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Abstract

Habitat loss is widely acknowledged as the leading cause of extinctions and is occurring at an
alarming rate and affecting biodiversity globally. I measured the rate of habitat loss using
satellite-based land cover change data. First, | modelled the potential suitable habitat of the
Marbled Murrelet on Vancouver Island using two techniques and compared those results to in-
situ field measurements. Both modelling techniques predicted declines in suitable habifat
between the years, although one technique was better at predicting suitable habitat. I also
compared rates of habitat loss in areas of high species endangerment to those with lower
endangerment over a 15-year period in three Canadian ecozones. In two ecozones, rates of
habitat loss were higher in sites of high species at risk richness than those with low richness.
These results underscore the importance of using remote sensing data as a monitoring tool

critical habitat for species at risk in Canada.



Résumé

La perte d’habitat naturel, reconnue comme la cause principale d’extinction, se produit a un taux
inquiétant et a de conséquences négatives importantes pour la biodiversité a 1’échelle globale.
J’ai mesuré le taux de ’habitat perdu en utilisant des données du changement de 1’occupation du
sol obtenu des images satellites. Premiérement, j’ai développé un mode¢le pour prédire les
changements dans le montant d’habitat approprié du guillemot marbré a I’Ile de Vancouver, en
me basant sur deux techniques ainsi que des données obtenues sur le terrain. Tout deux
techniques ont prédit un déclin dans le montant d’habitat approprié entre années, par contre un
des deux était meilleur 2 prédire la localité d’habitat approprié. J’ai comparé les taux de perte
d’habitat en régions avec haut niveau d’espéces en péril a ceux ayant un bas niveau d’espéces en
péril durant une période de 15 ans dans trois écozones au Canada. Dans deux écozones, les taux
de perte d’habitat étaient plus élevés dans les sites ou le niveau d’espéces en péril était plus haut
comparé aux sites ot le niveau était pvlus bas. Ces résultats soulignent I’importance de
Putilisation de la télédétection comme outil pour la surveillance de I’habitat critique des espéces

en péril au Canada.



General Introduction

A majority of Canada’s area (~65%) can be classified as wilderness (Sanderson ez
al., 2002), however, it is an area where latent species extinction risk is high (Cardillo et al.,
2006) and whose rates of endangerment are similar to those of developing countries in the
Americas (Kerr & Deguise, 2004). Biodiversity loss is largely agreed to be due to
anthropogenic effects, such as urban development and natural land being converted to
agriculture (UNEP, 2002). These anthropogenic effects coupled with pronounced climate
change will undoubtedly affect Canadian biodiversity strongly in the future. It is increasingly
apparent that monitoring biodiversity and the factors that affect it across Canada improve the
likelihood of building effective conservation strategies (Duro et al., 2007). This premise lies
at the heart of existing and proposed monitoring schemes in Canada (Ecological Monitoring
and Assessment Network, 2007; Alberta Biodiversity Monitoring Institute, 2008).

Monitoring biodiversity and species habitat across broad areas using surveys and
traditional field techniques is logistically difficult and expensive, so researchers need to rely
on other options. Satellite remote sensing permits synoptic observation of extensive,
inaccessible areas that are practically or economically infeasible using alternative methods.
(Kerr and Ostrovsky, 2003). With remote sensing data, researchers are able to obtain spatial
data at a variety of spatial and temporal scales (the data that are most often used vary from
1km to 60cm in spatial resolution, with a revisit time varying from daily to bi-monthly),
which allows for near real-time monitoring of natural phenomena such as forest fires (Li et
al., 2003), avalanches (Huggel et al., 2007), and floods (Overton, 2005; Asante et al., 2007).
Remote sensing data have been shown to be useful for species distribution modelling

(Venier et al., 2004), determining range shifts of species with respect to changing climate
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(Thomas and Lennon, 1999; Parmesan and Yohe, 2003), and for measuring ecosystem
function (Jobbagy et al., 2002). |
In this thesis, I explored the use of new techniques to detect land cover conversions
in areas where biodiversity impacts of such changes could be serious. In Chapter 1
(Comparing model- and in situ based assessmeﬁts of habitat suitability for a cryptic species
at risk: Marbled Murrelets) in southwestern British Columbia), I I developed two niche
models for Marbled Murrelet and investigated impacts of recent, extensive losses of
“potentially critical habitat detected using high resolution satellite data. In Chapter 2 (A
comparison of rates of habitat loss in areas of high and low endangered species richness in
Canada), I again used remote sensing data to investigate land cover changes over a 15-year
period in two hotspots of endangered species richness in Canada (southern Ontario and the
Okanagan Valley region in southern British Columbia). Results from this thesis are intended
to provide constructive tests of the use of satellite data for biodiversity monitoring in areas of
Canada where ongoing land cover conversions appear to be exacerbating current losses of

many species.



Chapter 1

Comparing model- and in situ based assessments of habitat suitability for a cryptic species at
risk: Marbled Murrelets

Abstract

Predictioils of the impacts of climate and land use changes on biodiversity rely
heavily on models that describe species niche characteristics to predict areas of suitable
habitat. These models, however, are rarely tested using field measurements. I modelled the
distribution of potentially suitable habitat for the Marbled Murrelet, a coastal seabird found
along North America’s Pacific coast, on a portion of Vancouver Island, British Columbia for
the years 2000 and 2005. I used Maximum Entropy (Maxent) ta carry out the modelling
using nesting site records and remotely sensed and spatial environmental variables from the
two time periods. Habitat suitability models were also built and their performance was
compared to the Maxent models. Field work was conducted in select sites throughout
Vancouver Island measuring different habitat characteristics and the suitability of Marbled
Murrelet habitat. These field measurements were compared to the results of the Maxent and
habitat suitability models. Both models predicted a decline in the amount of potentially
suitable habitat for the Marbled Murrelet between 2000 and 2005. Meésurements in the field
had “fair” agreement with the Maxent model, and “substantial” égreement with the habitat
suitability model. The loss in habitat between 2000 and 2005 was a result of extensive
logging right around the park perimeters. The results highlight the importance of the use of
species distribution models in the conservation of threatened species and stress the

importance of further testing these predictive models with field data.



Introduction

Niche models, also referred to as species distribution models, are used to predict the
distribution of a species by relating occurrence (and sometimes absence and/or abundance)
data with a suite of environmental data that represent potential niche parameters to produce a
spatially explicit map of suitable habitat for that species. These models are often applied in
the context of conservation biology, invasive speciés and wildlife management, and
biogeographical theory (Schadt ef al., 2002; Peterson, 2003; Thuiller et al., 2005; Pearce &
Lindenmeyer, 1998). These niche models can also be applied through time to predict how
changing environmental conditions might affect species’ potential ranges (Harte et al., 2004,
Thomas et al., 2004; Kharouba et al, 2009; Algar et al, 2009).

Suitable habitat monitoring is a vital part of bi\odiversity conservation strategies (Willis
et al., 2007). For example, the GAP program in the United States identifies species habitat
requirements to give land managers, planners and policy makers key information to make
informed decisions for identifying priority areas for conservation (Scott & Schipper, 2006).
Likewise in Mexico, CONABIO (National Commission for the Knowledge and Use of
Biodiversity) has used similar techniques to conserve biodiversity. In one such study, the
potential introduction of a California honey bee was halted after CONABIO’s risk
assessment found that it would be detrimental for endemic bee species in the area (Koleff,
2004). The Global Biodiversity Information Facility (http://www.gbif.org), the largest
biodiversity data portal that currently contains over 150,000,000 occurrence records, has
made it easy for many users to create species distribution models in an efficient manner with

numerous modelling algorithms (Sutton et al., 2007; Nativi et al. 2007).


http://www.gbif.org

The increasing use of niche models in species conservation has made the validation of
the models a crucial step in the process. Errors in the models, especially commission errors
(i.e. false-positives), would be detrimental to conservation planning (Loiselle et al, 2003).
Although crucial, validation of niche models with on-the-ground field measurements are
rarely carried out after the models are created (Mackay & Lindenmayer, 2001). Instead of
field validation, species niche models are most often tested internally. This is often done by
using 30% of the occurrence points to train and create the models, while the remaining
points are used to test the model (Fielding & Bell, 1997; split-sample approach of Guisan &
Zimmermaﬁn, 2000). Although internal validation is the most widely used accuracy
assessment method, the points used to test the models sometimes come from a single field
campaign, where the points are generally concentrated in a single region or two, and not
dispersed throughout a larger geographical extent.

