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INTRODUCTION

The subject of potential species distributions has long been of interest to ecologists (e.g.,
Elton, 1927; Scott et al., 2002), but the subject is also important to agriculturalists,
horticulturalists, and gardeners as it relates to plant hardiness. Plant hardiness is often
thought of as the mortality or dieback of plants caused by temperature stress (mostly cold
but also heat). In practical terms, hardiness zones are intended to help define the potential
distribution of perennial plant species. The United States Department of Agriculture
(USDA) extreme minimum temperature model (and related map) has been a useful
surrogate for plant hardiness and is widely used throughout North America
(<http://planthardiness.ars.usda.gov/PHZMWeb/>; see also <http://www.ars.usda.gov/
Main/docs.htm?docid=15616> for a heat stress model).

In Canada, a plant hardiness map has also been developed (Oulette and Sherk, 1967a, b,
¢), and has become a standard and familiar source for Canadians. This model employed
seven climatic parameters, and was thought to better represent the plant hardiness
situation in Canada, where long winters and snow cover can dramatically affect plant
survival and performance. McKenney et al. (2001, 2014) updated Canada’s hardiness
zone maps using recent climate data and modern, mathematically sophisticated climate
interpolation techniques. The advent of intensive computer processing techniques and the
digitization of plant observation data have opened the door to a shift away from
traditional hardiness zones in favour of species-specific potential distribution models.
Indeed, there has been a proliferation of species distribution models globally in recent
decades (Booth et al., 2014). Any climate-based plant distribution model can be
interpreted as a customized hardiness map for that species — a connection that has not
been widely recognized. Here we briefly summarize some of the major changes in
hardiness zones that have occurred in Canada as the climate has evolved over the last 50
years. We also briefly describe a plant hardiness project for North America that involves
the collation and bioclimatic analysis of plant observation data (McKenney et al., 2007a).
We illustrate the relationship between the most recent hardiness zones and species
distribution models using two representative woody species and show examples of
projecting species’ range shifts under a changing climate.

CANADA’S HARDINESS ZONES

Hardiness zones are widely known and used around the world to help identify what plants
can grow where (Widrlechner et al., 2012). In Canada there are two hardiness zone
systems, a made-in-Canada approach based on seven climate variables and the USDA
extreme minimum temperature model. The Canadian plant hardiness system was
originally developed by Agriculture Canada in the early 1960s using 1930-1960 climate
data and involved field-based assessments of woody plant species responses to Canadian
climate (Oulette and Sherk, 1967a, b, c). In the original work, survival data for 174
woody plant and shrub species and cultivars were gathered at 108 test stations across the
country. A hardiness index was generated at each test location according to performance
and survival rates of the various species under study. The hardiness index was ultimately
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modeled as a function of seven climate variables that influence plant survival and growth
in temperate regions:

e Mean minimum temperature of the coldest month

e Frost free period in days

¢ Rainfall June through November

e Mean maximum temperature of the warmest month

¢ Rainfall in January

e Mean maximum snow depth

e Maximum wind gust in 30 years.

The original plant hardiness zone map was produced by calculating the hardiness index
at 640 climate stations and then hand-interpolating these values onto separate maps of
eastern and western Canada (Ouellet and Sherk, 1967¢). Raw hardiness values (which
ranged from 0 to 92) were classified into 10, 10-unit zones (labelled 0 to 9), and each
zone was further divided into two, 5-unit subzones (indicated by the letters a and b). It is
these zones that are commonly known to gardeners and other users.

As noted, the USDA hardiness zone map, which is based solely on annual extreme
minimum temperature, is also used to guide planting decisions in Canada. The original
version of this map was produced in the 1960s (Skinner, 1962) using annual extreme
minimum temperature values over the 1899-1952 time period. Ten zones were defined (1-
10) based on 5.6°C temperature intervals. This model was recently updated and is
available at an 800 m resolution for the United States (including Alaska and Hawaii) and
Puerto Rico for the 1976-2005 period (Daly et al., 2012). This updated map has eleven
5.6°C zones (1-11) within the continental United States which are further subdivided into
2.8°C half zones (e.g., la, 1b, 2a, etc).

