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The genus Eucalyptus is native to Australia and Indonesia
but has been widely planted in many countries. Eucalyptus
has proven to be particularly successful in tropical and sub-
tropical regions. Several species are also successful in some
temperate regions, but problems with sudden and severe
frosts pose limitations. Current plantations around the world
are dominated by the “big nine” species (E. camaldulensis,
E. grandis, E. tereticornis, E. globulus, E. nitens, E. urophylla,
E. saligna, E. dunnii, and E. pellita) and their hybrids, which
together account for more than 90% of Eucalyptus planted
forests. Much of current tree improvement efforts focus on
the use of hybrids and clones, and development of genetically
modified Eucalyptus is already underway.

For many reasons, there is increased interest in using
wood for energy, and short-rotation plantings of Eucalyptus
will likely be an important source of feedstock [1]. Many
Eucalyptus species have desirable properties for bioenergy
plantations, including rapid growth rates and high wood
density. The indeterminant growth pattern and evergreen
foliage allow eucalypts to grow whenever climatic conditions
are suitable.The sclerophyllous leaves of eucalypts allow them
to withstand very dry conditions and may also be an adapta-
tion to low nutrient conditions. However, the same traits that
make Eucalyptus attractive for bioenergy and other bioprod-
ucts, such as rapid growth, high fecundity, and tolerance of
a wide range of climatic and soil conditions, also make them
potentially invasive.

The prospect of widespread planting of these nonnative
species for commercial purposes in the southern United
States has again arisen, prompting questions about potential
environmental effects. In response, a conference was held in
Charleston, South Carolina, in February of 2012 to review
the history of Eucalyptus research and culture in the USA
and around the world and to examine potential environ-
mental issues surrounding their expanded introduction in
the southern USA. Environmental issues addressed included
invasiveness potential, fire risk, water use, and sustainability.
Papers from that conference, as well as contributions from
other countries that shed light on these issues, are the subject
of this special issue.

Background. Two papers in this special issue summarize the
history of Eucalyptus plantings in the USA. R. C. Kellison
et al. discuss the introduction of Eucalyptus species to the
United States while D. L. Rockwood reviews the history and
status of tree improvement research activities with E. grandis,
E. robusta, E. camaldulensis, E. tereticornis, E. amplifolia,
and Corymbia torelliana in Florida. Significant plantings of
Eucalyptus in the United States began with introductions
fromAustralia as a result of the California Gold Rush in 1849.
Eucalyptus species were introduced in the southern USA
as early as 1878, but no significant commercial plantations
were established until the late 1960s. Performance of selected
species for ornamental purposes caught the attention of
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forest industry and led to species-introduction trials in 1959.
Cooperative efforts by forest industry and the USDA Forest
Service on genetic improvement of selected species for fiber
production were successful enough to engender interest from
industrial forestry companies in the upper South, who estab-
lished plantations with little attention paid to species or seed
source. These plantings failed, leading to more systematic
evaluation of 569 sources representing 103 species over a
14-year period by the Hardwood Research Cooperative at
North Carolina State University. Severe winter temperatures
in late 1983 and early 1984 and 1985 terminated this effort.
Research to develop frost-tolerantEucalyptus in other regions
of the world combined with moderated temperatures across
the South has fueled renewed efforts to identify frost-tolerant
species adapted to this region.

Even in Florida, low temperatures are a challenge. Three
100-year freezes in the 1980s, extended cold periods during
the winter of 2010–11, and the abrupt freezes of the “warm”
winter of 2011-12 affected survival and growth of even frost-
tolerant young eucalypts. A renewed effort to identify frost-
tolerant species and genetic modifications to increase frost-
tolerance that will permit expansion of the range of Eucalyp-
tus is driven by the potential need for 20 million Mg yr−1
of Eucalyptus wood for pulp and biofuel production in the
southern USA by 2022 [1]. If appropriate species and geno-
types can be identified, as much as 5,000 to 10,000 ha yr−1 of
commercial Eucalyptus plantations may be established in the
South, most likely in the Lower Coastal Plain region of north
Florida, Georgia, Alabama, Mississippi, Louisiana, and Texas
[2]. Given the current effort to develop Eucalyptus clones
that tolerate the weather extremes of the South, the question
may not be “Should we plant Eucalyptus?”, but instead “How
should we manage Eucalyptus plantations?”

The potential productivity of Eucalyptus under short
rotation for biomass is significantly greater than the widely
culturedPinus species [3–5]. Short-rotation systems inPenin-
sular Florida using E. grandis and E. amplifolia can produce
up to 67 green Mg ha−1 yr−1 in multiple rotations as short as
three years. Nevertheless, high silvicultural costs associated
with establishment and management may be a barrier to
Eucalyptus production in the USA. Based on experience
with Eucalyptus management gained from the earlier work,
Kellison et al. suggest the following emphases: concentrate
efforts on soils of sandy clay loam and clay loam textures and
avoid soils with imperfect or excessive drainage; keep planta-
tions free from weed competition for at least the first two
growing seasons; and develop efficient fertilizer treatments.
Seedling quality for bareroot planting should have root-
shoot ratios in the range of 0.6, and seedlings should be
planted in early spring, but after the last frost. Container seed-
lings can be planted whenever there is adequate soil moisture
but should be done early enough for adequate growth before
frosts. With the development of proven clones, economical
and rapid propagation becomes a need, with current vege-
tative propagules about 33% more expensive than seedlings.
Weed control treatments are not well developed for Euca-
lyptus in the South and may be the greatest silvicultural
challenge. Herbicide treatments used for pine culture are not

appropriate for Eucalyptus plantations and new treatments
must be developed to ensure adequate control of competing
vegetation without seedling damage.

Invasiveness. Potential invasiveness was the key concern
addressed at the conference and three papers in this special
issue look at this from different perspectives. T. H. Booth
brings a broad perspective from Australia and other coun-
tries, particularly the potential for invasiveness in frost-prone
regions. D. R. Gordon et al. apply the Australian Weed Risk
Assessment tool that is based on traits associated with invas-
iveness and experience from other countries. M. A. Callaham
et al. report on a preliminary field assessment of actual
escapes from Eucalyptus plantings in South Carolina and
Florida. Some Eucalyptus species have biological properties
that could result in invasiveness in some locations. Globally,
only eight eucalypt species are considered to be invasive
in some locations: Corymbia maculata, E. camaldulensis, E.
cinerea, E. cladocalyx, E. conferruminata, E. globulus, E. gran-
dis, andE. robusta [6]. A reviewof general experience ofEuca-
lyptus around the world (e.g., Brazil, Chile, and Australia)
and the experience from regions similar to the Lower Coastal
Plain (e.g., China and Brazil) concluded that the poten-
tial for Eucalyptus invasiveness is generally low due to poor
dispersal, small seeds with limited viability that require bare
soil to germinate, and light demanding seedlings that do not
grow successfully under closed forest or understory canopies.
However, Eucalyptus invasiveness has been a particular prob-
lem in southern Africa, where it was initially introduced
around 1828 and was widely planted from about 1850, more
than 50 years before they were introduced into Brazil. E.
camaldulensis is a particularly serious problem in southern
Africa as it has spread down watercourses as it does naturally
in Australia. It appears that the more commonly cultivated a
species is, the more likely it is to become invasive, in accord
with the theoretical requirement of sufficient propagule
pressure before invasiveness becomes apparent.