The current study aims to model the potential suitable habitat of the Marbled
Murrelet (Brachyramphus marmoratus), which is listed as threatened in Canada by
COSEWIC (Committee on the Status of Endangered Wildlife in Canada), using Landsat
imagery at a 30 metre resolution. Two distinct modelling techniques were used: subjectively
built habitat suability models and statistically-derived Maximum Entropy (Maxent) models.
The Marbled Murrelet is a coastal seabird that nests in Western North America, often in old
growth rainforests. Logging in these forests, along with declining fish stocks (IUCN, 2007,
Parfitt, 2008), threaten this species. I modelled distributions for two time periods (2000 and
2005) and measured the change in the modelled distribution of suitable habitat using two
empirically derived methods — simple habitat suitability (i.e. models built based on expert

opinion) and statistical niche models. The models were tested in two ways: internal



validation and field measurements. Field work was conducted in two sites on Vancouver
Island, where a variety of habitat characteristics known to affect the habitat suitability for

Marbled Murrelets were measured. The two key questions of this research are the following:

1) How have observed environmental changes affected the potential suitable
habitat of the Marbled Murrelet from 2000 to 2005?

2) How well do on-the-ground field measurements compare to both expert-
built habitat suitability models and statistically derived niche models

constructed from occurrence points?

I predict that the Maxent models will be more accurate becausé of their strong statistical
foundation and recent success in the species distribution modelling literature (Elith et al.,
20006).

Both questions, although addressing different subjects, are important for future
conservation efforts. The reliability of niche models is an area of research in the field that
needs to be explored further to ensure that conservation plans are conceived in an accurate

manner with optimal results.

Methods

2.1 Study area
The study region is Pacific Rim National Park in British Columbia, Canada (Figure
1.1). The area of the park is 510 km?, with the greater park ecosystem (GPE) including

watersheds flowing into Clayoquot Sound or within 50km of it or flowing into the Strait of



San Juan de Fuca and Barkley Sound. Old growth, coastal temperate rainforest is
characteristic of the area. Right outside the park boundaries and elsewhere around
Vancouver Island, however, extensive harvesting of old growth forest is affecting the habitat

quality of many species (Garman ef al., 1999).

2.2 Study species

The Marbled Murrelet is a coastal seabird that is found along the northwestern
coast of North America. It is a cryptic species that is rarely observed because of its
behaviour and inaccessible nesting sites (Jodice & Collopy, 2000). Marbled Murrelets on
Vancouver Island nest in old growth coniferous trees with large, mossy limbs that they use
as platforms for flight (Burger & Bahn, 2004). They are occasionally observed in habitats
where small trees and shrubs are dominant (DeGange, 1996), or even in unforested areas
near the shore (Piatt & Naslund, 1995). Zharikov et al. (2006) found that Marbled Murrelets
prefer steep slopes, lower elevations, and proximity to ocean in their model of habitat
selection. They also observed that the Marbled Murrelets can successfully breed in old
growth forests that were fragmented by logging.

Marbled Murrelet nesting site records were obtained from Pacific Rim National Park
ecologists. Generally, direct observations of the Marbled Murrelets are over bodies of water,
which are not useful for modelling suitable habitat. Biologists thus often have to use radio-
tagging and nest-location to identify species occurrences on land. All the modelling done
refers to nesting site habitat, and does not cover feeding habitat, which is entirely sea-based.
A total of 36 nesting sites were used as inputs for the Maxent modelling. The spatial

accuracy of the data is approximately 30m (Zharikov et al., 2006). For radio-tagging



methods, refer to Bradley ef al (2004). All points were taken from areas around Clayoquot

Sound, on the western coast of Vancouver Island.

2.3 Environmental variables

Six environmental variables were selected for niche model conétruction based on
autecological knowledge of the Marbled Murrelets (Meyer & Miller, 2002; Burger & Bahn,
2004). The variables included: distance to old growth conifers, distance to water,
slope, aspect, elevation and land cover. Marbled Murrelets often nest in old growth, conifer
forests with sitka spruce, hemlock, and Western red cedar beihg the preferred tree species
(Burger & Bahn, 2004). Aspect was also chosen because adult Murrelets prefer south facing
slopes so that young chicks can take advantage of the sunlight that heats them up (Burger &
Bahn, 2004). Additionally, Murrelets typically nest in low-elevation areas that are generally
around 150m above sea level (Burger & Bahn, 2004). All environmental variables at the
landscape scale were derived from both Landsat land cover classifications and a digital
elevation model (DEM) provided from Geobase (www.geobase.ca), a federal, provincial and
territorial government initiative that provides access to up-to-date Canadian, geospatial data.
Land cover classifications for the years 2000 and 2005 were produced by Fraser et al (2007)
using two Landsat-5 scenes from path/row 48/26 and 49/26, covering most of the GPE.
Although the accuracy of these particular scenes were not assess, similar techniqués at St-
Lawrence Islands and Nahanni National Parks yielded accuracy results of 94% and 83%
agreement, respectively (Fraser et al, In press). The classification was radiometrically
normalized to produce a seamless mosaic of the two Landsat images. All geographic

information system (GIS) manipulations were carried out using ArcInfo and ArcView
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(Environmental Systems Research Institute, 2006) and Geomatica 9.0 (PCI Geomatics,

2003).

2.4 Maximum Entropy niche modelling

I used Maximum Entropy (Maxent) to construct niche models (Phillips et al., 2006).
Maxent is a relatively new, machine learning, software that has been shown to perform quite
well against other, more established methods such as Generalized Linear Models and
Generalized Additive Models (Elith ez al., 2006). Maxent works by finding the probability
distribution that is closest to uniform such that any of the constraints (i.e. environmental
variables used) satisfy the approximation of that distribution. Maxent output consists of a
cumulative value for each grid cell (ranging from 0-100), representing the modelled
suitability of habitat for the focal species. To build the models, 70% of the occurrence data
were used and the remaining 30% were used to independently evaluate the fit of the Maxent
model (Fielding & Bell, 1997). Maxent was run 10 times to assess the average behaviour of
theNalgorithm and to reduce the magnitude of possible errors arising from individual model .
outputs. This is the standard approach and has been the basis of many informative studies
(Algar et al, 2008; Buermann et al, 2008). Environmental variables used in the models were
the same variables used in the construction of the habitat suitability models.

Each Maxent model is internally tested using the 30% of occurrence data that were
held back during the model construction phase. Models were evaluated using the area under
the receiver operator characteristic curve (AUC), a common measure of model accuracy

(Fielding & Bell, 1997). Peterson et al (2008) and Lobo et al (2008) point out some potential

pitfalls of the method including equal weighing of omission and commission errors and its
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lack of information regarding the spatial distribution of model errors. The method, although
imperfect, is still informative and a useful tool for accuracy assessment. AUC values range
from 0-1, with a value of 0.5 indicating a prediction no better than random and a value of 1
indicating perfect discrimination (Fielding & Bell, 1997). The AUC is often the chosen
method of accuracy assessment because its values are independent of any particular
threshold of presencg/absence and incorporates errors of omission and commission.
Omission error would require data on nesting site absences, which were not available for this
study. Instead, Maxent creates background pixels, randomly generated points, to act as
pseudo-absence points. |

Models were converted to binary form representing suitable and unsuitable habitat.
There are several objective methods of determining an appropriate binary threshold. I took
the average habitat suitability of the map (Cramer, 2003), which was chosen because of the
ease of caiculation and its reliability (see Liu ef al., 2005 for a review on threshold
selection). Although information is lost in the conversion to binary maps, they offer a more
intuitive and simpler way of interpreting results. Also, the field sites were classified to either
suitable or unsuitable habitat based on habitat characteristics, so comparisons will be
consistent.

These models can never prove a species presence, but rather make predictions about
the suitability of a location with respect to environmental factors known to influence its
distribution. Species distribution models have a strong track record and are quite a useful
ecological tool (Kharouba et al, 2009). For example, Raxworthy et al. (2003) discovered
seven new species of chameleon in Madagascar based on areas of overprediction from

models of other chameleon species.
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2.5 Habitat suitability models

Habitat suitability models attempt to quanﬁfy habitat quality using characteristics
that are important to the species. Habitat suitability models are built by assigning suitability
scores to various characteristics (ex. 100 for optimal habitat, 50 for sub-optimal, and 0 for
unsuitable, etc.) and aggregating all scores together (Lancia et al., 1982). These maps are
simply based on expert opinion so an understanding of the biology of the species in question
is crucial so that models can be built as accurately as possible. In that sense, the models are
subjectively built, one of the limitations to the technique. These models do confer an
advantage, though, over other statistical and machine learning techniques - species with or
without occurrence points can be modelled, so long as the biology of the species is
understood, and that biology can be translated into spatial measurements. This will be
increasingly important for rare species, which oftentimes have very few occurrence records
available making other modelling techniques inappropriate.

