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a b s t r a c t

Productivity is an important driver of broad-scale diversity gradients and community composition. Sur-
prisingly, it is rarely used as a biodiversity proxy in protected area network assessments. In this research,
we evaluate if biases exist in the locations of Canada’s protected areas with respect to productivity and
assess the distribution of anthropogenic threats to protection along productivity and topographic axes.
Productivity was expressed as the annual minimum and integrated fraction of absorbed photosyntheti-
cally active radiation (fPAR) and related seasonality (defined as variation in fPAR over a year), as acquired
by remote sensing. Results indicate that, overall, protected areas are slightly biased to lower productiv-
ities (higher seasonalities), but are relatively unbiased along elevation. Sites at high elevations, high sea-
sonalities, or low productivities are extremely well represented, but they account for a very small
proportion of Canada’s area overall and under protection. However, the productivity characteristics of
protected areas are heterogeneous across reserve characteristics and space; biases are greater and more
variable when considering individual International Union for Conservation of Nature (IUCN) categories,
protected area size classes, or ecozones.

The spatial and environmental correlates of anthropogenic pressures (proximity of roads and settle-
ments in the greater park ecosystem) to protected areas in the forested ecozones were evaluated with
partial linear regression models. Threats were strongly spatially structured. Reserve characteristics (pro-
ductivity, elevation, size, IUCN category) shared about half of this spatial structure, explaining �25% of
the variation in threat distributions. Small and productive protected areas tended to occur closer to
human populations and roads, respectively, and are thus expected to face greater threats to biodiversity.
High-elevation protected areas generally occurred farther from both roads and settlements.

Systematic patterns between productivity, reserve size and management goals, and anthropogenic dis-
turbances suggest that the most productive, biodiverse areas may not yet be sufficiently protected. These
analyses highlight considerations for the management of existing parks and the expansion of Canada’s
protected area network.

Crown Copyright � 2011 Published by Elsevier Ltd. All rights reserved.
1. Introduction

A goal of modern systematic conservation planning is to pre-
vent future species endangerment and extinction. Protected areas,
which provide havens from habitat destruction and overexploita-
tion, are a central mechanism for meeting this goal (Langhammer
et al., 2007; Lovejoy, 2006; Margules and Pressey, 2000). Common
national and international targets call for protection of 10–12%, by
area (e.g., Environment Canada, 2006; Soulé and Sanjayan, 1998;
UNEP, 2004), and substantial progress has been made towards this
goal (Chape et al., 2005; Jenkins and Joppa, 2009).

To maximize conservation effectiveness, protected areas should
be representative and structured so that they ensure species per-
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sistence (Branquart et al., 2008; Langhammer et al., 2007; Olson
and Dinerstein, 1998). All biodiversity features, such as species,
ecosystems, and ecological regions, should occur within at least
one protected area (Margules and Pressey, 2000). Evaluations of
protected area coverage find that although over 12% of the Earth’s
land area is protected, this coverage is highly variable and excludes
many species (Brooks et al., 2004; Rodrigues et al., 2004a,b;
Sarakinos et al., 2001; Virkkala and Rajasärkkä, 2007), ecological
regions (Environment Canada, 2006; Hummel, 1995; Jenkins and
Joppa, 2009; Soutullo and Gudynas, 2006; Soutullo et al., 2008),
and habitats (Caicco et al., 1995; Fearnside and Ferraz, 1995;
Pauchard and Villarroel, 2002; Powell et al., 2000; Pressey et al.,
2000; Rouget et al., 2003; Wright et al., 2001).

A shortcoming of evaluating the representativeness of protected
area systems along qualitative ecoregions or habitat types is that
systematic biases in the distribution of protection may be difficult
ights reserved.
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to detect. Hypothetical protected area systems containing half of
an area’s environmental regions will yield identical levels of repre-
sentation, regardless of how well they are distributed along impor-
tant environmental gradients. (For example, representation is 5 for
both System A, protecting 2 forest types, 1 grassland type, 1 alpine
type, and 1 tundra type; and System B, protecting 3 alpine types
and 2 tundra types; yet biodiversity protection is likely to be less
effective in the latter.) In fact, uneven environmental distributions
of protection are common. Protected areas worldwide are concen-
trated to high elevations and poor soils (Caicco et al., 1995; Cantú
et al., 2004; Hansen and Rotella, 2002; Jennings, 2000; Joppa and
Pfaff, 2009; Oldfield et al., 2004; Pauchard and Villarroel, 2002;
Pressey et al., 2000, 2002; Rouget et al., 2003; Scott et al., 2001a;
Vellend et al., 2008; Wright et al., 2001). Moreover, due to internal
spatial and environmental variability of categorical biodiversity
surrogates, representation should be considered of biodiversity
features within ecological regions or habitat types (Groves et al.,
2000; Hummel, 1995); patterns at finer scales may not correspond
to binary tallies of representation by ecoregion.

In addition, tests of representation require that threshold tar-
gets be set in advance, a non-trivial undertaking. Arbitrary 10%
or 12% targets are politically tractable (Carwardine et al., 2009),
but widely condemned as too low or too simplistic to fully protect
biodiversity (Desmet and Cowling, 2004; Rodrigues and Gaston,
2001; Rondinini and Chiozza, 2010; Soulé and Sanjayan, 1998;
Svancara et al., 2005; Wiersma and Nudds, 2006). Alternatively,
protected area systems may be evaluated with quantitative bias
metrics that contrast the distribution of both protected areas and
the study extent overall along quantitative environmental gradi-
ents (Joppa and Pfaff, 2009; Pressey et al., 2000). Such bias metrics
avoid both (1) the need to specify representation targets and (2)
problems associated with evaluating along qualitative classifica-
tion units. Further, bias integrates representation into a single met-
ric, enabling rapid assessment of the current distribution of
protection and of anticipated benefits from candidate reserves.