Weed risk assessment tools based on qualitative scores
that depend on biological properties and confirmed invasive-
ness or naturalization in one or more locations could be use-
ful as a screening tool. High scores indicate potential for inva-
siveness and a need for further study in context of an over-
all assessment of a species’ potential benefits and risks as a
short-rotation woody crop. D. R. Gordon et al. selected 38
Eucalyptus taxa (species, hybrids, or clones) that had previ-
ously been evaluated using the Australian Weed Risk Asses-
sment tool in Hawaii, the Pacific, or Florida; they found the
four taxa that are currently most likely to be cultivated in
the USA South (E. amplifolia, E. benthamii, E. dunnii, and E.
dorrigoensis) to be low invasion risks. Two taxa, E. camaldu-
lensis and E. viminalis, were assessed as high risks and there
were two taxa needing further evaluation (E. macarthurii and
E. urograndis). Three other taxa that have received atten-
tion are predicted to pose a high risk of invasion (E. grandis,
E. robusta, andE. saligna). All the scores inD. R. Gordon et al.
were higher than those found by earlier assessments.

In the study reported byM. A. Callaham et al., Eucalyptus
invasiveness potential in the southeastern USA was assessed
based on an analysis of seedlings found within and near
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established plantations on 3 sites in South Carolina and 16
sites in Florida. They found a small number of Eucalyptus
seedlings growing in areas adjacent to established plantings
in Florida where seedlings were found within and nearby
to Eucalyptus plantations at 4 sites, but only two individuals
were detected more than 45m from plantation boundaries.
All seedlingswereE. amplifolia,E. robusta, orE. grandis.Their
results indicated that some Eucalyptus species may naturalize
(spontaneously reproduce in their introduced range) in the
South but there was no evidence for invasion (reproducing
and spreading long distances, i.e., 100s ofm in large numbers).
Surrounding intensivelymanaged land use seemed tomilitate
against escape; no seedlings were found in agricultural,
suburban, or citrus orchard land uses. Because seedlings were
found in less intensively managed areas such as partially
wooded sites, they cautioned that the potential for spread into
unmanaged areas should not be dismissed.

Overall, these papers indicated a limited potential for
invasiveness of most Eucalyptus species under considera-
tion for planting in frost-prone areas outside of Peninsular
Florida. However, the risk of invasiveness associated with
Eucalyptusmay increase as the scale of culture and propagule
pressure increases in the southern USA. One factor put forth
to explain the limited spread of Eucalyptus in subtropical cli-
mates may be that the fungal symbionts of the species in
question are not able to fruit and disperse into the surround-
ing soils. Another paper by M. Ducousso et al. in this special
issue, however, points out that in Africa and Madagascar,
diverse species of ectomycorrhizal fungi are found under
Eucalyptus even though intentional inoculation has been
limited to a few experimental trials.

These authors provide suggestions for avoiding or man-
aging potential invasiveness. Keeping plantations away from
watercourses and maintaining clear firebreaks should reduce
the chances of escape from plantations. Interspersing Euca-
lyptus plantations with other intensive land uses such as pine
plantations would limit the ability of Eucalyptus to spread and
establish. Planting sterile genotypes or clones selected for low
levels of seed production or even modified for sterility could
reduce the risk of invasiveness. Short rotations reduce total
flower production potential of individual trees and stands
and reduce the total number of heavy seed production years.
Short rotations are also characterized by intensive establish-
ment practices that would limit the potential for individuals
to naturalize. But whatever genotypes are grown (whether
genetically modified organisms, clones, or otherwise), new
plantations should be carefully monitored to check on seed
production and ensure that the trees are not invasive. Over
time, continued vigilance and robust monitoring will be
needed because invasiveness potential may increase due to
increased propagule pressure, climatic changes that remove
current barriers to reproduction such as lack of synchrony
between flowering and pollinators, and short-term evolution
and hybridization that may alter plant traits and increase
invasive potential.

Fire Risk. S. L. Goodrick et al. in this issue sought to answer
two questions regarding the potential fire risk of widespread
plantings of Eucalyptus in the Lower Coastal Plain: (1) what

effect would this have on risk of wildfires? and (2) how would
fire behavior in Eucalyptus stands differ from fires in com-
monly occurring vegetation types such as pine plantations?
They provide preliminary answers to these questions based
on modeling using the Fuel Characteristic Classification
System (FCCS) and literature values for fuel characteristics
and loads. They found that surface fire behavior in young
Eucalyptus plantations differs little from surface fires in fuels
common to pine forests characteristic of the Lower Coastal
Plain. Eucalyptus is better known, however, for its crown
fires and spotting behavior. The FCCS modeled crown fire
potential well but existing models do not adequately account
for potential spotting behavior of Eucalyptus. Modeling
suggests that fire behavior at the stand level differs little from
current conditions and points to the importance of avoiding
the development of a shrub layer. Stands managed on short
rotation (less than 10 years) will likely be harvested before
bark shedding presents a significant spotting problem. Fire
risk will likely vary with the landscape context of Eucalyptus
plantations. Internationally, fires are more likely to start
outside Eucalyptus plantations than inside but once a crown
fire is initiated, it will spread rapidly and the potential is
for more severe crown fire behavior than in pine stands.
These authors recommend that future work focus on possible
effects on fire risk in the landscape. As it becomes clear which
species have the greatest commercial potential for widespread
planting, it will be possible to better predict spotting potential
and evaluate applicability of available models of firebrand
production and dispersal to current and future conditions in
the Lower Coastal Plain, keeping in mind the variability in
wood properties of clones as noted in another paper in this
issue by B. L. C. Pereira et al.

Water Use. Water use of Eucalyptus is a controversial issue,
and many studies have been directed toward water use at
the individual tree and stand levels with fewer studies at
the landscape (catchment or watershed) level. In this special
issue, J. M. Albaugh et al. review the techniques used to quan-
tify water use of Eucalyptus plantations, provide an overview
of studies in water-limited South Africa, and recommend
where to concentrate future research efforts. In South Africa,
WUE varies significantly among Eucalyptus clones and is
not a constant characteristic of a given genotype; WUE for
Eucalyptus species in South Africa ranged from 0.0008 to
0.0123m3 of stemwood produced per m3 water consumed.
W. Dvorak [7] recently reviewed studies internationally and
applied this experience to understanding potential effects
of planting Eucalyptus in the southern USA. Physiological
studies in several countries has shown that Eucalyptus have
similar water use efficiency (WUE) to other tree species.
Water consumption at the stand level depends upon water
availability, vapor pressure deficit, andWUE; water availabil-
ity, therefore, is a major determinant of productivity [7].