Like the Maxent models, habitat suitability models were transformed to binary maps
using the average habitat suitability value as the threshold. An inherent assumption of both
the habitat suitability and Maxent models is that a species will select and use areas that are
optimal to its survival, and that it is most likely to be found in higher quality habitat

(Schamber & O’Neil, 1986).

2.6 Field validation

Field work was conducted in September of 2007 in two regions within and around
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Pacific Rim National Park on Vancouver Island — Bamﬁeld_and, north of Barclay Sound,
around Tofino and Ucluelet (Figure 1.2). A total of 41 sites were visited, 6 of which were
located within the park boundaries while the remaining sites were located in the GPE. The
sampling sites were in different geographical regions than the points used to create the
models. | measured a variety of habitat characteristics in lieu of détecting the presence of
Marbled Murrelets, since Murrelet sightings are extremely rare. The characteristics
surveyed, aspect, slope, elevation, general land cover, dominant tree species, diameter at
breast height of 5 biggest trees, tree height of representative trees, qualitative canopy closure,
canopy complexity, number of mossy limbs, were based on the findings of Burger & Bahn
(2004) and known habitat requirements of the Marbled Murrelet (Jodice & Collopy, 2000;
Meyer et al., 2002; Meyer & Miller 2002). Each site that was sampled for the above
characteristics was also georeferenced (+/- 5 m average precision) with a Garmin GPS unit
so that the exact locations could later be compared with the same location in the models.

Of the 41 sites measured, each was classified to either suitable or unsuitable habitat
based on the Murrelets’ habitat requirements. This step, like the construction of the habitat
suitability models, is subjective but based on a thorough understanding of the biology of the
species and its habitat requirements. The binary field scores assigned in this stage are treated
as the best estimate of true suitable habitat so they are compared to the binary scores of the
2005 habitat suitability and Maxent models (comparisons to the 2000 models would be
unreliable because of the potential changes that could have occurred over 7 years). Cohen’s
kappa statistic of agreetﬁent, a statistical measure of the agreement between two binary
classifications, was used to compare the field scores to those of the two modelling

techniques (Cohen, 1960). Values range from 0 -1, with values greater 0.8 considered
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“excellent” (see Table 1.1 for Kappa value interpretation). All statistical analyses were
carried out using SAS v.9.1 (SAS, 2003).

The usual technique of model testing is to observe the species in the wild and
compare field absences and presences to model absences and presences. This method,
however, would not be reliable for the Marbled Murrelet as both the species and their
nesting habitat are incredibly difficult to find. Instead, the indirect approach of measuring
habitat suitability as a proxy of species presence/absence was used. Both modelling
techniques measure the suitability of the habitat based on environmental parameters, so the
method of measuring the suitability of the habitat in the field is appropriate as a means of

testing them.

Results

Both the Maxent and habitat suitability models predicted an overall decrease in the
amount of suitable Marbled Murrelet habitat between the years 2000 and 2005. While
Maxent predicted an overall decrease of 29 km?, the habitat suitability models predicted an
overall decrease of 6 km®.

Assessment of Maxent model accuracy tests using the area under the receiver operator
characteristic curve yielded an average AUC value of 0.94 (Figure 1.3), which is considered
“excellent” according to Swets (1988). A post-hoc comparison of the two modelling
techniques for both time periods showed very little agreement, with Kappa = 0.0831, p
<<0.001 for the 2000 models and Kappa = 0.0876, p <<0.001 for the 2005 models (Table
1.2). These low Kappa values signify major differences in what the two modelling

techniques are predicting as suitable and unsuitable habitat. A visual inspection of the maps
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(Figure 1.4) indicates that Maxent tends to predict suitability further inland relative to the
habitat suitability maps.

Field validation of both 2005 models yielded considerably different results. According to
the criteria set forth by Landis and Koch (1977), there was “fair” agreement between the
suitability scores of the 2005 Maxent model and the field data (Kappa = 0.384, p = 0.0049, N
= 41), whereas the 2005 habitat suitability map showed “substantial” agreement with the

field data (Kappa = 0.656, p < 0.0010, N = 41) (Table 1.3).

Discussion

Marbled Murrelets are known to depend on old growth forests, and the loss of those
forests likely reduces their nesting habitat. Raphael et al. (2002) found that the amount and
distribution of suitable nesting habitat played was correlated with the number of Marbled
Murrelets in 10 river drainages on the Olympic Peninsula, in Washington. Both the habitat
suitability and Maxent models predicted a decrease in the amount of suitable habitat between
the years 2000 and 2005, which is most likely due to the vast amounts of old growth forest
being harvested in areas adjacent to the park (Figure 1.5). Habitat loss threatens the survival
of this species (Nelson, 1997; IUCN, 2007), so further losses of habitat documented here
will almost certainly reduce Murrelet populations further, a conclusion supported by models
developed here.

There is a large discrepancy in the accuracy values of the 2005 Maxent models between
the internal validation method (e.g. AUC) and the field scores. AUC values were very high
for that particular index (0.94), while the Kappa statistic scores from the field indicated less

agreement (0.384). This indicates that the Maxent models fit known nesting sites well but
16



that it extrapolates poorly to unsampled regions. Nesting sites that both trained and tested the
models were generally in the same geographical region, which could explain the inflated
AUC values. Also, use of pseudo-absence points can inflate AUC scores if they are
generated in a more environmentally distant location from those of the known presences
(Lobo et al., 2008). Another pitfall of using AUC as a method of accuracy assessment is that
it weighs omission and commission errors equally. This mismatch in error weighting can
also have practical implications. For example, the designation of reserves should weigh
commission errors (misclassification of abseﬁces) more seriously than omission errors.
Although AUC is the most widely used method of accuracy assessment, there are some
issues that remain to be resolved (Lobo et al.,2008; Peterson et al., 2008).

Habitat is changing rapidly right outside park boundaries, which is likely detrimental to
Marbled Murrelets. Any conservation planning for the area should include buffer zones,
extended areas of protection around park boundaries, as we know that clear cuts are being
done right up to the park boundaries. Buffer zones are viewed as important for the
maintenance of biodiversity (Jongman, 1995; Schafer, 1999) and would be especially
important for Marbled Murrelets. Buffer zones serve two main functions: 1) to reinforce the
reserves by extending its total area and 2) to reduce negative impacts on the park from its
surroundings (Batisse, 1997). Buffer zones are particularly important for small parks, such as
Pacific Rim National Park, which tend to have a high proportion of edge habitat (Matlack &
Litvaitis, 1999). Edge habitat differs from mature forest in that humidity, temperature,
openness, light distribution and microclimatic conditions will be altered (Forman, 1995;

deMaynadier & Hunter, 1998). The creation of well defined buffer zones around the Pacific

17



Rim National Park boundaries would be key in preserving critical Marbled Murrelet habitat
for the future.

A visual inspection of the maps indicates that Maxent tends to predict suitability further
inland relative to the habitat suitability maps. Given that that Marbled Murrelets will not nest
in habitat farther than 80km from the coast (Hamer et al., 1995), 1 suspect that the Maxent
models are inaccurate because they are failing to weigh this criterion appropriately. This is
likely occurring because the habitat suitability maps gave a value of 0 for any location where
any of the niche parameters was classified as unsuitable regardless of the values of the
remaining niche parameters (i.e. those localities are predicted to be outside the species’
“envelope” of habitable environments). The Maxent models, however, seem to allow for
species to inhabit areas where particular environmental parameters are unsuitable to them.
The field data results provide a way of assessing which modelling method most accuratgly
predicts suitable Marbled Murrelet habitat. Again, by the criteria set forth by Landis and
Koch (1977), there was “fair” agreement between the binary field score and the Maxent
model. The habitat suitability model, which was initially predicted to be the less accurate of
the two models because of its extremely simple statistical foundation, reflected more closely
to field data. This is an interesting result and one that requires further research. Few studies
actually use field data to test species distribution models (but see Greaves et al., 2006).
Instead, species distribution models are typically tested internally (as in step 2.4.3) with
some observations being held back from model construction to allow accuracy assessment
(usually using AUC values). It is difficult to question model results when the only accuracy
assessments possible for them indicate “excellence” (using the terminology of Swets 1988)

and no additional data exist. The mismatch between suitabilities, as observed directly in the
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field, with estimates from a widely used modelling method (Maxent) emphasizes the need
for expanded field testing of species distribution models. Conversely, however, this result
could be viewed as encouraging, as qualitative habitat suitability models may perform
effectively for rare and poorly-surveyed species.