As with protected areas, biodiversity is unevenly distributed.
Knowledge of its distribution, or of proxies of its distribution, is nec-
essary to ensure effective conservation. Productivity may provide a
valuable biodiversity surrogate for conservation planning. At broad
scales, the distribution of biodiversity is most closely correlated to
productivity (Field et al., 2009; Hawkins et al., 2003), exhibiting a
monotonically increasing relationship (Evans et al., 2005; Kerr and
Packer, 1997; Kerr et al., 2001). Furthermore, productivity is an
important structuring factor to community composition (species
turnover is related to productivity differences: Buckley and Jetz,
2008; productivity heterogeneity increases species diversity: Seto
et al., 2004) and comparisons of productivity regimes to traditional
biodiversity surrogates are favorable (Andrew et al., 2011). Pro-
tected area biases along productivity may reveal whether (1) protec-
tion is adequate relative to important biodiversity gradients, as
opposed to being largely composed of ‘‘rock and ice’’ parks, and (2)
a protected area network includes the complementary species
assemblages that occur along productivity gradients. Unlike con-
ventional environmental and, especially, taxonomic biodiversity
surrogates, which have varying quality and availability, high-
quality, global-in-extent, productivity observations are now
available from a variety of space-borne sensors (e.g., MODIS –
MODerate-resolution Imaging Spectrometer; MERIS – Medium
Resolution Imaging Spectrometer). Given the general importance
of productivity to biodiversity patterns, the goal of effectively repre-
senting biodiversity patterns and processes in protected areas, and
the widespread availability of productivity data, it is surprising that
levels of protection are rarely assessed with respect to productivity.
Existing studies find that the most productive, biodiverse areas tend
to be the least protected (Hansen et al., 2000; Luck, 2007a; O’Neill
and Abson, 2009; Scott et al., 2004).
Please cite this article in press as: Andrew, M.E., et al. Patterns of protection
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Finally, assessments of protected area systems focus almost
exclusively on representation, avoiding the more challenging task
of evaluating protected area effectiveness (Gaston et al., 2006,
2008). The ability of a protected area system to maintain biodiver-
sity may most simply be evaluated along the landscape properties
(or spatial design criteria) of the reserves, notably, reserve size
(Brashares et al., 2001; Gurd et al., 2001; Newmark, 1985), pres-
ence of threats surrounding the reserve (Brashares et al., 2001;
Chown et al., 2003; DeFries et al., 2005; Jones et al., 2009; Joppa
et al., 2008; Parks and Harcourt, 2002; Rivard et al., 2000; Wiersma
et al., 2004; Woodroffe and Ginsberg, 1998), and reserve connec-
tivity (Goetz et al., 2009; Minor and Lookingbill, 2010). Manage-
ment goals, as summarized by International Union for
Conservation of Nature (IUCN) protected area categories (Dudley,
2008), have also been used to suggest reserve effectiveness, but
are an imperfect indicator (Joppa et al., 2008; Leroux et al., 2010).

We hypothesize that, due to general patterns of human settle-
ment at high productivities (Luck, 2007a), Canada’s protected area
system will be biased to low productivities and high elevations,
and those reserves at high productivity will be more threatened.
Our motivation and discussion centered on biodiversity, specifi-
cally species richness.
2. Methods

2.1. Study area

Analyses were conducted over the terrestrial area of Canada
south of 75�N, encompassing 96% of Canada’s landmass. Currently,
over 900,000 km2, 9.4%, of Canada is under some form of protection
(IUCN categories I–VI; Fig. 1a; Environment Canada, 2009) and pro-
tected area jurisdictions across levels of government have adopted
the standard of representation of higher order biodiversity features
within protected area systems. The National Parks System Plan
seeks to represent each of 39 natural regions of Canada with at
least one national park (Parks Canada, 1997). Provincial park net-
works are based on representation of finer ecological stratifications
(Environment Canada, 2006), typically ecoregions (Ecological
Stratification Working Group, 1995). At present, federal and pro-
vincial protected area systems are incomplete by these goals (Envi-
ronment Canada, 2006; Hummel, 1995) as well as by other
biodiversity surrogates (Deguise and Kerr, 2006; Freemark et al.,
2006; Kerr and Cihlar, 2004; Vellend et al., 2008; Warman et al.,
2004; Wiersma and Nudds, 2009). Further, though the conserva-
tion of productive sites is encouraged (Environment Canada,
2009), the distribution and effectiveness of Canada’s protected
areas relative to productivity has not been assessed.
2.2. Datasets

Protected area boundaries were extracted from the World Data-
base on Protected Areas (Fig. 1a; IUCN and UNEP, 2009). Only pro-
tected areas represented by polygon features were considered in
analyses (n = 3383). Another 1621 protected areas were present
only as point features, and thus excluded from analyses. Point re-
cords did not include area estimates, but it is unlikely these ex-
cluded reserves cover a large area. Only 8% of these point
features overlapped with protected areas in a national protected
area database (Atlas of Canada, 2008). Remaining features corre-
sponded to, for example, aquatic parks, historic sites, or small
green spaces within developed landscapes.