Actual water use by Eucalyptus in a watershed depends
on many factors including the areal extent, size, spatial dis-
tribution, productivity, and age-class distribution of planted
stands. Much has been made of the effect of converting other
land uses to Eucalyptus plantations. Eucalyptus has poten-
tially higher water use and water use efficiency compared to



4 International Journal of Forestry Research

pasture, pine plantations, and native forests but water use is
much lower in Eucalyptus plantings than in irrigated crops.
Studies in other countries suggest that effects of Eucalyptus
plantations on stream flow may be most apparent in drier
regions where precipitation is approximately equal to eva-
potranspiration (this point was effectively made byWalter de
Paula Lima, University of São Paulo, in his talk at the con-
ference on Hydrology studies of Eucalyptus in Brazil). Water
consumption by Eucalyptus plantations will be higher in
terms of percentage of water supply in drier regions but
absolute water consumption will be higher in wetter region
[7].

Information about resource requirements (water uptake
and nutrient requirements) and resource use and production
efficiencies of Eucalyptus trees and plantations, as well as
stand-level measures of water quality across a range of sites,
could inform landscape models. The key indicator of plan-
tation sustainability is water balance in a watershed, not just
evapotranspiration or consumption [7]. Ongoing modeling
studies suggest that predicted watershed-level response to
small and moderate amounts of land in Eucalyptus planta-
tions in the southern USA may be difficult to detect. Key
information needs are the potential influence of Eucalyptus
plantations on isolated wetlands and potential impacts of
different tree densities on hydrology. Management strategies
to avoid water quantity and quality impacts include avoiding
planting Eucalyptus in recharge areas and other hydrolog-
ically sensitive areas, longer rotations or lower densities,
and adherence to water quality best management practices.
Under current climatic and land-use conditions, the Lower
Coastal Plain presents no apparent limitations to Eucalyptus
plantations from a water standpoint [8]. The variability
in WUE among Eucalyptus clones suggests a potential for
breeding trees with improved WUE and drought resistance
[7] which could be important under future climate and land
uses that compete with forestry for available water [8].

Sustainability. Eucalyptusplantations in countries outside the
USA are managed under the auspices of sustainable forestry
certification programs, and significant variation amongEuca-
lyptus species severely limits generalizations that can bemade
concerning environmental issues associatedwith establishing
and managing Eucalyptus plantations. Environmental issues
associated with use of Eucalyptus species as short-rotation
woody crops in the USA South appear to be manageable
with risk-appropriate strategies but merit ongoing, substan-
tive attention and investigation. Indicators, including those
related to biodiversity, are needed to support assessment of
both environmental and socioeconomic sustainability of bio-
energy systems, including culture of Eucalyptus. Existing
indicators proposed in the scientific literature and developed
by other entities could potentially be adapted for application
to Eucalyptus culture in the southern US, as discussed in this
special issue by V. H. Dale et al. and X. Huang et al. Stud-
ies outside the southern USA confirm that Eucalyptus forests
are not “green deserts” and do support native plant and ani-
mal species. Studies of short-rotation woody crops in the
USA suggest that some native plant and animal species
will respond positively and others negatively to Eucalyptus

plantations. Interpretation of results from studies of biodiver-
sity response to Eucalyptus plantations will likely depend in
part on the experimental comparison (e.g., agricultural land,
pine plantations, mature hardwood forest, or comparable-age
native hardwood forests).

Existing information about Eucalyptus culture from other
countries may serve as a strong basis for hypotheses about
environmental issues associated with culture of this genus in
the southern USA. Environmental implications of Eucalyptus
culture should be considered in the context of those asso-
ciated with alternatives for fiber and energy production. V.
H. Dale et al. selected a suite of 35 sustainability indicators,
including 19 environmental (in areas of soil quality, water
quality and quantity, greenhouse gases, biodiversity, air qual-
ity, and productivity) and 16 socioeconomic (social wellbeing,
energy security, trade, profitability, resource conservation,
and social acceptability) indicators. They found that some
requisite information was lacking at the needed temporal and
spatial scales in order to assess the potential for a successful
bioenergy industry based on Eucalyptus. Nevertheless, they
concluded that the sustainability issues did not differ greatly
from those of other feedstocks and it is the specifics of
how the industry is developed and deployed that determine
environmental implications.

Economic and sociopolitical factors will heavily influence
the nature of Eucalyptus culture in the southern USA. X.
Huang et al. reported on a geospatial method called BioSAT
(Biomass Site Assessment Tool) to identify interactions asso-
ciated with landscape features, socioeconomic conditions,
and ownership patterns and the influence of these variables
on locating potential conversion facilities. They applied this
method to estimate opportunity zones for woody cellulosic
feedstock based on landscape suitability and market compe-
tition for the resource. Using a landscape competition index,
they identified potential opportunity zones in central Missis-
sippi, northern Arkansas, south central Alabama, south-
west Georgia, southeast Oklahoma, southwest Kentucky,
and northwest Tennessee. Their method was not specific to
Eucalyptus; however it could be adapted by limiting the study
area to the suitable region for frost-tolerant clones. Even
though decisions about establishing Eucalyptus plantations
on private land can be based on narrow economic considera-
tions, enlightened management and certification require-
ments increasingly recognize the necessity of public input.
Multistakeholder biodiversity conservation initiatives such as
The Forest Dialogue for the Atlantic Forest, The Atlantic For-
est Restoration Pact, and the Sustainable Forest Mosaics Pro-
ject may serve as models for conservation planning related to
Eucalyptus culture in the southern USA.
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The Eucalyptus genus yields high rates of productivity and can be grown across a wide range of site types and climates for products
such as pulp, fuelwood, or construction lumber. In addition, many eucalypts have the ability to coppice, making this genus an ideal
candidate for use as a biofuel feedstock. However, the water use of Eucalyptus is a controversial issue, and the impacts of these
fast-growing trees on water resources are well documented. Regardless, the demand for wood products and water continues to rise,
providing a challenge to increase the productivity of forest plantations within water constraints. This is of particular relevance for
water-limited countries such as South Africa which relies on exotic plantations to meet its timber needs. Research results from
water use studies in South Africa are well documented and legislation restrictions limit further afforestation. This paper outlines
techniques used to quantify the water use of eucalypt plantations and provides recommendations on where to focus future research
efforts. Greater insights into the water use efficiency of clonal material are needed, as certain eucalypt clones show fast growth and
low water use. To better understand water use efficiency, estimates should be combined with monitoring of stand canopy structure
and measurements of physiological processes.

1. Introduction

Eucalyptus is the most widely planted hardwood genus in
the world, covering more than 19 million hectares, with
growth rates that routinely exceed 35m3 ha−1 year−1 [1, 2].
These fast-growing plantations can be grown under a range
of different climates for products that include pulp and
paper, charcoal, fuelwood, and solid wood products such as
poles, furniture, and timber construction. Given their fast
growth rates and coppicing ability, eucalypts have also been
identified as potential feedstocks for lignocellulosic biofuels.
Being endemic to Australia, southeast Asia, and the Pacific,
eucalypts are grown mainly as exotic species. Consequently,
there is much concern about their water consumption, from
many countries around the world [3–7].