These models, like all species distribution models, should be interpreted with caution.
There were other environmental parameters that could have been considered at the landscape
scale that were not considered (ex. canopy complexity and closure, which would have
required different remote sensing data sources that could not be obtained for this study).
Biological interactions such as predation and competition, which were also excluded from
this analysis, can also play a role in species distribution models, particularly when those
biotic interactions are very well-defined and represent clear niche dimensions (ex. obligate
host plants for a butterfly species: Araujo & Luoto, 2007). Unfortunately, biological
interactions are often difficult to quantify and reliable data may not be available, especially
in remote regions where field observations required to collect such data are difficult.
Although biological interactions are not a particularly importént niche parameters for
Marbled Murrelets, it is something that should be taken into consideration for other such
studies. The variables that were ultimately selected were based on data availability and on
the basic habitat and physiological requirements of the Marbled Murrelets. Another potential
source of noise with this particular analysis was that field data and satellite data could not be
collected at identical times periods (field data are from 2007, Landsat data from 2004 and
2005), which most likely increased disagreements for purposes of the Kappa statistic
calculations. A few sites that were sampled during the field campaign had clearly

experienced disturbances since the satellite observations used in this study were collected,
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such as blowdowns or clear cuts, which would likely render these areas unsuitable for the
Murrelets. The land cover data, however, would obviously not account for changes occurring
after its collection. However, these sites were few and did not impede my ability to generate
a model (specifically, the habitat suitability model), that strongly agreed with my field
sampling.

The results of this analysis closely reflect the conclusions of Greaves ef al. (2006), one of
the few studies to test species distribution models with field data. Their logistic regression
model of a threatened bat species in New Zealand had moderate agreement with data
collected in the field. One of the key conclusions from Boitani ez al. (2008), another study to
test predictive distribution models with field data, was that empirically derived, statistical
models may not be as appropriate as expert-built habitat suitability models when data on
species distribution are scarce. Regardless of the modelling techniques used, evaluation of

the predictive ability of these models is essential for practical use.

Conclusions

In this study, I found a decline in the amount of suitable habitat for the Marbled
Murrelet between 2000 and 2005 due to logging outside park boundaries. Using up-to-date
satellite imagery, it will be possible to monitor the status of Marbled Murrelet habitat over
time and to direct conservation and mitigation efforts accordingly. Extensive habitat losses
extend directly to park boundaries, eliminating habitat for Murrelets across broad areas and
pointing to a need to develop buffer zones around the park. This approach could improve the
likelihood of conserving Murrelet populations within the park but would also be valuable for
regional habitat protection for this species. As Murrelets are already threatened by habitat

loss, rapid deforestation of coastal, old growth forests will increase threats to this species’
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Simple habitat suitability models may be more accurate than more complex, machine
learning modelling techniques such as Maxent. Further work using on-the-ground field data
will need to be done to resolve the issues of accuracy with different modelling techniques.
These models, however, will continue to be useful for conservation planning and other

important ecological applications.
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Table 1.1 — Interpretation of kappa values. Adapted from Landis, JR and Koch, GG.
(1977).The measurement of observer agreement for categorical data. Biometrics, 33, 159-

174.

Kappa Intrepretation
0 No agreement -
0 -0.19 Poor agreement
0.2-0.39 Fair agreement
0.4-0.59 Moderate agreement
0.6 - 0.79 Substantial agreement
0.8-1.0 Almost perfect agreement

Table 1.2 — Confusion matrix, with corresponding Kappa values and 95% confidence
intervals, for the comparison between the Maxent models and habitat suitability models for

both the 2000 and 2005 time periods.

2000 models 2005 models
0 1 Total 0 1 Total
0 17347 8148 25495 0 17379 8031 25410
1- 6132 4218 10350 1 6171 4264 10435
Total 23479 12366 35845 Total 23550 12295 35845
Kappa = 0.0831 Kappa = 0.0876
95% confidence interval (0.0727, 0.0936) 95% confidence interval (0.0771, 0.0981)
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Table 1.3 - Confusion matrix, with corresponding Kappa values and 95% confidence

intervals, of the comparison between field data scores with those of the 2005 Maxent and

habitat suitability models.

Maxent Habitat suitability
0 1 Total 0 1 Total
0 20 3 23 0 19 4 23
1 9 9 18 1 3 15 18
Total 29 12 41 Total 22 19 41
Kappa = 0.384 Kappa = 0.656

95% confidence interval (0.108, 0.659)

95% confidence interval (0.424, 0.888)
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Figure 1.1 — The study region — Pacific Rim National Park, in British Columbia, Canada

(48°51'N, 125°19'W).
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Figure 1.2 — Location of field sites (red circles) around Tofino, Ucluelet and Bamfield. The

underlying map is the land cover classification for the year 2005.
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Figure 1.3 — Area under the receiver operator characteristic curve with training and test data

values. A random prediction is shown with a green line and represents an AUC value of 0.5.
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Figure 1.4 — A) Habitat suitability and B) Maxent binary maps for the year 2000. Areas in
green are predicted present (suitable habitat) and grey areas are predicted absent (unsuitable

habitat). The park boundary is shown in blue.
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Figure 1.5 — Land cover maps around Bamfield for the years A) 1990 and B) 2005. Light

and dark blue patches are barren and fresh cuts, respectively.
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Chapter 2

A comparison of habitat loss rates in areas of high and low species at risk richness in Canada

Abstract

It is well established that habitat loss is the primary driver of species endangerment.
Endangered species richness in Canada is highest primarily in the southern portion of the
country, where agricultural and urban areas are predominant. I looked at the rates of habitat
loss during two time periods (1990-2000 and 2000-2005) in areas of both high and low
endangered species richness in Canada. Secondarily, I also examined rates of land cover
change in an area of southern Ontario, Canada, where species at risk are concentrated, to
provide a qualitative view of whether those rates have changed following Canada’s inclusion
in the Convention on Biological Diversity (in 1992). Habitat loss was higher in areas with
higher species at risk richness than in areas with lower richness in both the Mixed Wood
Plains and Montane Cordillera ecozones. Alsb, recent (2000-2005) habitat loss appears to be
increasing. This increase extends to southern Ontario since Canada joined the CBD. These
data do not indicate that Canadian governments have yef adopted measures to mitigate

habitat loss within two of Canada’s hotspots of species endangerment.
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Introduction

Human activities have precipitated a sixth mass extinction globally and are also
degrading ecosystem services upon which human society depends (Vitousek et al., 1997).
Extinction rates are expected to increase into the future as climate change impacts accelerate
and interact with ongoing land use changes (Thomas et al., 2004; Foley et al., 2005, but see
Ladle ez al, 2004). Among these anthropogenic activities, land-use change is likely to
continue to have the largest effect on terrestrial ecosystems in the future (Sala et al., 2000).
Land use conversions to agriculture predict species endangerment (Stoate et al., 2001) and
are likely the primary cause in Canada (Kerr and Cihlar, 2004). The Mixed Wood Plains
ecozone in Southern Ontario is the most diverse region in terms of biodiversity and has more
federally-listed species at risk than any other ecozone, but high intensity agricultural
activities dominate much of the area (Kerr and Cihlar, 2004). Urbanization presents a second
cause of habitat loss for species (Czech and Krausman, 1997; Venter et al., 2006). In
Canada, human populations énd species richness both increase toward the warmer, southern
areas (Figure 2.1). Each year in Canada, new urban centres consume an area roughly the size
of Hamilton, Ontario (~ 1,300 km?) (Oliver, 1999). |

In 1992, the Convention on Biological Diversity (CBD), an international treaty
designed to conserve biodiversity, was signed and ratified by Canada, legally binding the
country to implement its provisions (Convention on Biological Diversity, 2007). It was not
until the next year though, that the CBD was put into force. The treaty stresses the use of
traditional conservation efforts (e.g. in-situ and ex-situ conservation) and the sustainable use
of biological resources. In 2002, parties to the CBD committed to the 2010 Biodiversity

Target, in which they would achieve a “significant reduction of the current rate of
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biodiversity loss at the global, regional and national level...” (Conventiorf on Biological
Diversity, 2007). In 2003, Canada implemented the Species At Risk Act (SARA), which was
intended to prevent endangered wildlife from going extinct throu‘gh habitat and species
conservation (Species At Risk Act, 2003). SARA, however, is primarily restricted to
federally-owned lands (Species At Risk Act, 2003), which are limited in southern Canada,
where the majority of species at risk are located (Deguise and Kerr, 2006). The creation of
protected areas (i.e. national parks, nature reserves, etc.) is the most widely recognized
conservation method. The effectiveness of these protected areas to reduce extinction rates in
Canada’s biodiversity hotspots, though, is inhibited by their relatively small size in areas
with high endangered species richness (Kerr & Cihlar, 2004; Deguise & Kerr, 2006). Kerr
and Cihlar (2004) found that of 11 watersheds with over 25 species at risk in Canada, only

about 0.14% of the area (~44km?) was protected.