Productivity metrics were produced following the dynamic
habitat index (DHI) developed by Coops et al. (2008) for Canada
(Fig. 1c), which has demonstrated potential to represent patterns
of biodiversity (Andrew et al., in press; Coops et al., 2009a,b) and
and threats along productivity gradients in Canada. Biol. Conserv. (2011),
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Fig. 1. Maps of (a) Canadian protected areas; (b) ecozones; (c) a false-color composite of the productivity axes with seasonality of productivity in red, integrated annual
productivity in green, and elevation in blue; and (d) a false-color composite of disturbance agents in the forested ecozones with distance to fire in red, distance to road in
green, and distance to settlement in blue. In (d), colors have been inverted to illustrate nearness rather than distance. Ecozones in (b) are 1. Arctic Cordillera, 2. Northern
Arctic, 3. Southern Arctic, 4. Taiga Plain, 5. Taiga Shield, 6. Boreal Shield, 7. Atlantic Maritime, 8. Mixedwood Plain, 9. Boreal Plain, 10. Prairie, 11. Taiga Cordillera, 12. Boreal
Cordillera, 13. Pacific Maritime, 14. Montane Cordillera, and 15. Hudson Plain. The extent of the forested ecozones is outlined in black in all panels.
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community composition (Andrew et al., 2011). The DHI represents
annual productivity at 1 km resolution with three components de-
rived from monthly MODIS fPAR (fraction of absorbed photosyn-
thetically active radiation) estimates: minimum annual
productivity, integrated annual productivity, and the seasonality
of productivity (calculated as the coefficient of variation of
monthly fPAR). fPAR is a physically-based measure of photosyn-
thetic activity; it is more closely related to vegetation productivity
than the widely used normalized difference vegetation index
(NDVI), which instead estimates ‘‘greenness’’ (Coops et al., 2008).
Integrated annual productivity is widely used in biodiversity–pro-
ductivity studies, but can be misleading when productivity is un-
even over the year (Chown and Gaston, 1999; Hurlbert and
Haskell, 2003). Thus, we include minimum annual productivity,
indicating a site’s ability to support organisms year round, and sea-
sonality of productivity, which relates to the diversity of migratory
species or those that overwinter in dormant states (Hurlbert and
Haskell, 2003). Seasonality also indicates growing season length,
an important driver of biodiversity in areas experiencing substan-
tial snow cover (Schöb et al., 2009; Wipf and Rixen, 2010) that may
be more important than overall productivity (Coops et al., 2009a).
Please cite this article in press as: Andrew, M.E., et al. Patterns of protection
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A fourth spatial surrogate of productivity, elevation (Shuttle Radar
Topography Mission (SRTM); Rabus et al., 2003), was used, ex-
pressed as z-scores. As with other metrics of productivity (e.g.,
modeled net primary productivity, actual evapotranspiration,
NDVI), biodiversity is expected to increase with both minimum
and integrated annual fPAR. Conversely, seasonality is negatively
related to productivity in most systems, as well as to biodiversity.
Biodiversity patterns along elevation are often unimodal, with
mid-elevation peaks in species richness (Rahbek, 1995; McCain,
2009), and are frequently assumed to be caused by productivity
declines from low to high elevations (Rosenzweig, 1995).

The greatest anthropogenic causes of species endangerment in
Canada are habitat loss and pollution from agriculture and urban
development, and overexploitation, largely hunting and harvest
of non-timber forest products (Venter et al., 2006). These should
be well proxied by anthropogenic infrastructure (roads and settle-
ments), which we used in our threat analyses as measures of po-
tential human disturbance. Both roads and settlements increase
accessibility to and demands on an area, causing increased re-
source extraction, habitat loss and degradation (Laurance et al.,
2002; Sanderson et al., 2002). Further, roads have many direct ef-
and threats along productivity gradients in Canada. Biol. Conserv. (2011),
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fects on ecosystems (Benítez-López et al., 2010; Forman and Alex-
ander, 1998). We also consider the natural disturbance agent wild-
fire. Although fire is a natural component of Canadian ecosystems,
and thus not a threat to biodiversity per se, fire regimes have been
substantially altered by human activities. We restricted our focus
to sites that burned at least twice in the 90-year record and are rel-
atively heavily disturbed (fire return intervals in Canada’s boreal
forests are 50–150 years; Kneeshaw and Gauthier, 2003). Threats
in the greater park ecosystem were indicated by spatial metrics
of disturbance agent proximity (Riitters and Wickham, 2003;
Watts et al., 2007), using the ‘‘distance-to’’ products of Wulder
et al. (in press; Fig. 1d). These provided distances to the nearest
road (2008 Road Network; Statistics Canada, 2008), human settle-
ment (Defense Meteorological Survey Program Nighttime Lights;
NOAA, 2000), and wildfire (National Fire Database; Stocks et al.,
2003), rasterized to 1 km resolution.

2.3. Protected area biases

Protected area coverage was rasterized to the 1 km pixels of the
DHI in ArcMap 9.3 (ESRI, Redlands, CA). A pixel was considered
protected if its centroid was within a protected area polygon. This
criterion excluded 881 protected areas, with a combined area of
250.9 km2.

Bias was computed as the difference between median values of
protected pixels and all pixels within the calculation extent, ex-
pressed as a proportion of the range of all values (Pressey et al.,
2000). Bias was estimated along each of the three DHI axes, eleva-
tion, as well as latitude and longitude, and was calculated for Cana-
dian protected areas overall, and stratified by IUCN category
(Dudley, 2008), ecozone (Ecological Stratification Working Group,
1995; Fig. 1b), or park size. Park size was coded into logarithmic
intervals (<1 km2, [1 km2, 10 km2), [10 km2, 100 km2), [100 km2,
1000 km2), [1000 km2, 10,000 km2), and P10,000 km2). The calcu-
lation extent was the full study area (Canada south of 75�N) for all
calculations but the ecozone stratification, which used ecozone-
specific medians and ranges. Interpretation of biases by ecozone
were facilitated with correlation analyses between bias and the
ecozone mean and standard deviation of productivity and eleva-
tion (n = 15). Analyses were performed in statistica 8.0 (StatSoft,
Inc., Tulsa, OK).

2.4. Threats in the greater park ecosystem

The distribution of threats to protected areas along productivity
was assessed for parks in the forested ecozones (Fig. 1; n = 1716).
In contrast to biases, which are properties of the protected area
system as a whole (or large subsets of it), threats can be assessed
for protected areas individually, and investigated with different
analytical frameworks. Threats (distances to road, settlement, fire)
were summarized by their mean within a 50 km buffer surround-
ing each protected area. Greater park ecosystems (GPE) are com-
monly delineated by simple buffers when ecologically
meaningful boundaries are unavailable, and 50 km is a recom-
mended distance (DeFries et al., 2010; Wiersma and Simonson,
2010). Buffers were delineated in ArcMap; park and GPE means
were calculated in ENVI 4.7 (ITT Visual Information Solutions,
Boulder, CO).

