n) 29+2.6 27+2.2 56=+4.1 <0.0001
[0.8, 30] [0.9, 25.5] [0.8, 30]

f prop (%) 36.6+21.8 36.7+22.1 358+ 184 N.S.
[3.8, 100] [3.8, 100] [6.5, 93.8]

f marea 60.3 +£27.9 62.7+27.1 36.1 £24.1 <0.0001

(ha) [0, 100] [0, 100] [0, 98.8]

f sarea (ha) 15.7+12.1 15.7+12.3 153+9.2 N.S.

[0, 65] [0, 65] [0, 43.3]

f dense 57.5+453 55.1+45.6 82.2+34.1 <0.0001

(m/ha) [0, 279.3] [0, 279.3] [4.4,172]

ws_area 2310.6 £ 3856.4  2286.1 £3956.0 2554.6 £2667.2 N.S.

(ha) [61.2,48999.2] [61.2,48999.2] [106.2, 12525.7]

Table 5. Forest fragmentation trends at the watershed level across Vancouver Island, controlling
for forest amount. These are thus the differences of “pure” fragmentation. Least square means of
fragmentation metrics, adjusting for % forest, are given for forest-dominated watersheds (> 85%
forest cover, n = 1166) and less-forested watersheds (< 85% forest cover, n = 117). Watersheds
were compared with ANCOVA, and significance is reported.

Variable Forest-dominated Less-forested ANCOVA
watersheds watersheds p

f rarea (%) 85.6+13.2 83.2+77.8 N.S.

f patch (n) 29+2.7 3.8+£43 0.0293

f prop (%) 35,6 +£23.8 47.0 +£38.1 0.0029

f marea (ha) 60.2 +28.9 61.0+46.2 N.S.

f sarea (ha) 16.2+13.3 10.7+21.2 0.0096

f dense (m/ha) 57.8 +48.7 549+77.8 N.S.
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Table 6. Landscape variables that significantly contribute to CCAs of forest age over all
Vancouver Island watersheds. Variables were not significant when including other datasets as
covariates, and were excluded from final models are indicated with an *.

Fragmentation p Land cover class p Spatial p
metric variable

frarea STD 0.005 broadleaf dense 0.005 XY~ 0.005
fdense MEAN 0.005 snow ice 0.005 X°Y 0.005
fmarea MEAN 0.005 water 0.005 X 0.005
fdense MAX 0.005 broadleaf open 0.005 X° 0.005
fmarea STD"  0.005 herbs 0.005 Y 0.005
frarca MAX~  0.010 shrub low 0.005 ws area’  0.040

frarea_MEéN* 0.005 coniferous dense 0.005
fprop STD 0.005 coniferous sparse 0.005

wetland treed 0.005
mixedwood sparse  0.005
wetland shrub 0.005
rock rubble 0.015
broadleaf sparse 0.010
exposed land 0.020

Table 7. Landscape variables that significantly contribute to CCAs of forest age over Vancouver
Island watersheds with <85% forest cover.

Fragmentation p Land cover class p Spatial p
metric variable
fdense STD 0.005 coniferous open 0.005 XY~ 0.005
frarea MEAN  0.005 broadleaf dense 0.005 Y 0.005
fprop STD 0.015 wetland shrub 0.005 ws area  0.035
frarea MAX 0.025 wetland treed 0.005 X*Y 0.045
broadleaf open 0.005
herb 0.005
mixedwood sparse 0.025
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Figure 1. EOSD land cover classification of Vancouver Island.

25



composition

composition

fragmentation fragmentation

0.0543
(5.6%)

0.0508
(4.0%)

0.2883
(29.8%)

0.186
(14.6%)

0.0234
(2.4%)

0.0204
(1.6%)

0.0455
(4.7%)

-0.0118
(-0.9%)

0.0669
(6.9%)

0.0959
(7.5%)

0.0339
(3.5%)

-0.002
(-0.2%)

0.0776
(8.0%)

0.1175
(9.2%)

space

space

Figure 2. Partitioning of variation in forest age distributions between landscape composition,
landscape fragmentation, and spatial variables for a) all candidate Vancouver Island watersheds

and b) watersheds with forest cover < 85%.
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Figure 3. Partial ordination of forest age constrained by landscape composition, independent of
the effects of fragmentation and space. Panels a) and b) plot the age scores and environmental
gradients for canonical axes 1 & 2 and 3 & 4, respectively.

27



(nt|
-
- fmarea_MEAN
o
mature
old.growth
=
=3 S RS R
generatiom—__
- | immature | “fdehse MEAN
T \
6 II|II|
O ey ||'|I
f:.i 1 I|||
| 1\
| \
II ||I
3 \ \
o B I||I
1 v
rare';la_STD
- W
= :
Efde'"se_.ﬂ,’l.&.}(
e :
0.3 -0.2 0.1 0.0 0.1 0.2
CCA1

0.3 0.4
Figure 4. Partial ordination of forest age constrained by fragmentation, independent of the
effects of composition and space. Age class scores and environmental gradients for canonical
axes 1 and 2 are plotted.
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Figure 5. Watershed scores for the 4 composition and 2 fragmentation canonical correspondence
axes mapped over Vancouver Island. To interpret relative values, please refer to Figures 2 and 3.
The large white cut-out in southeastern Vancouver Island is an area with no forest inventory
coverage for which analyses could not be carried out.
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Figure 6. Partial ordination of forest age constrained by landscape composition, independent of
the effects of fragmentation and space, for only watersheds less than 85% forested. Age scores
and environmental gradients are plotted for canonical axes 1 and 2.
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Figure 7. Partial ordination of forest age constrained by fragmentation, independent of the
effects of composition and space, for only watersheds less than 85% forested. Age scores and
environmental gradients are plotted for canonical axes 1 and 2. Note that only axis 1 is
significant.
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Figure 8. Vancouver Island forest age distributions, observed and expected under natural
disturbance regimes (estimated from Lertzman et al. 1996).



