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ABSTRACT: Plant hardiness zones are widely used for selection of perennial plants and for phytosanitary
risk analysis. The most widely used definition of plant hardiness zones (United States Department of
Agriculture National Arboretum) is based on average annual extreme minimum temperature. There is a
need for a global plant hardiness map to standardize the comparison of zones for phytosanitary risk
analysis. Two data sets were used to create global hardiness zones: i) Climate Research Unit (CRU)
1973-2002 monthly data set; and ii) the Daily Global Historical Climatology Network (GHCN). The CRU
monthly data set was downscaled to five-minute resolution and a cubic spline was used to convert the
monthly values into daily values. The GHCN data were subjected to a number of quality control measures
prior to analysis. Least squares regression relationships were developed using GHCN and derived
lowest average daily minimum temperature data and average annual extreme minimum temperatures.
Error estimate statistics were calculated from the numerical difference between the estimated value for
the grid and the station. The mean absolute error for annual extreme minimum temperature was 1.9°C
(3.5°F) and 2/3 of the stations were classified into the correct zone.
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ZONAS GLOBAIS DE RESISTENCIA ASPLANTAS PARA
ANALISE DE RISCO FITOSSANITARIO

RESUMO: Zonas de resisténcia as plantas, definidas pelo “United States Department of Agriculture
National Arboretum” com base na média anual das temperaturas minimas extremas, sdo amplamente
utilizadas para a selecdo de plantas perenes e para a analise de risco fitossanitario. H& necessidade de
um mapa global para padronizar a comparacdo de zonas nas analises de risco fitossanitario. Dois
bancos de dados climatoldgicos foram utilizados para criar tais zonas globais de resisténcia as plantas:
i) conjunto de dados mensais de 1973-2002 da “Climate Research Unit (CRU)”; e ii) dados climatoldgicos
diarios da “Daily Global Historical Climatology Network (GHCN)”. Os dados mensais da CRU foram
ajustados a uma escala reduzida de resolucdo de cinco minutos, e um ajuste ctbico foi empregado
para converter os dados mensais para diarios. Os dados da RDGH foram submetidos a vérias medidas
de controle de qualidade antes de serem empregados nas andlises. Relagdes de regressdo pelo método
dos minimos quadrados foram desenvolvidas usando dados da RDGH, resultando nos mais baixos
valores médios diarios de temperatura minima e média anual das temperaturas minimas extremas. Os
erros estatisticos estimados foram calculados a partir da diferenca numérica entre os valores estimados
para a malha e os observados nas estacoes climatoldgicas. O erro médio absoluto para a temperatura
minima extrema anual foi 1,9°C (3,5°F), o que possibilitou a classificagdo de 2/3 das estagbes dentro
das zonas corretas.

Palavras-chave: clima, doengas de plantas, temperatura minima

INTRODUCTION

The growth and survival of most terrestrial
plants is influenced by extreme low temperature
(Woodward & Williams, 1987). For example, the dis-
tribution of evergreen broadleaf vegetation has been
shown to be correlated with —15°C (5°F) (Woodward

& Williams, 1987). A commonly used indicator of the
influence of climate on plant growth and survival is
the hardiness zone. The United States Department of
Agriculture National Arboretum (USDA-NA) hardiness
zones are based on the average annual extreme mini-
mum temperature (Cathey, 1990) but other definitions
of hardiness zones also exist. For example, the Cana-
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dian hardiness zones take into account the influence
of seven variables including frost free days, average
minimum temperature and precipitation of the coldest
month (McKenney et al., 2001).

Hardiness zones were developed primarily for
making planting recommendations for perennial plants
(Cappiello & Littlefield, 1994; Cathey, 1990; McKenney
et al., 2006), but have also been used for phytosanitary
risk analysis as an indicator of establishment potential
(Evans et al., 2007; Jefferson et al., 2004; Venette &
Gould, 2006). As an indication of climatic suitability,
the USDA Animal Plant Health Inspection Service
(APHIS) uses plant hardiness zones for its commod-
ity risk analyses (USDA, 2003). For example, under
this 2003 version of the guidelines, a pest receives a
high ranking for climate suitability if it occurs in four
or more plant hardiness zones, but a low ranking if it
occurs in a single plant hardiness zone.