Each disturbance metric was related to park characteristics
(park size, mean park productivity, mean park elevation, IUCN cat-
egory) and spatial covariates (x, y, x2, y2, xy, x3, y3, x2y, xy2) with
partial multiple regression. Ecozones were not included because,
as a spatial stratification framework, they are largely redundant
with the spatial covariates. An alternative set of models conditional
on ecozones instead of spatial terms was tested, yielding similar
conclusions. Because of intercorrelations between the DHI compo-
Please cite this article in press as: Andrew, M.E., et al. Patterns of protection
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nents, only seasonality was used to represent productivity. There
were no strong correlations among the remaining park character-
istics or between park characteristics and spatial covariates. Partial
regression was used to partition the variation in protected area
threats between that explained by park characteristics indepen-
dently and jointly with space (Borcard et al., 1992). All disturbance
metrics were log transformed to improve normality and homosce-
dasticity of the errors. The individual models of the partial regres-
sion framework (environment only, space only,
environment + space) were comparatively evaluated with Akaike’s
Information Criterion (AIC) and model selection logic. Regression
analyses were performed in R (R Core Development Team, http://
www.r-project.org).
3. Results

3.1. Protected area biases

As a whole, Canada’s protected area system, covering 601,995
(7.63%) of the 1-km2 pixels, was relatively unbiased along produc-
tivity and elevation (Fig. 2a–d). (Note that our areal and proportion
estimates differ from those reported elsewhere due to our exclu-
sion of areas north of 75�N and our use of 1-km2 cells as analysis
units, rather than polygon coverages of protected area boundaries.)
Protected areas were slightly less productive (bias = �0.05) and
more seasonal (bias = 0.07) than Canada overall, but had represen-
tative minimum annual productivities and elevations. Protected
areas were more likely to occur in western (longitude bias = �0.03)
and northern (latitude bias = 0.06) Canada. The overall low biases
conceal over-representation of the extremes (e.g., the least produc-
tive, most seasonal, or highest elevation areas; Fig. 2e–h), which
were a small part of both Canada overall and the protected area
system, having little influence on the median values used to com-
pute bias. In addition, nearly the entire range of productivities was
represented in protected areas, except for rare areas of high mini-
mum annual productivity.

Protected areas were more biased when considering individual
IUCN categories (Table 1), size classes (Table 2), or ecozones (Ta-
ble 3). The greatest biases were observed in IUCN categories Ib
(wilderness areas) and IV (habitat/species management areas),
both biased to low productivities and high seasonalities. Categories
III (natural monuments) and V (cultural landscapes) were posi-
tively biased along productivity. All size classes smaller than
1000 km2 were biased to high productivities, while large reserves
P10,000 km2 were biased to unproductive areas. As a check, bias
was also calculated along integrated annual productivity for pixels
containing the 881 small protected areas omitted from analyses.
While these parks would greatly increase the proportion of parks
within the smallest size class in Table 2, they would not affect
the calculated productivity bias of this size class (included parks,
bias = 0.24; excluded parks, bias = 0.26). Biases in latitude paral-
leled those in productivity. Protected areas with the strictest com-
mitment to nature conservation (IUCN categories I–IV) were biased
to western Canada; the smallest reserves were biased to the east.
IUCN categories and reserve size classes were unbiased along ele-
vation, except category Ia occurred disproportionately at high
elevations.

Across ecozones, protection was related to the productivity
characteristics of the ecozones (Table 4). The number of protected
areas, but not area protected, increased with productivity. Bias in
productivity was more negative in ecozones with more variable
productivity. There was a trend of greater elevation biases in ecoz-
ones with higher elevations and more variable topography.
and threats along productivity gradients in Canada. Biol. Conserv. (2011),
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Fig. 2. (a–d) Plots of the frequency of each productivity/elevation in Canada overall (black) and in Canada’s protected area system (gray) with the corresponding bias estimate
inset. Y-axes are in logarithmic scale. (e–h) Plots of the proportions of each productivity/elevation that are under protection (gray). Black fill in (e–h) indicate productivities/
elevations that do not occur in Canada. Gradients evaluated are (a and e) minimum annual fPAR, (b and f) integrated annual fPAR, (c and g) seasonality of fPAR, (d and h)
elevation, expressed as z-scores. fPAR = fraction of absorbed photosynthetically active radiation.
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3.2. Threats in the greater park ecosystem

Park characteristics (size, seasonality, elevation, IUCN category)
were moderately related to threats within 50 km of protected areas
(Table 5), explaining 20–36% of the variation in the distances to
roads, settlements, and fires. Most of this explanatory power was
Please cite this article in press as: Andrew, M.E., et al. Patterns of protection
doi:10.1016/j.biocon.2011.08.006
due to spatially structured effects of park characteristics, which ex-
plained only 3–8% of the variation independently of space. Consid-
ering park characteristics and space in combination boosted
explanatory power to 46–74%. For all three disturbance metrics,
the joint environment + space models received the strongest sup-
port from AIC (Table 5). The park characteristics most significantly
and threats along productivity gradients in Canada. Biol. Conserv. (2011),
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Table 1
Distribution and biases of Canada’s protected area system by IUCN protected area category (Dudley, 2008) along three productivity axes (minimum annual fPAR, integrated
annual fPAR, fPAR seasonality), elevation, and geographic coordinates. Bias is the difference between median values in protected areas and overall, expressed as a proportion of
the variable range. Biases by more than 5% of a variable’s range in Canada are presented in bold. Positive values for longitude indicate an eastern bias. fPAR = fraction of absorbed
photosynthetically active radiation.