One such country is South Africa, which relies heavily on
plantations of exotic forestry species, particularly Eucalyptus,
to meet its timber needs. South Africa is a water-limited
country with an average annual rainfall of 560mm year−1,

which results in fierce competition for this limited resource
[5]. Concerns over the effects of exotic plantations on South
African streamflow and catchment water yields led to the
establishment of a network of long-term paired catchment
experiments in the major forestry areas of the country. These
experiments were set up as early as 1937, and since then,
have been supplemented by a wide variety of process studies
comparing transpiration or evapotranspiration from forest,
grassland, and other vegetation types. Information from these
studies and the paired catchment experiments have been used
to calibrate catchment models that have provided estimates
of the hydrological impacts of forest plantations. As a result,
the impacts of plantation forestry on water resources are
well documented and legislation restrictions limit further
afforestation.

Nevertheless, demand for wood, water, and energy con-
tinues to grow, providing a challenge to increase the produc-
tivity of forest plantations within water constraints. Eucalyp-
tus species managed as short-rotation crops for bioenergy are



2 International Journal of Forestry Research

of increasing interest in many parts of the world. In countries
where eucalypts are introduced species, there is a need to
understand key environmental issues, for example, water use,
related to themanagement and growth of these trees.Oneway
in which information needs can be identified and prioritized
is to draw on the knowledge and experience gained from
decades of water research in South Africa. Research into
water use of South African timber plantations commenced in
1937; the historical nature of the data collected, the length of
record, and the range of sites involved make the experiments
unique and invaluable [8].

The objective of this paper is to provide a comprehen-
sive synthesis of the available South African literature on
the effects of eucalypt planting on water resources and to
produce new insights into future research needs. This paper
is organized into five main sections as follows:

(i) background to South African forestry and limited
water resources,

(ii) techniques used to measure and model water use,
(iii) methods for determining water use efficiency,
(iv) current South African legislation, and
(v) future considerations, including a new research focus

and tree-based bioenergy feedstocks.

2. South African Forestry and
Limited Water Resources

South Africa has limited indigenous timber-producing
forests. The first plantations of exotic trees, mainly pine
and eucalypts, were established in the country in 1875 after
recognizing that demand for timber had exceeded the supply
available from indigenous forests. These exotic species were
preferred for afforestation because none of the indigenous
tree species which yield useful timber grew at rates consid-
ered profitable [9]. There has since been a steady expansion
in the total area of forest plantations, culminating in 1.2
million hectares (1.1% of South African land area), of which
515,000 ha are planted to eucalypts [10]. This genus is grown
predominantly for pulpwood and mining timber over a
normal rotation length of seven to ten years [11]. Productivity
from these plantations is relatively high and ranges from 10 to
68m3 ha−1 yr−1.

Plantations of exotic species were established in the
higher-rainfall (>700mm) regions of the country, coinciding
with a large proportion of the surface water resources which
emanate from relatively small but important catchment areas
concentrated along east- and south-facing escarpments and
mountain slopes [12–14]. The dominant vegetation in many
of these areas was originally montane grassland and fyn-
bos (macchia) shrublands. Annual evapotranspiration rates
of this indigenous vegetation range from 700 to 900mm
[15]. This indigenous vegetation has relatively shallow root
systems and is seasonally dormant, resulting in limited
evapotranspiration over the dry season [12, 15]. In strong
contrast, plantation forests are characterized by deep root
systems and tall, dense, evergreen canopies that maintain

a relatively high leaf area index over the entire year [14,
16]. Evapotranspiration from established forest plantations
is commonly in the range of 1100–1200mm and is limited
by rainfall available on the site [14]. Numerous local and
international studies have indicated conclusively that forest
plantations established in former natural forests, grasslands,
or shrubland areas consume more water than the baseline
vegetation, reducing water yield (streamflow) as a result
[8, 13, 14, 17–20]. Concerns over the effects of these forest
plantations on streamflows and catchment water yields arose
as far back as 1915 and were thoroughly debated during the
Empire Forestry Conference that took place in South Africa
in 1935 [14]. A decision taken at this conference led to the
establishment of a network of long-term paired catchment
experiments in various catchments located in the major
forestry areas of South Africa [14].

3. Techniques Used to Measure and
Model Water Use

A range of techniques has been used to measure and model
water use of South African forest plantations, across a range
of temporal and spatial scales. These include paired catch-
ment experiments, micrometeorological techniques, sapflow
estimates using heat pulse velocity, modeling efforts, and
remote sensing estimates of stand scale water use. Each of
these techniques is discussed in turn; pertinent results are
presented, and the short-comings of each method have been
highlighted.

3.1. Paired Catchment Experiments. The paired catchment
method involves the long-term monitoring of streamflow
from pairs of catchments before and after a major vegetation
change in one of them [8]. Van Lill et al. [21] reported on
results of a paired catchment experiment with E. grandis
versus natural grass cover on the eastern escarpment of South
Africa. Afforestation with E. grandis exerted an observable
influence from the third year after planting, with a maximum
apparent reduction in flow between 300 and 380mm year−1,
andwithmaximum reductions in seasonal flow of about 200–
260mm year−1 in summer and 100–130mm year−1 in winter
[21].

Catchment experiments have shown that eucalypts cause
a faster reduction in streamflow compared to afforestation
with pines [13]. Further, these effects were more marked for
eucalypts (90–100% water reduction) than with pines (40–
60% reductions in the first eight years or so after treat-
ment), but Smith and Scott [22] suggested these differences
may diminish as the pine stands become well-established.
Streamflow reductionwas significant from the third year after
planting eucalypts, for both the wet and dry seasons, and the
stream dried up completely in the ninth year after planting
[13]. After afforestationwith pines, reductions in total andwet
season streamflow became significant in the fourth year and
stopped flowing completely in the twelfth year [13]. Analyses
showed peak reductions of 470mmyear−1 for eucalypts in the
seventh and ninth years, both particularly wet years [13]. The
highest estimated flow reduction due to pine was 257mm,
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recorded in the twentieth year of the rotation [13]. These
finding were verified by a study performed by Scott et al. [8]
who reported peak reductions in streamflow between 5 and
10 years after planting eucalypts, and between 10 and 20 years
after planting with pines, with the size of the reductions being
limited primarily by water availability. In analyses presented
by Scott and Smith [18], reduction in annual streamflow due
to pine, averaged over the first eight years after afforestation,
was 47mm (between 35 and 119 ha were afforested). In
comparison, eucalypts reduced streamflow by 239mm (over
an afforestation range of 25–40 ha). In the case of the pines,
between 82 and 100% of the catchment area was afforested; in
the case of the eucalypts, entire catchments (i.e., 100%) were
afforested.

In addition to afforestation effects on total streamflow, an
important consideration is the effect on low flows, defined
by Scott and Smith [18] as the driest three months of an
average year, or as those monthly flows below the 75th
percentile level. At the low flow time of the year during the
dry period immediately prior to the rainy season, a reliable
water supply is most critical for downstream water users
[18]. Consequently, the effect on low flows may be more
important than the overall impacts on streamflow [22]. Using
the paired catchment approach to investigate low flows in
five catchments in the winter and summer rainfall regions of
South Africa, Smith and Scott [22] found afforestation signif-
icantly affected low flows in all five catchment experiments,
with flows being reduced by up to 100% in some cases. The
low flows in catchments planted with eucalypts showed a
significant response to treatment from the third year after
afforestation, whereas the catchments plantedwith pines only
responded from the fifth year onwards [22].