Both the Canadian (Fig. 1) and USDA (Fig. 2) plant hardiness maps have been updated
for the Canadian land base using recent and improved climate data and modern climate
interpolation methods (McKenney et al., 2001, 2014). High resolution versions of these
maps are available at: <http://planthardiness.gc.ca>, which include fine-scaled insets for
several regions of the country. Note that the Canadian and USDA zones do not overlap in
a simple fashion (McKenney et al., 2006 for a detailed comparison of the two systems);
this is to be expected given the very different approaches used to generate the two
products.
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Fig. 1. Canadian plant hardiness zone map for 1981-2010 .
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Fig. 2. Extreme minimum temperature plant hardiness zone map for 1981-2010 (follows
United States Department of Agriculture approach for hardiness zones).

CLIMATE ENVELOPE MODELS AS HARDINESS MAPS FOR INDIVIDUAL
SPECIES

The Canadian and USDA hardiness zone maps summarize gradients in climate variables
that, in a general and intuitive way, influence the survival and growth of woody and other
perennial plants. Plants are generally assigned to hardiness zones given the experience
and expectations of growers and not through exhaustive survival and performance tests
(but see <http://prairietrees.ca/prairie.htm> for an example involving shade trees being
tested at four nursery locations in the Canadian Prairies). As noted, an emerging
alternative is the use of individual species distribution models (also known as climate
envelope models), which offer a robust approach for mapping the range limits (or
hardiness zone) of a plant species. For this approach, all that is needed are spatial climate
models (e.g., McKenney et al., 2013) and longitude and latitude coordinates where the
species is known to occur in an enduring manner; experience suggests that as few as 30
reasonably well distributed observations can produce robust models. Importantly, the
approach lends itself to rapid updates as new data become available.

In support of this approach, plant distribution data from across North America have
been gathered through ongoing citizen science and data sharing agreements with
government and non-government organizations (see McKenney et al., 2007a for details).
These data, which comprise approximately 3 million plant occurrence observations, have
been used to generate climate profiles for nearly 3000 North American plant species that
can be downloaded at Canada’s Plant Hardiness Website <http://planthardiness.gc.ca/>.
These climate profiles, generated using the software ANUCLIM (Xu and Hutchinson,
2013), provide simple statistics (min, max, mean, and various percentiles) that summarize
a wide range of climate variables at the occurrence locations of each species. When
mapped, a “full” climate range identifies all pixels with climatic conditions that fall
between the minimum and maximum values occupied by the species for one or more
climate variables of interest (Figs. 3 and 4). These full climate ranges invariably extend
outside the typical range limits of the species and are probably best interpreted as an
approximation of the fundamental climate niche — the potential environmental space
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occupied by a species in the absence of biotic constraints such as predation and
competition (Hutchinson, 1957). Alternatively, users can select percentile cut-offs to
eliminate outlying data points and identify a core range that more closely resembles the
species’ realized niche (Figs. 3 and 4).

Fig. 3. Sugar maple climate envelope maps showing 41,764 occurrence observations
(gray dots), full climatic range (orange), and core climatic range (green) for
models based on (a) precipitation and temperature, and (b) temperature only.
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Fig. 4. Horse chestnut climate envelope maps showing 39 occurrence observations (gray
dots), full climatic range (orange), and core climatic range (green) for models
based on (a) precipitation and temperature, and (b) temperature only.

Several types of climate envelope models have been produced and are available for
viewing at the plant hardiness web site. These include models that are based on both
temperature and precipitation variables as would be experienced in natural settings (Figs.
3a and 4a), as well as temperature-only models which are aimed at horticultural situations
where water can be added by the grower/gardener (Figs. 3b and 4b). A recent addition to
the website is a set of distribution models generated using a machine learning method
called Maxent (Phillips et al., 2006). This approach, which provides a sophisticated
estimate of site suitability by comparing occurrence locations against a random selection
of background points, has performed well in comparison to other distribution modelling
techniques (Elith et al., 2006).
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COMPARING CLIMATE ENVELOPES AND HARDINESS ZONES

Figures 5a and b show climate envelope models for two tree species (sugar maple — Acer
saccharum and horse chestnut — Aesculus hippocastanum) overlaid on the Canadian
plant hardiness map. These species were selected because they were part of the original
indicator species used by Ouellet and Sherk (1967a) and they illustrate other attributes
associated with the species modelling approach. The sugar maple model has over 40,000
georeferenced locations in our plant hardiness database, including places well outside its
known natural range (Little, 1971). In contrast, the horse chestnut model is based on only
39 observations. Sugar maple is an indicator species for Canadian plant hardiness Zone
4a, while horse chestnut is an indicator species for Zone 5a. The climate envelope models
(and actual observations used in the models) suggest that the species are in fact hardy to
areas outside these zone designations in certain regions. The horse chestnut model is
clearly a work in progress — as new observation data are obtained the models are
updated. The preliminary nature of models with very few observations is intended to help
spur contributions.