IUCN category Parks (%) Protected area (%) Bias

Minimum fPAR Integrated fPAR fPAR seasonality Elevation Latitude Longitude

Ia. Strict nature reserves 12.07 2.99 0.012 0.041 �0.050 0.156 �0.034 �0.265
Ib. Wilderness areas 3.03 13.59 �0.002 �0.146 0.200 �0.003 0.225 �0.047
II. National parks 25.71 40.51 0.000 0.005 0.022 0.009 0.047 �0.152
III. Natural monuments 3.23 0.11 0.045 0.139 �0.128 0.046 �0.088 �0.245
IV. Habitat/species management areas 11.68 18.17 �0.002 �0.185 0.259 �0.035 0.326 �0.002
V. Protected cultural landscapes 6.16 1.43 0.031 0.148 �0.092 �0.018 �0.133 0.036
VI. Protected sustainable use areas 20.04 11.95 �0.002 �0.085 0.118 0.010 0.055 0.032
Unknown 18.08 11.24 0.014 0.102 �0.063 0.000 �0.117 0.256

Table 2
Distribution and biases of Canada’s protected area system by protected area size along three productivity axes (minimum annual fPAR, integrated annual fPAR, fPAR seasonality),
elevation, and geographic coordinates. Bias is the difference between median values in protected areas and overall, expressed as a proportion of the variable range. Biases by more
than 5% of a variable’s range in Canada are presented in bold. Positive values for longitude indicate an eastern bias. fPAR = fraction of absorbed photosynthetically active radiation.

Size (km2) Parks (%) Protected area (%) Bias

Minimum fPAR Integrated fPAR fPAR seasonality Elevation Latitude Longitude

<1 12.32 0.04 0.074 0.244 �0.157 �0.010 �0.216 0.210
<10 41.74 0.55 0.050 0.221 �0.141 0.006 �0.186 �0.003
<100 28.40 3.18 0.033 0.141 �0.128 0.023 �0.162 �0.044
<1000 12.37 12.33 0.031 0.131 �0.105 0.027 �0.153 �0.048
<10,000 4.45 41.74 0.000 0.021 0.006 0.008 �0.063 0.004
<100,000 0.73 42.15 �0.002 �0.168 0.209 �0.022 0.243 �0.040

Table 3
Distribution and biases of Canada’s protected area (PA) system by ecozone along three productivity axes (minimum annual fPAR, integrated annual fPAR, fPAR seasonality) and
elevation. Bias is the difference between median values in protected areas and overall, expressed as a proportion of the variable range. Biases by more than 5% of a variable’s range
in the ecozone are presented in bold. Positive values for longitude indicate an eastern bias. fPAR = fraction of absorbed photosynthetically active radiation.

Ecozone %
Protected

% PA system (by
park)

% PA system (by
area)

Bias

Minimum
fPAR

Integrated
fPAR

fPAR
seasonality

Elevation Latitude Longitude

1. Arctic Cordillera 23.90 0.24 2.24 0.000 �0.001 0.007 0.044 0.028 �0.011
2. Northern Arctic 4.68 0.78 5.94 0.000 0.211 0.028 �0.011 0.287 �0.485
3. Southern Arctic 16.97 0.73 17.73 0.000 �0.025 0.042 �0.008 0.094 �0.010
4. Taiga Plain 4.65 1.12 4.25 0.008 0.060 �0.085 �0.017 �0.203 0.297
5. Taiga Shield 4.30 1.52 8.13 0.000 �0.040 0.056 �0.060 0.036 �0.007
6. Boreal Shield 5.88 21.46 16.39 0.008 0.019 �0.033 0.005 �0.006 0.012
7. Atlantic Maritime 4.54 13.98 1.41 0.014 0.019 �0.023 �0.005 �0.076 0.070
8. Mixedwood Plain 0.50 6.94 0.10 �0.030 0.054 0.033 �0.103 0.144 0.155
9. Boreal Plain 8.66 17.50 9.46 �0.014 �0.035 0.042 �0.129 �0.017 0.101
10. Prairie 3.49 14.08 2.60 0.000 0.020 �0.049 0.010 �0.091 0.025
11. Taiga Cordillera 6.89 0.34 2.68 0.000 0.054 0.043 �0.245 0.402 �0.361
12. Boreal Cordillera 10.75 2.05 7.65 0.000 �0.143 0.098 0.060 �0.146 0.054
13. Pacific Maritime 9.82 9.82 2.94 �0.046 �0.112 0.068 0.034 0.003 0.009
14. Montane Cordillera 14.12 13.05 10.98 �0.087 �0.197 0.131 0.151 �0.023 0.150
15. Hudson Plain 12.74 0.98 7.51 0.000 �0.165 0.118 �0.154 0.207 �0.070

Table 4
Correlations between protected area characteristics (number of protected areas, area protected, and productivity and elevation biases of protected areas) and productivity
characteristics (mean and standard deviation of dynamic habitat index components), by ecozone (n = 15). Significant correlations are presented in bold. fPAR = fraction of
absorbed photosynthetically active radiation.

Parks (n) Protected area Bias

Minimum fPAR Integrated fPAR fPAR seasonality Elevation

Minimum fPAR (mean) 0.59 �0.32 �0.17 �0.01 �0.16 0.12
Minimum fPAR (sd) 0.65 �0.15 �0.19 �0.13 �0.12 0.20
Integrated fPAR (mean) 0.67 �0.04 �0.21 �0.34 0.00 �0.03
Integrated fPAR (sd) 0.33 �0.06 �0.66 �0.55 0.33 0.32
fPAR seasonality (mean) �0.77 0.18 0.27 0.30 0.10 �0.08
fPAR seasonality (sd) 0.16 0.03 �0.58 �0.55 0.31 0.50
Elevation (mean) 0.03 �0.06 �0.52 �0.43 0.38 0.31
Elevation (sd) �0.04 �0.23 �0.51 �0.32 0.27 0.29
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Table 5
Relationship between threats in the greater park ecosystem (represented by distance-
based metrics of anthropogenic and natural disturbances) and park characteristics
(size, seasonality of productivity, elevation, IUCN category) in the forested ecozones.
Values presented are coefficients from the environment + space multiple regression
model of all park characteristics as well as spatial parameters (not shown). R2 and AIC
values (DAIC in parentheses) from partial regression analyses are also presented. R2

values partition the variation between variance explained overall (env. + space),
variance explained by park characteristics alone (env.), and variance explained by
park characteristics independent of shared spatial patterning (env. independent). AIC
values are for the three component models of the partial regression framework.