One of the limitations of the current risk analy-
sis procedure is the lack of a single global plant hardi-
ness map. Currently risk analysts must consult mul-
tiple sources (plant, 2007), which may use different
and often undefined methodologies and time periods,
making comparisons with US hardiness zones difficult.
In addition, climate change has created a need to up-
date many of the older maps. The objective of this
study was to create an updated, uniform global plant
hardiness map which could be used as a phytosanitary
risk analysis tool.

MATERIAL AND METHODS

Two sources of weather data were used to
generate the plant hardiness zone maps, the Climate
Research Unit (CRU) monthly data and the Daily Glo-
bal Historical Climatology Network (GHCN) station
data. The global CRU monthly average data set, which
covers a period of more than 100 years, is a well
known data set for climate change studies and is avail-
able from the Intergovernmental Panel of Climate
Change (IPCC) website. The CRU data set used for
this project consists of gridded monthly average mini-
mum temperature data for the 1973-2002 period at a
resolution of 0.5 degree latitude x 0.5 degree (approxi-
mately 55 km depending on latitude) longitude. A ma-
jor advantage of using the gridded CRU data set is that
it contains values for all land areas of the world ex-
cept Antarctica.

The CRU gridded monthly data were used to
compute thirty-year monthly and daily averages. A pro-
prietary version of an optimal interpolation technique
(Ol) (3-D interpolation) (Lorenc, 1981) was used to
downscale the resolution from 0.5 degrees to 5-min-
utes (9.2 km). This 3-D interpolation technique takes

into account the point elevation of the 9.2 km pixel. A
cubic spline was employed to convert the monthly
minimum temperature averages to daily values. These
average minimum daily values were used to determine
the lowest daily value that occurs during the year.

The GHCN station data contains daily values
of maximum and minimum temperature and precipi-
tation for more than 43,000 locations worldwide
(Peterson & Vose, 1997). The GHCN station data
were used for extracting extreme minimum tempera-
ture information, but the density of this data were
variable both temporally and spatially, especially out-
side North America and Europe. The variable nature
of the GHCN station data makes the global scale as-
sessments of plant hardiness difficult. To ensure sta-
bility in determining Plant Hardiness Zones (PHZ) on
a global scale regardless of the variability of the
GHCN data, relationships between daily CRU data
and GHCN data were determined using one-dimen-
sional regressions.

Before the GHCN data could be used in PHZ
assessment, some quality control checks were per-
formed on the data. These checks were done in addi-
tion to quality control checks performed by the Na-
tional Climatic Data Center (Gleason, 2002), which
produces the GHCN data set. The first check was to
determine the degree of completeness for each station.
Only those stations that reported at least 67% of the
time (or at least 20 years during the 1978-2007 pe-
riod were used in this study. There were over 6,500
stations worldwide that met this criterion (Figure 1).
Highest station density is seen in North America while
parts of Africa, India, Brazil and the Middle East have
few, if any stations (Figure 1).

Each station was subjected to plausibility tests
to determine if average annual extreme minimum tem-
peratures for the thirty-year period and annual frequen-
cies fell within plausible limits. Minimum temperatures
were rejected if they fell outside the bounds of —81.3°C
(-=130°F) or 68.8°C (110°F). If the minimum tempera-
ture was equal to or greater than the maximum tem-
perature for the day, it was rejected. To test if annual
frequencies were in plausible limits, the characteris-
tics of each station were compared to ten or more
neighboring stations. To pass this quality control
check, each candidate station had to have values within
3.0 standard deviations if the stations were located
within 5 degrees of each other. If the ten stations were
more than 5 degrees apart, the values were allowed
to vary up to 3.5 standard deviations before rejection.