Streamflow reductions are very variable from year to year,
being a function of the following factors.

(i) Water availability (see [13, 17, 18]). According to Scott
et al. [8], the most important determinant of flow
reductions is water availability, where wet catchments
with high water availability have the highest flow
reductions. Conversely, lowwater availability can lead
to bigger relative reductions; for example, one catch-
ment planted to eucalypts reached 100% reduction in
the fourth year of the rotation under a dry cycle.

(ii) Species selection and extent of afforestation [8].

(iii) Plantation age or growth rate (see [8, 18]). Smith
and Scott [22] suggested that faster growth rates of
eucalypts compared to pines in the first eight years
after planting may explain their earlier and greater
impact on low flows. Similarly, Bosch and Hewlett
[17] stated that decreases in water yield following
afforestation seem proportional to the growth rate of
the stand, while gains in water yield after clearfelling
diminish in proportion to the rate of recovery of the
vegetation.

(iv) Rotation length. Mathematical models developed by
Scott and Smith [18] indicated that the longer the
rotation, the greater the mean impact of the crop and

the lower the frequency of “recharge opportunities”
(periods after clearfelling when evapotranspiration
losses would be low). These models predicted that
flow reductions caused by pines grown for sawlogs
(on a 30-year rotation) were likely to be similar to
those caused by a shorter rotation (8 to 10 years)
eucalypt crop.

Whilst these paired catchment experiments confirmed a
decline in streamflow following the establishment of forest
plantations, Dye and Olbrich [12] and Gush et al. [16]
cautioned that results cannot be extrapolated to other areas
with confidence because of the lack of climatic represen-
tativeness. The research catchments studied have a mean
annual precipitation greater than 1100mm, whereas 63% of
all afforestation in SouthAfrica receives less than 900mmper
year [16]. In addition, in the studies cited by Smith and Scott
[22], tree seedlings were planted into shallowly prepared pits
without fertilization in contrast to typical forestry practice
which involves intensive site preparation, and in some cases,
fertilizer application to boost early growth. Such establish-
ment practices are likely to cause earlier reductions of low
flows from the afforested catchments because the site is fully
exploited by the trees sooner [22]. Further, in the study of
Scott and Lesch [13], two entire catchments were afforested,
including the riparian zones, to indicate the potential effects
of afforestation.However, under current forestry law in South
Africa, riparian zones are not planted but are kept open under
indigenous vegetation for soil and water conservation, and
seldom would more than 75% of a single large catchment
be afforested. Scott et al. [8] suggested replicating catchment
experiments with different species, at different sites, and over
different time periods, as results from a single catchment and
climatic pattern cannot provide proper understanding of how
responses may vary under different conditions. However,
Hewlett and Pienaar [23] stated that the paired catchment
approach, while powerful, is also costly and time-consuming.

Findings and recommendations emanating from the
paired catchment experiments led to regulation of new
afforestation to protect water supplies. In 1972, legislation was
introduced that required timber growers to apply for permits
(afforestation permit system) to establish new commercial
plantations [20, 24]. These applications became mandatory
and were granted or refused based on an assessment of the
expected impact of plantations on water yields from the
catchment areas [5].

There was thus a need for a model that could be used
as a guideline for decision-making and planning regarding
afforestation effects and permit allocations. Scott and Smith
[18] developedmathematical models, using age as a predictor
variable, to provide estimates of reductions in low flow
and total flow resulting from pine and eucalypt plantations
on a regional and national scale. Scott et al. [8] suggested
adding environmental drivers such as rainfall, temperature,
soil depth, or tree rooting in addition to using age as a pre-
dictor variable to enable explanation of observed variation.
However, because of the lack of climatic representativeness,
these models remain empirical and extrapolation outside the
conditions encountered could be misleading.
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Figure 1: Mean daily transpiration of three-year-old E. grandis trees (a), photosynthetically active radiation (PAR) (b), and daytime (6 am–
6 pm) vapor pressure deficit (c) for the period June 1992 to June 1993 (after Dye [25]; Dye et al. [26]).

3.2. Sapflow Measurements and Micrometeorological Tech-
niques. Since the mid 1980s, the paired catchment exper-
iments were supplemented by a variety of process-based
studies, where transpiration or evapotranspiration weremea-
sured above forest, grassland, and other vegetation types,
using heat pulse and micrometeorological techniques [14].
Transpiration (sapflow) rates measured using the heat pulse
velocity technique have been verified in 3- and 16-year-old
E. grandis trees [27]. Sapflow rates exhibit distinct seasonal
patterns, where mid-summer values are characteristically
highest, due to long day lengths and high vapor pressure
deficit (VPD) associated with higher temperatures [28]. In
contrast, winter sap flow rates were much reduced, not only
by day length and VPD, but also by soil water deficits [28].
One of the mechanisms trees use to avoid drought conditions
is stomatal closure, either in response to increasing VPD or
soil water deficit [29, 30]. Closure of stomata to maintain leaf
water potential above a critical threshold protects the xylem
from damage by cavitation and embolism [31].

Transpiration from Eucalyptus trees in South Africa has
been shown to be mainly a function of VPD and photosyn-
thetically active radiation [12, 32]. Evidence of this is seen
in Figure 1, where peak daily water use of three-year-old E.
grandis exceeded 90 ℓ day−1 (7.0mm day−1) on hot dry days
in midsummer and then declined during the fall as tem-
peratures decreased and the photoperiod shortened. Average
daily water use was approximately 30 ℓ day−1 (2.2mm day−1)
during the 1992 winter but rose markedly in the spring in
response to increased VPD [25]. Median daily sapflows in
stands of E. grandis × camaldulensis hybrid clones covering
a wide range in age (1.5–7.0 years) and site growth potential
ranged from approximately 30 to 64 ℓ per day for trees
growing onmore productive sites, and from 15 to 34 ℓ per day
for the less productive sites [33].

Dye [25] carried out sapflow studies at two field sites on
three- and nine-year-old E. grandis trees subjected to soil
drying by laying plastic sheeting on the ground to prevent
soil water recharge. There was no indication that water use
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declined as a result of increasing soil water deficits. Dye [25]
attributed this to the ability of the three-year-old trees to
abstract soil water to a depth of at least 8m, whereas nine-
year-old trees obtainedmost of their water fromdepths below
this level (deep drilling revealed live roots at 28m below
the surface). During dry periods, deep-rooted eucalypts are
able to maintain transpiration at rates which enable the trees
to function, by accessing water stored in the soil profile
[34]. As available soil water is recognized as the main factor
influencing the growth of commercial plantations in southern
Africa [35, 36], a crucial question is whether water stored
in the soil profile can be recharged during continuous Euca-
lyptus cropping, particularly in short-rotation unthinned
plantations grown for pulp or bioenergywhere leaf area index
(and hence water use) remains high throughout the rotation
[25]. Leaf area index is a key determinant of plantation water
use [37–39].