Park characteristics Disturbance agents

Distance to
road

Distance to
settlement

Distance to
fire

Area 2.29E�5� 2.97E�5*** 3.68E�5***

fPAR seasonality 0.676** �0.117a 0.859***

Elevation 0.096a,*** 0.100a,*** �0.056**

IUCN Ia 0.262** 0.269*** �0.193**

IUCN Ib 0.770*** 0.478*** 0.050
IUCN II 0.323*** 0.256*** �0.247***

IUCN III �0.152 �0.091a �0.023
IUCN IV �0.660*** �0.238*** 0.155**

IUCN V 0.593*** 0.290*** �0.278***

IUCN VI �0.438a,*** �0.168a,** 0.242***

R2 (env. + space) 0.567 0.461 0.741
R2 (env.) 0.279 0.199 0.361
R2 (env. independent) 0.072 0.079 0.027
AIC (env. + space) 4811.7 (0) 3012.6 (0) 3342.6 (0)
AIC (space) 5056.5 (244.8) 3228.4 (215.8) 3490.3 (147.7)
AIC (env.) 5669.0 (857.3) 3674.5 (661.9) 4870.7 (1528.1)

a This pattern changes sign when spatial terms are not included in the model.
� p < 0.1.
** p < 0.01.
*** p < 0.001.
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related to disturbances (t-values not shown) were: seasonality in
nonspatial models of distances to roads and settlements; IUCN cat-
egories in spatial models of these variables, plus reserve area for
settlements; and elevation and seasonality in nonspatial and spa-
tial models of distance to fire, respectively.

In the spatial models, threats were greater (distance metrics were
smaller) for small and less seasonal (more productive) protected
areas (Table 5). (Exceptions being that reserve area was only margin-
ally related to distance to road and seasonality was unrelated to dis-
tance to settlement, after partialling out space.) The distance to
anthropogenic threats increased with reserve elevation. However,
the sign of this pattern depended on whether spatial terms were in-
cluded in the model. That is, reserves at higher elevations are closer
to settlements overall, but farther from settlements after factoring in
the joint dependencies between threats, elevation, and space. There
were also significant relationships between IUCN categories and the
distribution of threats (Table 5). Protected areas with the strictest
commitment to conserving biodiversity (categories Ia, Ib, and II)
were farther from roads and settlements, but closer to wildfires (Ia
and Ib). Category IV, or protected areas designed around particular
species or habitats, were closer to anthropogenic disturbances, but
far from wildfire. The two anthropogenic categories, protected cul-
tural landscapes (V) and sustainable use areas (VI) showed contrast-
ing relationships in spatial models.
4. Discussion

4.1. Productivity biases of Canada’s protected area system

Productivity biases of protected area systems can challenge bio-
diversity conservation. Productive areas tend to harbor greater bio-
diversity (Chown et al., 2003; Field et al., 2009; Hawkins et al.,
2003; Luck, 2007a). In Canada, the biodiversity-productivity rela-
tionship is monotonically increasing at broad scales for several
Please cite this article in press as: Andrew, M.E., et al. Patterns of protection
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taxa (Kerr and Packer, 1997; Kerr et al., 2001). Productive areas
are also preferred by human populations and tend to be exten-
sively modified (Chown et al., 2003; Evans et al., 2006; Luck,
2007a; O’Neill and Abson, 2009). Consequently, protected areas
are often biased to lower productivities (Hansen and Rotella,
2002; O’Neill and Abson, 2009); productive areas tend to have
smaller protected areas (Luck, 2007a) surrounded by intense
anthropogenic pressures (Chown et al., 2003), leading to inade-
quate representation of biodiversity hotspots and threatened spe-
cies (e.g., Deguise and Kerr, 2006; Hansen and Rotella, 2002; Kerr
and Cihlar, 2004; Kerr and Deguise, 2004).

Analogous to negative productivity biases, many protected area
systems are criticized as containing only marginal lands that are
unprofitable to develop or cultivate, in ‘‘rock and ice’’ parks (Fuller
et al., 2010; Hoekstra et al., 2005; Joppa and Pfaff, 2009; Loucks
et al., 2008; Pauchard and Villarroel, 2002; Pressey, 1994). Canada,
too, has a history of underemphasizing conservation relative to re-
source potential. Protection has been delayed or even removed
pending the discovery of mineral potential, and, in a few cases,
mineral exploration and forest harvest have historically been per-
mitted in some protected area jurisdictions (Hummel, 1995;
McNamee, 2009; Timoney, 1996). Despite this history, Canada’s
protected areas are not overly biased to low productivities and
high elevations. These results conflict with O’Neill and Abson
(2009), who report that Canadian protected areas have substan-
tially lower productivity than the national average. Differences
may stem from our use of observed fPAR values, rather than poten-
tial net primary productivity, and our exclusion of areas north of
75�N due to limited satellite coverage, removing Quttinirpaaq/
Ellesmere Island National Park (�10% of the total protected area
system) in the northern arctic from analyses.