PLANT HARDINESS ZONES UNDER A CHANGING CLIMATE

McKenney et al. (2014) demonstrated that climate changes over the past century have
resulted in significant changes in plant hardiness zones. Specifically, both systems
exhibited: increases of 1 to 3 hardiness zone designations across western Canada;
relatively small increases of up to 1 zone across eastern Canada (with some areas even
showing slight declines); and the appearance of new zones (8b and 9a) on Vancouver
Island that had not previously been found in Canada. The prospects for climate change in
the coming century (IPCC, 2013) suggest ongoing changes to plant hardiness zones,
however, future plant hardiness zone maps have not been generated due to difficulties in
obtaining reliable future estimates of certain climate variables required to calculate the
plant hardiness indices (e.g., maximum snow depth, maximum wind gust, and extreme
minimum temperature).

Climate envelope models are well suited to climate change analysis; models based on
current climate can be projected onto grids of future climate to visualize where suitable
climate is expected to migrate during the course of this century. Numerous studies have
applied this approach to examine changes in potential distributions of plant species. For
example, McKenney et al. (2007b) undertook an analysis of 130 North American tree
species; based on climate projections that assume continued high levels of greenhouse gas
emissions, the average northerly shift in the climate habitat for all species by the latter
part of the current century was approximately 700 km. This is not to say the species will
migrate these distances, but it does suggest that a remarkable degree of migration pressure
will be placed on species over the coming century. Projecting how species will actually
shift in response to climate change is incredibly challenging, and involves considerations
such as species’ migration rates, biotic interactions, disturbance regimes, and human
interventions.
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Fig. 5. Current climate envelope of (a) sugar maple, and (b) horse chestnut overlaid on
the 1981-2010 Canadian plant hardiness zone map.

Figures 6a and b show the projected climate envelopes for sugar maple and horse
chestnut by mid-century, overlaid on the current hardiness zones. Both species show
significant northward shifts, such that locations currently designated as Zone 1 may
become suitable for sugar maple, while locations currently designated as Zone 2 appear to
become suitable for horse chestnut. If climate change progresses as projected, there will
clearly be significant changes in planting opportunities throughout Canada. These
planting opportunities may already be occurring but trends in factors such as late spring
frosts may also limit success (McKenney et al., 2014). The spatial complexity of the
future climate envelopes, as shown in the example here for sugar maple, indicates that
temperature and precipitation are not simply projected to shift northward in synchrony
under climate change; rather, certain climate combinations are expected to be lost, while
novel climate combinations may also be formed (Williams and Jackson, 2007).
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Fig. 6. Future (2041-2070) climate envelope of (a) sugar maple, and (b) horse chestnut
overlaid on the 1981-2010 Canadian plant hardiness zone map.

CONCLUSIONS
Although the hardiness map of Oulette and Sherk (1967c) was seminal for its time and
represented a robust approach to hardiness modelling and mapping for Canada, there are
important limitations to general hardiness zones. First, the map applied a single formula
for the entire country, ignoring possible interactions in bioclimatic variables that may
vary spatially, temporally, and by individual plant species. For example, as the climate
evolves, warmer temperatures may be useful for plant survival in western coastal areas
but could decrease snow cover in other parts of the country exposing plants to lethal
minimum temperatures and damaging winter rains. Furthermore, the hardiness zone
designation for a particular plant is often not based on extensive testing in the field, which
limits the overall effectiveness of the system.

Given that plant species respond to climate in individualistic ways, species-specific
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distribution models are increasingly practical and offer a flexible and rapid approach to
mapping potential distributions. Through data gathered as part of our plant hardiness
project <http://planthardiness.gc.ca>, we have developed climate envelope models for
nearly 3000 species to date that cover both the USA and Canada. This work is ongoing as
time and resources allow. A much larger set of plant species models could be developed
with fairly minimal coordination between nursery growers and citizens and models such
as those described here. Indeed it would appear that some form of citizen science would
be the most effective way to build, maintain and modify plant hardiness zones in the
future. Collaborations are invited.
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