Successive rotations of demanding species such as E.
grandis may deplete soil water reserves, leading to increased
soil water deficits and declining growth yields [26, 36].
In the paired catchment experiments studied by Scott and
Lesch [13], eucalypts were clearfelled when 16 years old but
full perennial streamflow did not return until five years
later. This lag in streamflow recovery was attributed to the
abstraction and desiccation of deep soil-water stores by the
eucalypts which had to be replenished before the streams
could return to normal behavior [13]. Greater understanding
of the long-term water balance of eucalypt plantations is
therefore required to assess the sustainability of continuous
eucalypt cropping and evaluate what management practices
can be adopted to minimize growth losses [26].

In addition to sapflow studies, micrometeorological tech-
niques such as the Bowen ratio and eddy correlation have
been investigated; however, these are less suited to Eucalyptus
measurements as they require a structure to gain access to the
foliage or to serve as a platform for instrumentationmounted
above the canopy, which is made difficult by the height of
the trees. In addition, leaf-based techniques such as porom-
etry require adequate canopy sampling to allow estimation
of whole-tree transpiration rates, and micrometeorological
methods have theoretical constraints that are difficult to
satisfy in undulating, discontinuous forest terrain [27].

An additional drawback of micrometeorological tech-
niques and sapflow measurements is the expense, both in
terms of equipment and time [28]. Sustaining high-quality
sapflow measurements by the heat pulse technique over long
periods of time is difficult as equipment malfunctions or
is stolen, probes can become corroded by gum, or sample
trees can be felled accidentally. There is limited ability to
extrapolate results from relatively few research areas to the
entire forestry region [28]. In addition, growth and water
use is especially sensitive to soil water availability, but this is
often impractical to measure because of deep rooting depths,
highly variable depth to bedrock, and uncertainty over lateral
soil water flow [28].

3.3. Modeling Efforts. Another assessment tool used to
determine the impact of commercial afforestation on
South African water resources was the ACRU (Agricultural

Catchments Research Unit) model [44], which simulates
streamflow, total evaporation, and land cover/management
impacts on water resources at a daily time step [45].
Model inputs include daily rainfall and other climatic
data, catchment characteristics such as catchment area,
altitude, vegetation/land cover, and soil information. ACRU
model processes include infiltration, evapotranspiration,
reservoir storage, surface runoff, and plant growth. The
hydrology component of the model utilises a multilayer
soil water budget to calculate evapotranspiration. Jewitt and
Schulze [45] performed a verification of the ACRU model
by comparing simulated and observed streamflow at three
forested catchment locations across a range of catchment
sizes, forest species, and plantation age. The ACRU model
performed acceptably at most sites, but Jewitt and Schulze
[45] encountered problems related to temporal distribution
of streamflow. Similarly, in another ACRUmodel verification
study, Gush et al. [16] showed that mean annual streamflow
reductions resulting from afforestation were satisfactorily
simulated for most of the long-term research catchments.
However, model predictions for dryer regions or those with
winter rainfall were poor, and Gush et al. [16] concluded that
the model could not account for the full storage capacity of
soils and the year-to-year carryover of water storage or usage.
Gush et al. [16] cautioned that in these types of situations
where forest hydrology is less well understood, there is
increased risk of erroneous predictions.

3.4. Remote Sensing Techniques. Remote sensing techniques
using satellite imagery have successfully beenused to estimate
evapotranspiration across a range of spatial scales [46–48].
These techniques are of increasing interest for operational
forestry applications in South Africa, such as estimates
of catchment scale evapotranspiration. However, wide-scale
adoption of remote sensing techniques may be limited
by image costs and data-processing times and costs [49],
poor image quality (resulting from cloud cover or smoke),
uncertainty regarding the number and timing of images
needed to accurately describe annual evapotranspiration, and
inappropriate satellite pass-over times. However, a simplified
remote sensing regression model proposed by Wang et al.
[47] holds promise. In this model, surface net radiation,
air or land temperature, and vegetation indices are used
to predict evapotranspiration over a wide range of soil
moisture contents and land cover types. Wang et al. [47]
reported a correlation coefficient of 0.91 between measured
and predicted evapotranspiration. Independent validation
of the model using measurements on grassland, cropland,
and forest collected by the eddy covariance method showed
that evapotranspiration could be reasonably predicted with
a correlation coefficient that varied from 0.84 to 0.95, a root
mean square error that ranged from about 30 to 40Wm−2,
and a bias that ranged from3 to 15Wm−2. According toWang
et al. [47], the errors encountered could partly be attributed
to uncertainty in the eddy covariance method.

3.5. Water Use Efficiency. Water use estimates measured
using heat pulse velocity have often been paired with pro-
ductivity or biomass values to provide water use efficiency
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(WUE) estimates. Depending on the objective of a particular
study, WUE can be expressed as stem volume production per
unit water used, or in the case of bioenergy (see Section 5.2
below), expressed as biomass production (i.e., all components
that will be used for bioenergy) per unit water used. Water
use efficiency expressed as annual stemvolume increment per
unit volume of water transpired for Eucalyptus species across
age classes and site types in South Africa ranges from 0.0008
to 0.0123m3 stemwood produced per m3 water consumed
([5, 26, 28, 40–43]; Table 1).

Water use efficiency varies significantly among Eucalyp-
tus clones (for the same age and site) [28]. Evidence of this
was presented by Olbrich et al. [5] who found significant
clonal differences in WUE between four E. grandis clones
growing on a high quality site. Clonal WUE, which ranged
from 0.0060 to 0.0123m3m−3, was related to growth rate,
with the most water use efficient clones tending to be the
fastest growing [5]. In a lysimeter study, Le Roux et al. [42]
investigated variation in WUE among six Eucalyptus clones
up to the age of 16 months and found significant clonal
variation in WUE as well as patterns of growth allocation to
roots, stems, branches, and leaves.

Water use efficiency is not a constant characteristic of
a given genotype but varies according to the particular
combination of site conditions, weather, and tree age [24].The
frequency and duration of soil water deficits is believed to be
especially important in governing WUE, which is sensitive
to year-to-year variation in rainfall amount as well as rainfall
distribution through the year [24]. Dye et al. [28] attributed
lower WUE in Eucalyptus clones compared to other sample
trees to a severe growing-season drought during the period
of measurement. Water use efficiency is also influenced by
atmospheric humidity (VPD) and changes in carbon parti-
tioning brought about by soil water and nutrient availability
[24, 28]. Stomatal closure in response to increasing VPD
reduces water loss and generally results in higher WUE, but
with a concomitant reduction in photosynthesis and tree
growth [39, 50–52].

In nutrient-limited or dry environments, relatively more
dry matter is contained in below-ground components (par-
ticularly fine roots) of eucalypts than on moist, high-nutrient
sites [53–55]. Patterns of carbon allocation can significantly
affect WUE, which is higher in trees experiencing better
growing conditions, than in those experiencing poorer con-
ditions [28, 56, 57]. Therefore, at the plantation manage-
ment level, WUE can be maximized by adopting measures
which minimize soil water and nutrient deficits [24]. These
measures include avoiding removal of forest floor litter,
preventing excessive topsoil damage by vehicles, minimizing
intense fires which kill herbaceous plants and promote soil
erosion, practicing effective weed control, and fertilizing,
where economically feasible [24].