Given the conflict of Canada’s human population coinciding with its biodiversity, the
need to monitor biodiversity hotspots effectively is critical to ensure that the proper
precautions are taken to maintain that biodiversity (Duro et al., 2007). Monitoring these
areas over time can act as an early warning system, such that regions of concern can be
identified and proper mitigation efforts conducted. Monitoring systems that use remote
sensing data often use coarse resolution data, which are often ineffective at accurately
capturing the key characteristics of the region, including land cover (Cihlar ef al., 2003).
There are very few monitoring initiatives in Canada that use remote sensing data, with a few
exceptions throughout the country.

This study focused on monitoring rates of habitat loss (i.e. natural habitat being

converted to human-modified habitat) in areas of both high and low species endangerment
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richness in Canada over a 15-year interval (1990-2005) using satellite remote sensing
imagery. The overall goal is to assess the status of habitat loss rates in both areas of high and
low species at risk richness. Ideally, rates of habitat loss should be slowing, especially in
areas with many species at risk. To my knowledge, no previous study has either quantified
land cover change rates in Canada in areas where biological diversity is high, nor compared
those rates with areas where species richness - and numbers of species at risk — are lower. I
also conducted a seéondary analysis looking at the rate of habitat loss in the greater Toronto
area before and after the signing of the CBD treaty in 1992. Although the CBD treaty did not
come into force as a binding agreement until 2002, the aspect of measuring rates of habitat
loss before and after the implementation date can be help indicate whether Canada has any
reasonable prospects of reaching its 2010 target. There has been very little evaluation on

Canada’s progress towards meetings its CBD goals (Laikre ef al., 2008).

Methods

Species distribution data

Species distribution maps were provided by COSEWIC for species that were listed in
January 2001 (COSEWIC). There were a total of 243 terrestrial species, including
amphibians (N = 13), arthropods (N = 7), birds (N = 46), lichens (N = 4), mammals (N =
34), mosses (N = 1), reptiles (N = 15), and vascular plants (N = 123) (full list of species and
COSEWIC status in Appendix A). These maps are based on historical and present-day
distribution records and almost certainly overestimate the true distribution of the species.
That caveat aside, such maps are informative and are used in studies in biogeography

(Hurlbert & White, 2007), evolutionary biology (Bletter et al., 2004), and conservation
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biology (Dobson et al., 1997). To pinpoint areas of high and low richness for species at risk,
their distribution maps were overlaid. Although Southern Canada has the greatest species
richness in Canada, its species at risk richness is disproportionately greater (i.e., species are

disproportionately endangered in southern Canada) (Kerr & Cihlar, 2004).
Remote sensing data and site selection

I identified two regions in Canada kﬁown to have large numbers of species at risk

) and adjacent areas where there are fewer (Figure 2.2): Sites were ultimately selected based
on the availability of remote sensing imagery and ‘the number of endangered species in the
area. Five Landsat scenes were obtained from the United States Geological Survey website
(http://glovis.usgs.gov) for years circa 1990, 2000, and 2005. Data for 1985 in the greater
Toronto area were freely available from Geogratis (http://geogratis.cgdi.gc.ca/). The
Landsat Thematic Mapper (TM) sensor is arguably one of the most efficient sensors
currently used in ecological studies. It is ideal for this study because the spatial resolution is
moderately high at 30m (but not fine enough to limit computing resources), and the revisit
time is high enough to detect land cover changes shortly after they occur. I ensured that the
Landsat scenes that were obtained for sites of high and low species endangerment were
within the same ecozone, to control for the differences in climate, land cover, and soil
conditions that typically define an ecozone and the land uses within them. One scene
(containing Peterborough, Belleville, and. the Abitibi River in Northern Ontario) fell between
the boundary of the Boreal Shield and the Mixed Wood Plains ecozones (Figure 2.2). This

scene was ultimately clipped in two parts — one part representing the Boreal Shield and the
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other representing the Mixed Wood Plains. There were thus a total of five Landsat scenes in
three different ecozones, including the Mixed Wood Plains, Boreal Shield, and Montane
Cordillera for the three time periods (for a total of 15 scenes). All scenes were captured
during the summer/early autumn months (June-carly October) to reduce the likelihood that
phenological differences among scenes would be misinterpreted as land cover change. Each
scene’s total area was different because cloud cover had to be removed from some images.
Additionally, the scene near the Okanagan region was comprised of two separate scenes that
had to be mosaicked together to cover the entire study region (Table 2.1).

For the greater Toronto area only, a secondary analysis was carried out looking at
rates of land cover change before and after the signing and ratification of the CBD in 1992.
This area was chosen because greater data availability made it possible to test whether rates
have increased or decreased following the ratification of the CBD. Furthermore, the greater
Toronto area contains Carolinian Canada, Canada’s most diverse and threatened area
(Environment Canada, 2005). If the CBD is to be effective for Canada’s biodiversity, this is
an area where maximizing species protection is ideal.

The scenes in areas of high species at risk richness that were selected were situated in
the greater Toronto area (Mixed Wood Plains ecozone), Okanagan Valley (Montane
Cordillera ecozone) of southern British Columbia, and the area around Peterborough and
Belleville (portion in the Boreal Shield ecozone). The other portion of the Peterborough and
Belleville scene represented the area of low species at risk richness in the Mixed Wood
Plains ecozone. Other sites of low species at risk richness were located around Stuart and

Babine lake (Montane Cordillera ecozone), and the area around Abitibi River (Boreal Shield

ecozone).
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Land cover classification and change detection

To process the remote sensing data, I used the Automated Multi temporal Updating
through Signature Extension (AMUSE) protocol (Fraser et al., In press). AMUSE produces
temporal land cover time series images using updated, remotely sensed satellite imagery.
The protocol ensures that proper co-registration (i.e. georeferencing) and radiometric
normalization are carried out to maximize the accuracy of the images (Figure 2.3).
Radiometric normalization, a method to generate consistency among satellite imagery, was
carried out using methods described by Olthof ez al. (2005). The land cover classifications
that I ultimately produced for all the study sites were based on baseline land cover
classifications for circa 2005 that were produced for St. Lawrence Islands National Park
(SLINP) and the Okanagan Valley using the Federal Geographic Data Committee legend
(see Appendix B). The SLINP baseline classification falls within the boundary between the
Boreal Shield and the Mixed Wood Plains ecozones, while the Okanagan Valley baseline
classification falls in the Montane Cordillera ecozone. Although no field-based data
collection in the Okanagan Valley baseline classification image was carried out, a previously
completed land cover dataset based on similar techniques north of the Prairies was found to
have an accuracy of 91% (Beaubien et al., 2002).

Spectral signatures from baseline SLINP and Okanagan Valley classification images
were used to classify the images in the study sites for all time periods. Spectral signatures are

formed from the characteristic combination of reflectance values in the three spectral bands

(red, near infrared, and short-wave infrared) that consistently characterize particular land

35



covers (Lillesand ez al. 2004). Some of the study sites, however, had no spatial overlap with
the baseline images. The AMUSE protocol was designed to detect land cover changes'
through time, not space, so an assumption of the study is that the spectral characteristics of
the baseline classifications will be the same as those of the study sites. This assumption is
used in virtually all land cover classification processes. I am not aware of any reason why
this assumption would fail in this study.

Change vector analysis, which measures the difference in reflectance values between
two time periods, was used to pinpoint areas of change (Figure 2.4). This method can
describe the magnitude and direction of change between the two time periods (Johnson and
Kasischke, 1998). Areas where land covers differ between time periods (e.g. forest to field or
field to built-up area) show large changes in their spectral sighatures compared with areas of
no land cover change that retain consistent or nearly consistent spectral characteristics. A
subjective threshold was applied to create a binary image representing areas of change and
no change. This resulting change mask created can be sensitive to small changes in
threshold, which can be minimized by knowledge of known land cover changes during the
time period (Fraser et al, In press).To make the estimates of overall change more
conservative, and to minimize the sensitivity of the subjective threshold, the classification
was constrained by a simple rule: land cover change labelling occurs for only those pixels
that have are identified as change by the threshold. For example, if the land cover at a
location is classified as having not changed between the years 1990 and 2000 because
differences in that location’s spectral signature were too small to be significant, that area
retained the land cover label derived for the initial 1990 classification. This method

improves the accuracy of the classification but emphasizes the capacity of the remote
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sensing imagery to detect land cover differences that are sufficiently large to indicate a
substantial ecological trend (Fraser et al., In press). There is the potential for natural habitat
loss to occur in some of these areas (e.g. forest fires, windfall, etc.) but these losses are
typically balanced by natural fenewal through succession over the long term (Sinclair et al,