However, this lack of bias disappears when stratifying the pro-
tected area system by IUCN category, reserve size, or ecozone, rais-
ing concerns about its effectiveness at representing biodiversity.
Productivity biases are strongly influenced by reserve size. Small
reserves (<1000 km2) are biased to productive sites; this bias
strengthens with decreasing park size. Large reserves
(P10,000 km2) occur overwhelmingly at low productivities. Large
reserves are generally considered to have the greatest value for
biodiversity conservation. They are expected to (1) be more biodi-
verse (Diamond, 1975); (2) be less dominated by edges and sur-
rounding land use (Joppa et al., 2008); (3) maintain large
mammals (Gurd et al., 2001); (4) contain landscape dynamics
(Rayfield et al., 2008); and (5) better accommodate range shifts
in response to climate change (Ackerly et al., 2010; Heller and Zav-
aleta, 2009). Yet small protected areas should not be discounted.
Small parks can maintain native plant diversity (Cowling and Bond,
1991), preserve remnants of endangered ecosystems and species at
risk (e.g., Carolinian forests in Point Pelee National Park in southern
Ontario, Parks Canada, 1997; grassland provincial parks in south-
ern interior British Columbia, British Columbia Ministry of Envi-
ronment, 2007), and provide landscape connectivity (Bodin et al.,
2006).

Different sizes and management designations of protected areas
conserve different aspects of biodiversity (Dudley, 2008). Large
protected areas with ecosystem-based management goals (Ib and
II; Dudley, 2008) may conserve ecological and evolutionary pro-
cesses and wide ranging species while smaller reserves conserve
individual biodiversity elements, such as particular natural fea-
tures, species, or habitats at risk (III and IV; Dudley, 2008). Conse-
quently, systematic differences in biases between reserve classes
and sizes suggest that aspects of biodiversity are not being con-
served consistently over productivity gradients. However, not all
conservation approaches are appropriate in all situations. The dis-
tribution of IUCN categories along the productivity gradient re-
flects changing conservation needs and opportunities. Strict
and threats along productivity gradients in Canada. Biol. Conserv. (2011),
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nature reserves (Ia) and large reserves dedicated to the preserva-
tion of wilderness areas (Ib) are biased to high elevations and
low productivities, where such large expanses of wilderness still
occur. Reserves protecting cultural landscapes (V) are biased to
the high productivities appealing to human populations.

Patterns of protection are also inhomogeneous between Cana-
dian ecozones, although these biases are less extreme than those
along park size and IUCN designation. In general, ecozones with
the greatest variability in productivity exhibited greater biases to
low productivities and high elevations. Conservation effectiveness
may be more accurately reflected by biases within geographic sub-
divisions, such as ecozones, than overall, so it is important to con-
sider such stratifications. A given productivity level may harbor
distinct biodiversity features (species, habitats) in different re-
gions; biases of protected area systems that vary with extent sug-
gest that regional variants may not all be captured. Similarly, plant
communities and species should be protected across their range to
include distinct associated assemblages and genetic diversity (Ha-
mann et al., 2005; Kamei and Nakagoshi, 2006; Scott et al., 2001b;
Wright et al., 2001).

4.2. Productivity biases vs. representation of conventional biodiversity
surrogates

Several evaluations exist of the representativeness of Canada’s
protected areas, along both taxonomic and environmental biodi-
versity surrogates. It is difficult to compare these studies with ours
because they represent different snapshots of the ongoing develop-
ment of the protected area system; they consider different subsets
of protected areas or different spatial extents; or they differ in the
categorical resolution of their biodiversity surrogates. All agree
that there is continued need for protection. There are widely-rec-
ognized discrepancies in protection across ecozones (Deguise and
Kerr, 2006; Environment Canada, 2006, 2009) and biomes (Saraki-
nos et al., 2001; Scott et al., 2002), although the coarse level of de-
tail of these surrogates can obscure many gaps in protection. For
example, we found that the ecozones with some of the greatest
representation are those with the most biased protection, inevita-
bility biased to low productivities (Table 3). Thus, productivity
biases are a useful supplement to conventional environmental bio-
diversity surrogates. Analogously, more detailed environmental
surrogates highlight greater need for continued expansion of the
protected area system (e.g., although all 15 ecozones have some
protection, 13 of 39 natural regions lack a national park: Parks Can-
ada, 1997; and 255 of 453 natural regions have little or no protec-
tion: Hummel, 1995). The protected area system is also incomplete
along mammals (Wiersma and Nudds, 2009), vertebrates (Warman
et al., 2004), birds of conservation concern (Freemark et al., 2006),
and species at risk, which occur largely in productive southern
Canada (Deguise and Kerr, 2006; Kerr and Cihlar, 2004).

Representation assessments may no longer be accurate follow-
ing changes in species (Hole et al., 2009) or natural region (Scott
et al., 2002; Suffling and Scott, 2002) distributions in response to
climate change or land use change (Vellend et al., 2008). One argu-
ment for environmental biodiversity surrogates is that they repre-
sent enduring habitat, and may provide more appropriate
representation in the face of climate change (Branquart et al.,
2008). However, many natural regions are derived from bioclimatic
boundaries, and should not be expected to be stationary (Suffling
and Scott, 2002). A complementary strategy may be to consider
representation of the continuous distribution of productivities.
Productivity, too, will vary under climate change, but may respond
to climate in predictable ways. Thus, a representative protected
area system with respect to productivity may be more likely to re-
main representative of the distribution of productivities, although
the productivity values themselves may change.
Please cite this article in press as: Andrew, M.E., et al. Patterns of protection
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4.3. Should protected area systems have productivity biases?

All productivities might not merit equal levels of protection.
Over-representation of portions of the productivity gradient, and
consequent biases, may be desirable. Likewise, several representa-
tion-based planning and evaluation exercises advocate the use of
variable representation targets according to conservation need
and threat status (Pressey et al., 2003). Intuitively, protected area
systems should perhaps be biased to high productivities. This fol-
lows both from the higher biodiversity at high productivity, espe-
cially greater beta-diversity, revealing a need for more protected
sites (Andrew et al., in press), and from the greater anthropogenic
threats at high productivity, implying greater imperilment. Sys-
tematic conservation planning studies often prioritize productive
sites in southern Canada (e.g., Freemark et al., 2006; Warman
et al., 2004). However, arguments have also been advanced that
there should be greater protection of the lowest productivities, as
these regions are under the greatest threat from climate change
(Scott et al., 2002). Although we lack consensus on conservation
targets by productivity, it is clear that the entire gradient should
be represented, to some degree. Ecological communities are struc-
tured by productivity (Andrew et al., 2011); therefore, in order to
include all biodiversity, the range of productivities will need to
be protected.