The GHCN data were used to create a set of
six least squares regression relationships between the
lowest average daily minimum temperature data and
the average annual extreme minimum temperature. The
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following procedure was used to create the six regres-
sions. First, global temperature regimes were classi-
fied into six zones (Table 1). The GHCN stations in
each of those temperature ranges were used to calcu-
late the regression equation for that zone. Next, the
CRU climatology was used to determine the lowest
average daily minimum temperature for each pixel. The
appropriate regression equation based on the CRU de-
rived lowest average daily minimum temperature was
applied to estimate the average annual extreme mini-
mum temperature. Finally, the estimated average an-
nual extreme minimum temperature (Figure 2) was
used to determine the hardiness classification for all
land areas, except Antarctica.

Plant hardiness zones were estimated from an-
nual average extreme minimum temperature using the
USDA-NA zone definitions (Cathey, 1990). The
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USDA-NA definition defines 11 zones from —45.6°C
(-50°F) to above 4.4°C (40°F) in 6.25°C (10°F) incre-
ments. Many of the USDA-NA zones are subdivided
into a and b based on 3.125°C (5°F) increments. Har-
diness zones were using thirty-years (1978-2007) of
GHCN data and by using USDA-NA methodology that
was modified by adding zones 12 and 13. Zones 12
and 13 represent an extension of the USDA-NA zones
in 10°F increments above 10°C (50°F) and 15.6°C
(60°F), respectively.

Error estimates were calculated by comparing
the estimated average annual extreme minimum tem-
peratures for each station with the observed GHCN
station value. Regression equations for average annual
extreme minimum temperatures were calculated with-
out inclusion of the target station values. Using those
equations, average annual extreme minimum tempera-

Table 1 - Global temperature regimes of average annual lowest minimum temperatures (Tmin °C) used to create the regression
equations. Relationships for the six zones were found using the average annual lowest minimum temperatures and
the average annual extreme minimum temperatures from the GHCN dataset.

Zone Temperature Range °C Number of Input Stations in range Regression

1 <-40 10 0.650 X ((Tmin-32)/1.8 ) - 35.230
2 -40 to -28.9 87 0.678 X ((Tmin-32)/1.8 ) - 30.287
3 -28.9 to -17.8 687 0.830 X ((Tmin-32)/1.8 ) - 27.789
4 -17.8 to -6.7 2788 1.233 X ((Tmin-32)/1.8 ) - 28.949
5 -6.7 to 4.4 2480 1.493 X ((Tmin-32)/1.8 ) - 33.636
6 > 4.4 587 1.254 X ((Tmin-32)/1.8 ) - 25.694

Figure 1 - Locations of Daily Global Historical Climatology Network (GHCN) stations reporting at least 67 percent of the time (at least

20 years for the 1978-2007).
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tures were calculated for the target stations. Statistics
were then derived by comparing the estimated and ob-
served GHCN station values. The calculated statistics
included the mean, bias (mean error), mean absolute er-
ror (MAE), correlation coefficient (r-square) and the
MAE for the 95" percentile (Wilks, 1995). In addition,
the numbers and percentages of GHCN stations for
which the observed plant hardiness zone was lower, the
same or higher than the estimated grid value was cal-
culated without inclusion of the target station values.

RESULTS

The CRU and GHCN data sets provide research-
ers to ability to create PHZ maps with a more consis-
tent methodology (Figure 3). Moreover, the PHZ maps
can be updated annually with little effort. Visual com-
parisons with the current PHZ map with other PHZ maps
across the globe using different data sets and temporal
periods show similar patterns. One weakness of the
methodology used to create the PHZ map is found over
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Figure 2 - Thirty-year average extreme minimum temperature for the period 1978-2007. Classes show upper temperature boundaries.
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Figure 3 - Thirty-year global plant hardiness zone map for the period 1978-2007.
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Table 2 - Error estimates for average annual extreme minimum temperature (°C).

# obs. Grid mean Station mean
6038 -15.8 -15.8

MAE? MAE95%3 R-squared
1.94 5.44 0.963

!Bias - Mean error between grid and GHCN station values. 2 MAE - Mean absolute error between grid and GHCN station values. Grid
values were calculated without inclusion of the target station values. SMAE95% - Mean absolute error for the 95" percentile.

small oceanic islands. PHZ zones may not be correctly
classified in some of these areas because data are too
limited for the modeling methods used in this study.