1995).
Measuring rates of habitat loss

Habitat loss was defined as a change from natural land cover to human-modified land
cover. It was calculated by constructing binary classification maps using an aggregated
system in which all original classes would be classified as either natural or human-modified
(Figure 2.6). When calculating change in land cover between two time periods, only those
changes from natural to human-modified habitat (ex. forest to agriculture, or urban) were
considered (Kerr & Deguise, 2004) as they are the changes that relate to loss of habitat for a
majority of species (Bennett, 1990; Kouki & Vaananen, 2000; Pellet ez al., 2004). Water was
excluded from this aggregated classification scheme since it will, for the most part, remain
constant throughout time. By taking the difference between binary maps from the two time
periods, four possible patterns can be detected: natural habitat remaining natural, human-
modified habitat remaining human-modified, natural habitat becoming human-modified, and
human-modified habitat revertiné to natural. Only conversions where changes in habitat
occurred were considered as areas that remained natural and human-modified do not affect
‘the rates of habitat loss. The land cover conversion rate was then calculated by dividing the

relative area of a particular conversion (either natural to human-modified or vice-versa) by
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the number of years in the time period. Rates of both conversion types (human-modified to
natural habitat, and vice-versa) were summed together with a negative overall rate reflecting
habitat loss, and a positive rate reflecting a gain in natural habitat. Rates were qualitatively
(gompared between areas of low and high species at risk richness. All geographic data were
processed using ArcInfo Grid 9.0 (Environmental Systems Research Institute, 2006) and

Geomatica 9.0 (PCI Geomatics, 2003).
Land cover classification validation

Validation of any land cover classification is crucial in ensuring accurate results that

‘can be analyzed in a meaningful way. One hundred random points were generated for each
2005 Landsat classified image and compared to very high resolution imagery provided from
Gbogle Earth (Figure 2.5), which utilizes data from several imaging sources including the
Quickbird and SPOT sensors. The spatial resolution around all study sites was very high,
with some areas (mainly in Southern Ontario) having a resolution of less than 1m. The
Landsat classification scheme, which initially had 16 classes for Ontario and 20 for the
Okanagan Valley, was aggregated down to 6 classes. Fewer classes irﬁproves accuracy of
change detection and facilitated accuracy assessment using supplementary imagery available
through Google Earth. Accuracy assessments were based on imagery from 2005, which most
closely matches the time period of imagery available through Google Earth. The results were
quantified simply by calculating the proportion of sites correctly classified, a method

commonly used in land cover classification accuracy assessments (Trodd, 1995).
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Results

In two of the ecozones (Montane Cordillera and Mixed Wood Plains), sites of high
species at risk richness had higher rates of habitat loss than sites with lower species at risk
richness. The Boreal Shield ecozone, however, was an exception with sites of low
endangered species richness had higher rates of habitat loss. Conversion rates to human-
modified habitat increased in the 2000-2005 period compared to rates in the 1990-2000 time
period in four of the six study sites. In the site of high species at risk richness in the Mixed
Wood Plains, for example, conversion rates to human-modified habitat nearly quadrupled in
the 2000-2005 time period. Again, the Boreal Shield ecozone was an exception with rates of
habitat loss decreasing in the second time period in sites of high species at risk richness. This
decrease was relatively Small though, with a net gain of approximately 0.3 km”® of natural
habitat per year. Of the six sites studied, five experienced an overall loss of habitat over the
15 year period (the Mixed Wood Plains site of low species at risk richness was the only
exception, with an increase in natural habitat of about 2.7 km? each year) (Table 2.2). Rates

of habitat loss also increased during the 2000-2005 time period in four of the six study sites.

Land cover conversion rates to human-modified habitat in the greater Toronto area
exceeded those to natural habitat in the 1985-1990 period (Table 2.3). In the 1990-2000 time
period (during which time the CBD was signed), conversion rates to human-modified habitat
decreased by one-third and conversion rates to natural habitat exceeded those of human-
modified habitat. Rates to human-modified again increased in the 2000-2005 period. Rates

of habitat conversion were higher in the last time period than during the first.
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Accuracy of the maps varied from moderate (56%) to very high (89%) and fell very
close to the recommended accuracy level of 85% (Thomlinson ef al., 1999). Much of that
error (44%) of the greater Toronto area scene is caused by agriculture land being classified
incorrectly as other land cover types. Agricultural landscapes are known to have highly
varied spectral profiles for a variety of reasons, including different crop types and phenology
(Guindon et al., 2004). It is worth noting that of the 44% error, 18% of it was confusion
between agriculture and urban land. For the purposes of this study, those land cover types
were both treated as human-modified land and thus, unsuitable habitat for species, so the

impact of the error is less than error rates indicate.
Discussion

For the areas of Canada investigated in Canada, rates of habitat loss are generally
greater in areas with high species at risk richness, and these rates seem to be increasing over
time. Th;ase are areas in which human-modified habitat was more predominant to begin with,
so there should be less remaining natural habitat to be modified. Intensification of
agricultural practices and urbanization have caused extensive habitat loss in these areas. In
certain parts of southwest Ontario, namely Carolinian Canada, over 90% of the original
forests have been lost (Environment Canada, 2005) and my results show a decrease of about
7.5 km® of natural habitat each year in that region. Most of the remaining forests in this
region were already too small and isolated to accommodate some threatened species in the
area including the Acadian Flycatcher and Hooded Warblers (Whittam & McCracken, 1999;
Environment Canada, 2005), so the continued loss of habitat may be detrimental to other

species. The Okanagan valley is experiencing similar losses of natural habitat. The area
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experienced a decline of approximately 378 km? of natural habitat over a fifteen year period
based on the results of this study. Rapid habitat loss in the form of urbanization is occurring
there (Brewer et al., 2001) with population growth rates being highest in the south, where
the number of species at risk is greatest (BC Stats, 2006). This region is also experiencing an
increase in the extent of agﬁculture. Grape vineyards, which are typically monocultures, are
one of the most profitable crops in the area and have experienced an increase in geographical
extent of over 600% between 2004 and 2006, with a strong expansion predicted to continue
(BC Wine Institute, 2007). The increased extent of agriculture coupled with the irregulér
terrain and use of irrigation in the Okanagan region has made it necessary for the extensive
use of fertilizers and pesticides to increase agricultural yields (Brewer et al., 2001). The use
of pesticides in agricultural areas is often associated with species declines for a variety of
different taxa (Davidson, 2004; Relyea, 2005; Gibbs et al, 2008), potentially further
impacting the species at risk in this region beyond the effects of habitat loss itself.
Conversion of apparently natural land covers to human-dominated lands continues in
southern Ontario. Habitat loss rates fluctuate considerably but there is no indication that
conversion rates have yet declined, even though the CBD has been in force since 1993.
Observations here are qualitative and do not rely on comprehensive remote sensing data.
Had more extensive data been accessible, it would have been possible to approximate a
BACI (Before-After/Control-Impact) experimental 'design, albeit from a macroecological
standpoint, to evaluate the effect of CBD legislation upon habitat conversion rates. There are
many ways that such a pseudo-experiment could be constructed, perhaps including data from
other countries that did not ratify the Convention on Biological Diversity and that might,

consequently, serve as an imperfect control against which Canadian observations could be
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compared. Such data are not accessible, nor can constant change detection methodology be
applied to regions beyond Canadian borders, where the method used here remains untested. |
and different land covers may exist.

This study was limited by the number of freely accessible Landsat scenes and by the
technical difficulty of mosaicking very large areas for change detection. This is a problem
that is difficult to avoid in studies of this scale. Given that Landsat data were only easily
accessible for years circa 1990, 2000, and 2005 (except for the 1985 scene around the greater
Toroﬂto area), the two time periods studied (1990-2000 and 2000-2005) were essentially the
only options available to study. Once all data in the archives are made available, scenes
dating back to the 1970’s can be used in a more extensive study, allowing for not only a
larger sampl_e size, but a longer time frame to observe changes in land cover. The inclusion
of more data would also make change detection less sensitive to error because there will be
small radiometric differences that would require larger changes to be observed before a
statistically significant difference could be reliably labelled.