Carbon isotopes can also be used to provide estimates of
WUE. Isotopic composition of plant carbon (𝛿 13C) correlates
withWUE, where a higherWUE is evidenced by less negative
values of 𝛿 13C [58, 59]. Olbrich et al. [5] presented results
showing this relationship for clonal E. grandis: the clone with
the lowest WUE had more negative 𝛿 13C values than the

Table 1: Comparative water use efficiency (WUE) values among
Eucalyptus species and clones grown in South Africa, expressed as
annual stem volume increment per unit volume of water transpired
(m3 wood m−3 water).

Eucalypt species/clone WUE
(m3 wood m−3 water) Reference

E. grandis clones 0.0060 [5]
E. grandis clones 0.0123 [5]
E. grandis clones 0.0094 [5]
E. grandis clones 0.0095 [5]
E. grandis 0.0042 [26]
E. grandis 0.0032 [26]
E. grandis 0.0086 [28]
E. grandis 0.0060 [28]
E. grandis 0.0058 [28]
E. grandis 0.0045 [28]
E. grandis 0.0071 [28]
E. grandis 0.0057 [28]
E. grandis 0.0024 [28]
E. grandis 0.0018 [28]
E. grandis 0.0033 [28]
E. grandis 0.0024 [28]
E. grandis 0.0110 [40]
E. grandis 0.0064 [40]
E. grandis 0.0094 [40]
E. grandis 0.0053 [40]
E. grandis 0.0077 [40]
E. grandis 0.0064 [40]
E. grandis 0.0044 [40]
E. grandis 0.0050 [40]
E. grandis 0.0074 [40]
E. grandis 0.0038 [40]
E. grandis 0.0050 [40]
E. grandis 0.0041 [40]
E. grandis 0.0048 [40]
E. grandis 0.0082 [40]
E. grandis 0.0045 [40]
E. grandis 0.0069 [40]
E. grandis 0.0055 [40]
GC15 0.0028 [41]
GC15 0.0048 [41]
GC15 0.0033 [41]
GT529 0.0032 [41]
GT529 0.0049 [41]
GT529 0.0058 [41]
TAG5 0.0045 [41]
TAG5 0.0038 [41]
TAG5 0.0035 [41]
Eucalyptus and hybrid clones 0.0015 [42]
Eucalyptus and hybrid clones 0.0013 [42]
Eucalyptus and hybrid clones 0.0011 [42]
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Table 1: Continued.

Eucalypt species/clone WUE
(m3 wood m−3 water) Reference

Eucalyptus and hybrid clones 0.0008 [42]
Eucalyptus and hybrid clones 0.0010 [42]
Eucalyptus and hybrid clones 0.0014 [42]
Eucalyptus species 0.0034 [43]

other three clones. In a lysimeter study with six Eucalyptus
clones grown for 16 months under two water regimes (soil
water maintained at 100 and 80% of field capacity, resp.), Le
Roux et al. [42] reported significant relationships between leaf
𝛿
13C values and instantaneous water use efficiencies in the

high soil water treatment. However, the lack of relationships
between leaf 𝛿 13C values and whole-plant, shoot, or stem
water use efficiencies in either soil water treatment led these
authors to conclude that 𝛿 13Cmay not be a reliable indicator
of WUE, but may be useful as a screening tool. Olbrich
et al. [5] stated that it is unclear how 𝛿 13C varies within
eucalypt canopies (e.g., with aspect and branch length) and
advised that itmay be crucial to follow a rigid sampling proce-
dure. These authors also suggested that canopy microclimate
(especially vapor pressure deficit and leaf temperature) may
confound relationships between 𝛿 13C andWUE.

4. Legislation and Application of Research

Results from the numerous water use studies discussed above
have been collated and simplified to provide a scientific basis
for South African water use legislation decisions. Since the
1972 law, which dictated that timber growers needed to apply
for planting permits to establish new commercial plantations,
South African water legislation has undergone a series of
refinements, as research results and simulation models have
improved [20]. In South Africa’s new National Water Act of
1998 (http://www.dwaf.gov.za/Documents/Legislature/nw
act/NWA.pdf, accessed 01.27.2012), all water users are
required to register and license and pay for their use of water.
Payment for water used by plantation forests is calculated
through models developed from the long history of forest
hydrological research, using tabulated outputs from paired
catchment experiments, process-based studies, and water use
estimates using heat pulse velocity and micrometeorological
techniques [14].

As of 1999, commercial plantation forestry is classified in
the Water Act as a streamflow reduction activity, defined as
“. . . any activity (including the cultivation of any particular
crop or other vegetation) . . . (that) . . . is likely to reduce
the availability of water in a watercourse to the Reserve,
to meet international obligations, or to other water users
significantly” [60]. The Reserve is the amount of water set
aside (i.e., reserved) for environmental flows and to provide
for basic human needs such as drinking, food preparation,
and hygiene [61]. Under this new water-use licensing sys-
tem, planning authorities (catchment management agencies)
predict the likely hydrological impacts of afforestation and

limit the spread of further afforestation in catchments where
available water resources are already committed [14, 43].
Ideally, this system should allow sustainablemanagement and
equitable distribution of available water resources amongst all
water users [16]. As regulation regarding sustainable water
resource management needs to be based on results from
scientifically defendable work, there is renewed emphasis on
the need to understand, accurately model, and manage forest
hydrological processes on a national scale [16, 20, 61].

5. Future Considerations

5.1. A New Research Focus. Variable WUE exhibited between
different Eucalyptus clones should be seen as an opportunity
to determine whether it can be exploited to improve the
overall production and efficiency of plantation water use
[28].This could be particularly beneficial for forestry situated
in marginally dry regions of South Africa where future
increases in plantation area are likely to take place given
new afforestation constraints under the water law, and as
the availability of high-rainfall areas diminishes [5, 24, 28].
In addition, there is also more recent and growing concern
over the effects of climate change, especially with regard to
decreases in rainfall which are forecast for some forestry
areas. Increased efficiency of water use may to some extent
offset such detrimental change and provide the industry with
a means of adaptation to a changing climate.

The ongoing development of new hybrid Eucalyptus
clones incorporating diverse genetic potential offers great
scope for breeding trees with improved WUE and drought
resistance [24, 28]. The challenge, however, will be to tease
apart the genetic and environmental influences on WUE for
a range of clones and sites [28]. Dye [24] stated that the
full potential for improving Eucalyptus yields and optimizing
WUE will not be achieved without improvements in our
understanding of key physiological processes that govern
how trees function. Further advances in understandingWUE
will stem from process-based models which allow the sep-
arate influences of weather, stand characteristics, and site
conditions on carbon allocation patterns and transpiration
rates to be assessed [28]. These models need to be validated
against critical physiological measurements such as sap flow
rates, leaf area index, and growth rates to improve our
understanding of the linkages between growth and water
use [28]. One such model (3-PG) has been verified and can
realistically simulate growth and water use in stands of E.
grandis × camaldulensis hybrid clones covering a wide range
in age and site growth potential [33].

Given this early stage in our understanding of WUE of
plantation trees, and the range of site types in the forestry
regions of SouthAfrica, it will be necessary to compare a wide
variety of genotypes on uniform sites to obtain comparative
WUE data. In particular, the following guidelines are recom-
mended for new research.