Productivity biases by reserve size might likewise be accept-
able, with smaller reserves capable of maintaining biodiversity at
productive sites. This is implied by several macroecological pat-
terns along latitude (a proxy of productivity), including steeper
species area relationships at lower latitudes (Qian et al., 2007; Rod-
ríguez and Arita, 2004), and increasing range sizes with latitude
(Rapoport’s Rule), although support for the latter is equivocal (Gas-
ton and Blackburn, 2000). Consequently, smaller areas may protect
greater species richness, including wide ranging species, at higher
productivities. Work at smaller extents has focused on habitat
quality. Metapopulation theory considers smaller home ranges suf-
ficient in better habitat (Moilanen and Hanski, 1998; Nicholson
et al., 2006). Empirical studies have observed compensatory effects
between habitat quality and size on persistence (e.g., Griffen and
Drake, 2008). If productivity is an index of quality, smaller pro-
tected areas should be adequate at higher productivities. Finally,
in the fragmented landscapes of most conservation planning exer-
cises, there are frequently inverse relationships between the size
and quality of habitat fragments (Götmark and Thorell, 2003); this
pattern is expected to be strongest in productive landscapes with
extensive human use. However, these possibilities do not encom-
pass all of the ecological theory recommending large protected
areas. For example, although there are large fires in the boreal
north (e.g., Leroux et al., 2007), we know of no broad scale produc-
tivity gradients in disturbance size or dynamic area, and theories
supporting smaller reserves at higher productivities generally do
not consider climate change. Therefore, while biodiversity and eco-
system functions might be maintained by smaller reserves at high-
er productivities, it remains prudent to establish large reserves
regardless of position on the productivity gradient.

4.4. Distribution of threats along productivity gradients

Threats to protected areas also vary systematically with produc-
tivity in Canada and are strongly spatially structured. The impor-
tance of space is not surprising: Canada has distinct north–south
gradients in both productivity and human population. Moreover,
the degree of spatial structuring is partly due to the chosen re-
sponse variables: the distance surfaces themselves are clearly spa-
tially defined. More productive protected areas tended to have
more proximate anthropogenic disturbances, as did smaller pro-
tected areas, due to the general patterns of smaller reserves and
and threats along productivity gradients in Canada. Biol. Conserv. (2011),
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larger human populations at high productivity (Luck, 2007b).
Although the threat analyses were conducted over the forested
ecozones of Canada, we expect our conclusions would be main-
tained, if not strengthened, when considered over Canada as a
whole. The excluded areas reinforce the observed pattern of small,
productive reserves in areas of high anthropogenic transformation
and accessibility (Prairie and Mixedwood Plain ecozones) and
large, unproductive protected areas far from anthropogenic threats
(arctic ecozones).

The threat evaluation reveals the importance of considering
bias (or representation) and threats simultaneously to more com-
pletely evaluate conservation effectiveness (Gaston et al., 2006).
Biodiversity must not only be represented across productivities,
but also maintained. Anthropogenic disturbances surrounding pro-
tected areas are an incomplete portrayal of reserve effectiveness.
Nevertheless, organisms in protected areas are influenced by sur-
rounding human activity through hunting pressures (Brashares
et al., 2001; Parks and Harcourt, 2002), human–wildlife conflict
(Woodroffe and Ginsberg, 1998), species’ reliance on surrounding
unprotected habitat (Hansen and Rotella, 2002; Newmark, 1985;
Wiersma et al., 2004), and their need to migrate through it in re-
sponse to climate change (Halpin, 1997). Conversely, unprotected
areas may contribute to, rather than hinder, the maintenance of
biodiversity. More than half of Canada is inaccessible, experiences
very little human influence, and functions naturally (Sanderson
et al., 2002; Federal, Provincial and Territorial Governments of Can-
ada, 2010). Our analyses have focused on the productivity biases of
de juro, formally protected areas. Unimpacted, de facto protected
areas occur predominantly in unproductive, northern Canada.
Therefore, negative productivity biases would doubtless be more
extreme if considering the extent of both protected and ‘like pro-
tected’ areas. The spatial and environmental distribution of de facto
protected areas and opportunities for protected area expansion in
Canada is the subject of ongoing research.
5. Conclusions

The Canadian protected area system is relatively unbiased with
respect to productivity and elevation, suggesting that it may ade-
quately represent patterns of environmental variation. However,
protection of biodiversity is undermined by strong systematic pat-
terns of protected area size, management goals, and anthropogenic
threats to biodiversity along productivity gradients. Productive
areas, which are of the greatest importance to biodiversity, are pro-
tected by the smallest parks with relatively permissive manage-
ment goals (e.g., category V, which are cultural landscapes
including more anthropogenic impacts), and are subject to the
greatest anthropogenic threats. These results agree with other
findings that Canada’s current protected area system does not yet
effectively conserve all biodiversity, particularly in the most irre-
placeable and vulnerable sites (Deguise and Kerr, 2006; Environ-
ment Canada, 2006; Warman et al., 2004). Further, the bias
estimates, as well as the quantitative environmental variables
along which they were generated, provide the capacity to make
recommendations for protected area system expansion using a
data driven approach. However, given patterns of land use and
ownership, there are few remaining opportunities for expanding
reserve coverage where it is most needed (Hummel, 1995; Venter
et al., 2006). Private opportunities for protection are becoming
more important (Dempsey and Dearden, 2009; Environment Can-
ada, 2006; Federal, Provincial and Territorial Governments of Can-
ada, 2010), but these frequently result in small reserves (Federal,
Provincial and Territorial Governments of Canada, 2010) which
would only perpetuate the current observed biases by protected
area size.
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