The method of using regression relationships
to estimate average extreme annual temperature pro-
vided good results. The grid values of estimated tem-
perature were compared with the observed station tem-
perature. The mean absolute error between the esti-
mated and observed station values was 1.94°C (3.5°F)
for the thirty-year (1978-2007) period (Table 2). In
addition, the PHZ classification based on the grid value
was compared to that based on the station data. Ap-
proximately two-thirds of stations are classified into
the correct PHZ (Table 3).

DISCUSSION

The global plant hardiness zone map will al-
low a phytosanitary analyst to easily compare plant
hardiness zones without having to consult multiple
maps which may have been created with different
methodologies and time periods. Since the thirty-year
map was created from the period from 1978 to 2007
data, it is more recent and uniform in methodology than
some of the maps that have been used previously for
risk analysis. For example, some plant hardiness maps
show only a small area of PHZ zone 11 in southern
Florida while the recent map indicated a larger por-
tion of the state in that zone. This is an important
change since Florida is susceptible to frequent exotic
pest introductions (Frank & McCoy, 1995), has the
busy port and airport of Miami, and is a major pro-
ducer of plants, fruits and vegetables.

Because of increased global mobility of pests
and influence of climate change on species distribution,
it is important for PHZ maps to be updated frequently
on a global scale. The influence of climate change on
species distribution has been well documented in recent
years (Parmesan & Yohe, 2003; Walther et al., 2002).
Parmesan & Yohe (2003) used meta-analysis techniques
for 1,700 species to document significant range shifts
averaging 6.1 km per decade towards the poles and sig-
nificant mean advancement of spring events by 2.3 days
per decade. When climate change is coupled with hu-
man interactions there is the potential for more dramatic
changes in distribution, for example the spread of ther-
mophilous plants from gardens into surrounding coun-
tryside (Walther et al., 2002).

Table 3 - Error estimates indicating the numbers and
percentages of GHCN stations for which the
observed plant hardiness zone was lower, the
same or higher than the estimated grid value.

# obs # lower (%)
6512 1207 (18.5) 4324 (66.4)

# same (%) # higher (%)
981 (15.1)

The plant hardiness zones used in this study
were based on average annual extreme minimum tem-
perature. In reality, plant survival is likely to be influ-
enced by many factors including snow cover and win-
ter rainfall (DeGaetano & Shulman, 1990; Oullett &
Sherk, 1967; McKenney et al., 2001). Plant Hardiness
zones are likely to be only a broad surrogate for po-
tential plant distributions (McKenney et al., 2007).
Likewise, the establishment of exotic pests will also
be influenced by many factors other than plant hardi-
ness. For example CLIMEX, a decision support sys-
tem for pest risk analysis includes functions that ac-
count for growth and stress due to hot, cold, wet and
dry (Sutherst et al., 1999). Likewise, the USDA APHIS
NAPPFAST system uses infection, day degree and
empirical models for risk mapping of exotic pests
(Magarey et al., 2007). Prediction systems generally
require either biological parameters or detailed distri-
bution data. In contrast, hardiness zones provide a
quick and easy method for an analyst to estimate and
describe potential distribution. Many commodity pest
risk assessments may analyze the climate potential for
20 or more pests including many that have limited or
no biological/distribution data. For example, distribu-
tion data may be limited to simple literature reports at
the scale of a country or less commonly for a sec-
ondary political unit. Biological data such as develop-
mental requirements or cold tolerances required for
deductive models are also not widely available for pests
from developing countries (Nietshcke et al., 2007).
Plant hardiness zone maps provide a simple alterna-
tive to intensive modeling efforts when detailed distri-
butional and biological data are lacking. Future work
may focus on developing hardiness maps incorporat-
ing degree days and available moisture.

The plant hardiness zone maps will be made
available on the Internet at http://www.nappfast.org.
The images will be available as geotiffs and can be im-
ported into a geographic information system.
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