Based on the current distribution of protected areas in Canada, the hotspots of » species
endangerment in this study are hardly protected at all. Only about 0.3% of the Mixed Wood
Plains ecozone is protected, with a mean reserve size of about 4km? (Kerr & Cihlar, 2004).
Although a larger proportion of the Montane Cordillera ecozone is protected (about 16%),
few protected areas have been established in the southern portion of this ecozone, where
species endangerment is most pronounced (Figure 2.7). This area is especially vulnerable
because natural habitat is decreasing at a rate of about 33km? per year. There is hope,
however, as plans are currently underway by the British Columbia and federal governments

to conduct a joint feasibility analysis to investigate the possibility of a new national park in
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the South Okaﬁagan and Similkameen Valleys, with a decision of whether to go through
with the plan to be made by the end of 2008 or early 2009 (Parks Canada, 2008). Such a park
has the potential to protect habitat for more than 250 species at risk (South Okanagan
Naturalist’s Club & Wilderness Committee, 2006), and to protect a variety of ecosystem
types, including alpine tundra, grasslands, and “pocket desert”.

The recovery potential of many §pecies in southern Canada is extremely limited
given the lack of protected areas in this area (Kerr & Cihlar, 2004). Warman et al. (2004)
found that sites of irreplaceability, a measure of the likelihood that a species will be
represented in an area, were highest in southern Canada and that protection is more
warranted in these areas. Under SARA, habitat protection on federal lands is possible, but
there is very little such land in areas where species at risk are concentrated (Kerr & Cihlar,
2004). Knowing this, it would be useful to consider the impacts that changes in climate and
land cover will have on species (Kharouba et al., In press; Algar er al., 2009). Species range
shifts are already known to be occurring with changes in climate for a variety of taxa
(Parmesan & Yohe, 1999; Thomas & Lennon, 1999; Hickling et al., 2006; White & Kerr,
2006), so the strategic placement of new parks further north in Canada is a possibility for
Veffective conservatioh.

My results reveal that increasing habitat loss continues to threaten some of Canada’s
most biologically fragile and diverse areas. In fact, Canada has rates of species
endangerment that are comparable with other countries in the Americas with more
widespread habitat loss because habitat loss in Canada is most prominent in areas with high
numbers of endangered species (Kerr & Deguise, 2004). These rates of habitat loss will

undoubtedly decrease as the amount of human-modified habitat increases but they should, in
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my opinion, decrease for the purposes of biological conservation and not because of the
diminishing availability of natural habitat. Although parks are the foundation of biological
conservation, they cannot be solely relied on to conserve biodiversity (Margules & Pressey,
2000). Expanding community-based conservation to complement protected areas will also
prove to be potentially useful (Sinclair & Byrom, 2006; Kathleen Duncan, M.Sc. thesis) in

conserving species at risk in Canada.

Conclusions

Habitat loss continues to increase in some areas of Canada, especially areas with high
species at risk richness. To achieve Canada’s 2010 Biodiversity Target, the country will
likely have to rely heavily on community-based conservation, as the likelihood of the
creation of a new large park (at least in southern Ontario) is very doubtful. Although the data
available in this study to test the effectiveness of the CBD are far from comprehgnsive, these
results provide a perspective intended to be constructive. As new remote sensing data
become available, further monitoring of rates of habitat loss can continue so that areas of

concern can be pinpointed and mitigation efforts taken accordingly.
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Table 2.3 — Rate of conversion (% of scene area/year) to human-modified and natural habitat
in the greater Toronto area during the four time periods. The overall rate of changes in

habitat summed across all ecozones for all time periods is -0.0954, a loss of nétural habitat.

Conversion type 1985-1990 1990-2000 2000-2005 1985-2005

HM to natural’ 0.0829 0.0989 0.124 0.0746
Natural to HM? 0.152 0.0525 0.187 0.0843
Overall rate -0.0691 0.0464 -0.0630 -0.00970

T- Human-modified to natural habitat

§- Natural to human-modified habitat
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Figure 2.1 — Endangered species richness in Canada. Inset showing human population
density in Southern Ontario — the area of Canada with the highest concentrations of species

at risk. Human population density unit is individuals/km®.
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Figure 2.2 — Location of the five Landsat scenes distributed throughout 3 ecozones in
Canada. Detail is shown around the Mixed Wood Plains (green) — Boreal Shield (blue)

boundary, where one scene was divided to represent both ecozones.
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Figure 2.3 — Example of radiometric normalization in Southern Ontario with A) the 1990

baseline image, B) the 2005 un-normalized image and C) the 2005 normalized image.
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Figure 2.4 — Change vector analysis in Southern Ontario. The reflectance values from the A)
1985 image were subtracted from those of the B) 2005 image to produce an image of C)
change. Dark colours in C) represent areas of little change while brighter colours represent

areas with more change.

Figure 2.5 — Validation was assessed by comparing A) Google Earth imagery to that of the

B) Landsat classified image for the year circa 2005.
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Figure 2.6 — Example of the A) original FGDC classified image for the Boreal Shield/Mixed
- Wood Plains scene and B) the binary map representing natural (green) and human-modified

(dark blue) habitat.
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Figure 2.7 — Endangered species richness in the Montane Cordillera ecozone. Areas in black

represent protected areas in the region, which cover about 16% of the ecozone.
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Appendix B — The Federal Geographic Data Committee legend for land classes in Canada.

Tree Dominated

Land dominated by vegetation with a tree (woody plants with a height exceeding approximately
5 metres in most cases) crown density (percentage of the surface covered by projected tree crown
perimeters) greater than 25%.

I. Closed tree canopy (crown cover >60%)
Trees with their crowns generally overlapping.

A. Evergreen forest (>75% of the total tree cover)
8. Temperate or subpolar needle-leaved evergreen closed tree canopy

/1/ Mature to old tree canopy (>~ 60y)

Softwood forest primarily found in the southern boreal forest and mountainous regions
of western Canada. This class occasionally includes stands with fewer than 75%
conifers, with the higher proportion of bodies of water (lakes) spectrally counteracting
the higher percentage of hardwoods and more open areas. Three subgroups of spectral

clusters with different prevailing canopy characteristics could be distinguished in VGT
data:

Irregular
After disturbances in the proximity of more regular high crown density coniferous

forest classes. This class is normally adjacent to class /1/ as described above, but
with a lower density.

Balsam Fir dominated

Dominant species are different from class [1] above. In Quebec this condition
occurs adjacent to mixed forest; balsam fir (as opposed to black spruce) is the
dominant species but broadleaf trees also occur more frequently. This class also
often includes a younger forest canopy and is regularly adjacent to class /2/.

Conifers with broadleaf

Often younger stands of high to medium density, with a broadleaf component;
occasionally broadleaf component can be high shrubs.

/2/ Young tree canopy (~ 30-40 y)
This class contains concentrations of young softwood forest. It occurs primarily in the
western coastal region.

B. Deciduous closed tree canopy (>75% of the total tree cover)

2. Cold-deciduous closed tree canopy

/3/ Deciduous canopy
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Concentrated occurrence of deciduous broadleaf forest, generally with high crown
density. In eastern Canada, this class is especially composed of tolerant hardwood
species (maple, yellow birch, etc.).

Deciduous with conifers
An additional category that could be distinguished; due to the coarse resolution,

the majority of the hardwood forest established elsewhere in Canada contains
some conifers.

C. Mixed evergreen-deciduous closed tree canopy (25-75% evergreen or deciduous)

3. Mixed needle-leaved evergreen - cold-deciduous closed tree canopy

Land occupied by forest containing 25-75% evergreen needleleaf or deciduous broadleaf
trees (determined as the percentage of the number of the trees present, not as tree crown
density). Due to the low resolution of the data, pixels may contain a mosaic of needleleaf
and broadleaf cover types.

Mixed coniferous (50-75% coniferous trees)

Mixed forest with the proportion of evergreen needleleaf trees above approximately
50% (as % of all trees present).

/4/ Mature to old tree canopy (>~ 60 y)

This class is found primarily in the southem half of the boreal forest where conifers are
more abundant in mixed forest. Occasionally it may contain a higher proportion of
needleleaf trees (>75% of the tree population) in younger canopies because in these
cases, higher reflectance of the young needleleaf trees compensates for the higher
reflectance of broadleaf trees in older stands.

/5/ Young tree canopy (~ 30-40 y)
This class occurs primarily in the western coastal region
(especially Vancouver island). Few patches elsewhere indicate young tree canopies.

Mixed deciduous forest (25-50% coniferous trees)

/6/ Mixed deciduous forest

This mixed class is found primarily in the southern half of the boreal forest, between
classes /1/ and /3/; the proportion of needleleaf trees may be higher in young stands

(higher reflectance of the young needleleaf trees compensates for the higher reflectance
of broadleaf trees in older stands).

II. Open tree canopy (crown cover 25-60%)
Open stands of trees with crowns not usually touching.

A. Evergreen open tree canopy (>75% of the total tree cover)

4. Temperate or subpolar needle-leaved evergreen open tree canopy
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Medium crown density (40-60%)

Evergreen needleleaf forest with crown density of the needleleaf species .
approximately 40-60%. In the VGT and similar coarse resolution data, the pixels
may include a mosaic of denser and thinner tree cover.

/7! Moss-shrub understory

Primarily found in the central part of the boreal region; mosses and shrubs dominate in
the understory. ‘

/8/ Lichen-shrub understory
Lichens (with shrubs) are commonly present in the understory; this class occurs
particularly in central-northern Quebec.

Low crown density (25-40%)

Evergreen forest with crown density of the needleleaf species approximately 25-
40%. Due to the coarse resolution of the VGT data, pixels may contain a mosaic of
higher and lower tree cover, including openings such as cutovers or others.

/9/ Shrub-moss understory

As class /7/, this class is primarily found in the central portion of the boreal region.
Commonly located on poorer sites with a proportion of broadleaf vegetation (mostly
shrubs), it occasionally includes areas of post-fire mixed young cover. Two subgroups
of spectral clusters with different cover characteristics could be distinguished in the
VGT data:

/10/ Lichen (rock) understory
Particularly common in the northern boreal forest of Quebec (taiga), this class is
characterized by the presence of lichen in the understory.

B. Deciduous open tree canopy (>75% of the total tree cover)

2. Cold-deciduous open tree canopy

/11/ Medium to low density broadleaf cover
/12/ Low regenerating to young broadleaf cover

C. Mixed evergreen-deciduous open tree canopy (25-75% evergreen or deciduous)

3. Mixed needle-leaved evergreen - cold-deciduous open tree canopy

Mixed coniferous (50-75% coniferous trees)

/13/ Medium to low density
This class often occurs as regenerating cover after disturbances.
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Mixed deciduous (25-50% coniferous trees)

/14/ Medium to low density

This class exists in the southern boreal forest where it tends to be physically adjacent to
/13/, but has a lower fraction of conifers. It contains mixed stands with a more irregular
canopy structure owing to fairly old disturbances.

/15/ Low regenerating to young mixed cover
This class contains mostly a mosaic of mixed canopies and openings after disturbance.

Shrub Dominated

- III. Shrubland
B. Deciduous shrubland (>75% of the total cover)
2. Cold-deciduous shrubland
/16/ High-low shrub dominated

Herb Dominated

V. Herbaceous vegetation
A. Perennial graminoid vegetation
5. Temperate or subpolar grassland

/17/ Grassland, prairie region
Areas covered with herbaceous vegetation with less than 10% tree or shrub cover. In

this VGT land cover map, this class is limited to the prairie region (south of the boreal
forest).

/18/ Herb-shrub-bare cover, mostly after disturbances

Variable herb-shrub-bare cover, mostly occupying old burns in the central part of the
boreal region.

/19/ Shrubs-herb-lichen-bare

Open forest areas in the northern boreal (taiga) region where lichen has appreciable
effect on spectral reflectance.

120/ Wetlands

This class consists primarily of large wetlands (ex., peat bogs). Occasionally, the class
also contains parts of formerly disturbed areas where the present ground cover is almost
identical spectrally (shrubs and herbaceous vegetation).
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6. Temperate or subpolar grassland with a sparse tree layer

/21/ Shrub-herb-lichen cover
Treed (coniferous trees with density <25 %) barren land in which lichen exerts some
effect on the reflectance; this class occurs mainly in the northern boreal region.

/22/ Herb-shrub cover

Treed (coniferous trees with density <25 %) barren land of the northern boreal region in
which shrubs and herbs form the dominant cover.

Tundra only:
Barren land occurring north of the treeline, but also in mountainous areas.

9. Polar grassland

/23/ Herb-shrub
Herbaceous vegetation and shrubs dominate; this class is close to class /24/.

10. Polar grassland with sparse shrub layer

124/ Shrub-herb-lichen-bare

Shrubs and herbaceous vegetation are more abundant in favourable sites, such as along
certain valleys.

/25/ Shrub-herb-lichen-bare, water bodies

A mixture of cover types (close to class /24/), with increased proportion of small water
bodies.

11. Polar grassland with a sparse dwarf-shrub layer
/26/ Lichen-shrub-herb, bare soil or rock outcrops
This class, which is particularly widespread in the tundra, is typically made up of

shrubs, lichen, herbaceous vegetation, bare soil and rock outcrops.

/27/ Lichen-shrub-herb, bare soil or rock outcrops, water bodies
This class is close to class /26/ but contains numerous water bodies.

/28/ Low vegetation cover (bare soil, rock outcrops)
Barrens dominated by rock outcrops and bare soil, particularly abundant at high altitudes
in mountainous regions (ex., in the Rockies).

129/ Low vegetation cover, with snow

D. Annual graminoid or forb vegetation
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Mosaic land ,
Land containing a mixture of cropland, forest, shrubland, grassland or built-up areas in
which no one component comprises more than about 70% (by area) of the landscape. -

/30/ Woodland-cropland
Mosaic land in which tree cover (mostly broadleaf species) and shrubs are more
prevalent than cropland.

/31/ Cropland-woodland
Mosaic land in which cropland is more prevalent than forest cover (mostly broadleaf
species).

2. Temperate or subpolar annual grasslands or forb vegetation

b. Annual row-crop forbs and grasses
Areas dominated by herbaceous crops (usually annual crops) that may also contain a
small percentage (under 10%) of trees and shrubs.

/32/ High biomass
Farmland dominated by high-biomass crops owing to the type of crop (ex., corn) or the
climate (adequate precipitation).

/33/ Medium biomass
Farmland dominated by medium-biomass crops due to the type of crop or climate
(subhumid). This class is mainly present in the Prairie region.

/34/ Low biomass
Farmland dominated by low-biomass crops owing to the type of crop (ex., grains) or the
climate (semi-arid region). This class is present in the Prairie region.

Nonvascular Dominated

B. Lichen vegetation
1. Temperate or subpolar lichen vegetation
These classes may also be present as small patches in montane areas.
/35/ Lichen barren
/36/ Lichen-shrub-herb-bare ground

137/ Lichen-shrub-herb cover
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Open forest areas (density of coniferous trees <25 %) where lichen is particularly
abundant. This class is especially common in northern Quebec and in the Northwest
Territories.

Vegetation Not Dominant

VII. Sparse vegetation (cover 1-10%)
A. Consolidated rock sparse vegetation
2. Sparsely vegetated pavement
/38/ Rock outcrops, low vegetation cover
C. Unconsolidated material sparse vegetation

4. Sparsely vegetated soil flats

The following classes are characterized by sparse vegetation cover after disturbance
(mainly fire burns). The vegetation cover characteristics vary with the age and the intensity
of the burn. Since some low productivity sites are also covered with sparse low vegetation,
spectral confusion may occur at coarse (VGT) or fine resolution, but the classes are
labelled separately in this classification to preserve the burn patterns as an important
environmental feature.

/39/ Recent burns
Areas burned in recent (< ~ 5) years. The sparse vegetation present is distributed according
to site quality and the intensity of the fire. Standing dead trees are often present.

/40/ Mostly bare disturbed areas (e. x., cutovers)
Recent forest cutovers are generally included in this class; urban and built-up areas can
also be spectrally similar.

/41/ Low vegetation cover

Naturally low productivity sites or sites after disturbances (mainly burns) that occurred
within the last ~10 years.

VIII. Non-Vegetated (cover <1%)

/42/ Urban and built-up

This is a land use category. It can be inferred from fine resolution data such as TM. In
coarse resolution images, surface cover is a mixture of green vegetation and bare ground-
type materials (asphalt, concrete, soil) and it is not always possible to unambiguously
separate all built-up areas. In coarse resolution data it spectrally resembles vegetated areas
after disturbance or northern cover types

/43/ Water bodies
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Area covered with water.

/44/ Mixes of water and land
This class primarily contains certain elements of the image (pixels) partly covered with
water, as well as a few areas recently ravaged by fire.

/45/ Snowl/ice
Area permanently covered with ice or snow.

/46/ Clouds
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Appendix C — List of all acronyms used in the thesis.

Al
AMUSE
ASTER
AUC
CBD

COSEWIC
DEM
FGDC
GIS
GPE
HRG
HRV
Maxent
OSNAP
SARA
SLINP

SPOT
™

Applicability index
Automated temporal Updating through Signature Extension

Advanced spaceborne thermal emission and reflection radiometer
Area under the curve
Convention on Biological Diversity

- Committee on the Status of Endangered Wildlife in Canada

Digital elevation model

Federal Geographic Data Committee
Geographic information system
Greater park ecosystem

High resolution geometric

High resolution visible

Maximum Entropy

Operational Species Niche Assessment Plan
Species At Risk Act

St. Lawrence Islands National Park
Satellite Pour I'Observation de la Terre
Thematic Mapper

82