(i) Establish trials among a wide variety of clones on
uniformhigh- and low-rainfall sites to compareWUE
through direct measurements of growth and sap flow.
Because new afforestation is more likely to take place
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in drier areas which are considered marginal for
forestry, growth and WUE on these sites need to be
investigated [24]. WUE must be measured over at
least a full year to cover seasonal variations in carbon
allocation and water use.

(ii) Compare growth and water use among clones that
display variation in properties such as stem growth
rate, leaf area, angle and density, leaf phenology, and
response to drought.

(iii) Perform detailed analyses of canopy structure and
physiology to understand differences in patterns of
transpiration and photosynthesis. Establish the age at
which any differences can be recognized.

(iv) Initiate drought resistance studies that investigate
growth, vulnerability to cavitation, water use, and
WUE.

(v) Reevaluate the usefulness of carbon isotope ratios for
correlations with WUE.

(vi) Estimate below-ground carbon allocation and losses
to respiration.

(vii) Use remotely-sensed evapotranspiration techniques
for long-term monitoring.

In addition, many breeders have developed plant “ideo-
types” to provide conceptual direction for tree selection and
improvement programs [62]. The concept of an ideotype
in forestry was pioneered by Dickmann [63] as a precise
descriptive model of the traits considered desirable for
trees in a defined environment. Pereira and Pallardy [62]
provided examples of attributes that might be incorporated
into a “water-limited biomass production ideotype”. These
attributes include trees that retain foliage under drought,
which would permit continued photosynthesis and growth
in environments characterized by substantial, but transient
drought periods; degree of genetic control over the pattern
of stomatal behavior and thus WUE; and the most effective
structure for a root system to provide access to water stored
in deep soil horizons [62].

Dye [24] suggested an ideotype for eucalypt clones which
includes attributes relating to the following key processes:

(i) canopy structure and efficiency of light interception
and transpiration,

(ii) rate of canopy photosynthesis,
(iii) patterns of assimilate allocation,
(iv) root system architecture,
(v) turnover rate of fine roots,
(vi) xylem anatomy and hydraulic architecture,
(vii) drought resistance mechanisms, and
(viii) efficiency of nutrient cycling.

5.2. Growing Eucalypts for Bioenergy Production. There is
growing interest in numerous countries for eucalypt plan-
tation-grown bioenergy production. In southern USA for
example, Eucalyptus has been shown to be a promising

biomass for energy production, and commercial plantations
are being established at a rate of 5,000 to 10,000 ha per
year [64, 65]. According to Dougherty and Wright [65],
demand for hardwood from plantation-grown stands for
pulp and bioenergy in southern USA is more than 90
million metric tons per year and is increasing. The focus
on bioenergy production over the past decade has been
largely due to its perceived potential in securing energy
supply, reducing greenhouse gas emissions, achieving sus-
tainable development, and improving local economy [66].
However, an increased demand for food in combination with
a shift from fossil fuels towards industrial-scale production of
energy from lignocellulosic sources will require water, largely
from evapotranspiration of biomass production, creating
additional demand that must be carefully managed in view
of competing users [67–70].

Any type of large-scale changes in land use (e.g., replacing
natural grassland with short-rotation eucalypts for bioen-
ergy) could have significant hydrological implications if the
water use of the introduced species differs significantly from
the vegetation it replaces [61]. The potential impact of land
use change therefore depends on the type of native vegetation
replaced and on the extent of the land area covered by the new
species. Inmost cases, entire landscapes will not be planted to
Eucalyptus. For this reason, it will be necessary to determine
the proportion of land area occupied by eucalypts before a
significant change in streamflow is detected, and how the
location of these plantations within catchments (i.e., distance
from streams) may relate to streamflow.

Where large-scale changes in vegetation cover are pro-
posed, the differences in evapotranspiration between the
current and the proposed vegetation may ultimately translate
into changes in available streamflow from that catchment
[61]. It is imperative that bioenergy strategies being developed
for any country consider water resource impacts together
with all other relevant social, economic, and environmental
considerations associated with development of this industry
[61, 71]. Gush [61] stressed that this is particularly important
in countries where there is increasing competition for water,
now virtually a global phenomenon.

South Africa, in anticipation of a large demand for land
suitable for biofuel production, has developed a national
Biofuel Industrial Strategy (BIS) [72]. Under the BIS and new
Water Act, it is necessary to assess water use of potential
biofuel feedstocks [73]. Water footprint estimates (defined as
the amount of water required to produce a unit of energy)
have been produced for a range of crops, industries, and
countries [67, 69]. However, Jewitt and Kunz [73] stated that
whilst these are useful in providing values of the amount of
water needed to produce a crop, they are limited for two
reasons. Firstly, no consideration is made of a reference or
baseline condition so no assessment of impact is possible, and
secondly, such “footprints” are typically described at coarse
spatial and temporal resolution, whereas water resource
impacts are most severely felt at a local level at specific times
of the year, for example, low flows prior to the rainy season
[18, 73]. Ridoutt and Pfister [74] argued that there is no clear
relationship between a water footprint and potential environ-
mental and/or social impact and introduced a revisedmethod
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which allows comparisons between production systems in
terms of their potential to contribute to water scarcity.

King et al. [75] performed a comparative analysis of
water use by representative lignocellulosic bioenergy species
to provide insight on the best candidate crops for spe-
cific climates. In the analysis, the higher biomass pro-
ductivity group (which included Eucalyptus species) had
a precipitation : evapotranspiration ratio close to 1.0, com-
pared to the lower productivity group, with a precipita-
tion : evapotranspiration value of about 1.7, indicating that the
productive systems were operating at the limit of available
water (i.e., using almost all of it). This suggests that future
productivity could be vulnerable in regions where water
availability is decreased by climate change. In addition, corre-
lations among agroclimatic variables and their relationship to
physiological process rates and biomass production suggest
that bioenergy productivity will be more sensitive to changes
in water availability than temperature under future changes
in climate [75]. It is obvious then that water availability will
be a key determinant of where and howmuch biomass-based
energy can be produced, as human demand for water grows
and climate change increases drought stress in many parts of
the world [75].

Based on experience gained in South Africa, Gush [61]
providedmethodology for assessing the hydrological impacts
of tree-based bioenergy feedstocks, from individual tree
water use rates to national-scale impacts on water resources.
Methodology is needed because large-scale changes in land-
use constitute a change in the structure and functioning of
vegetation, which has implications for water use and avail-
ability of water for downstreamusers [61]. Gush [61] intended
for this to be a generic methodology, not just for South
Africa, but with applicability to tree-based bioenergy devel-
opments worldwide, and his methods include identifying the
geographical area of interest; selecting an appropriate hydro-
logical response unit; identifying “baseline” vegetation in the
area of interest; running an appropriate hydrologicalmodel to
simulate streamflow and evapotranspiration under baseline
and future land use scenarios; and drawing conclusions on
the likely water resource impacts of the proposed land-use.

6. Conclusions

This review has indicated that extensive information can be
drawn from South African studies quantifying the water use
of Eucalyptus species. Average daily transpiration rates of
eucalypts in South Africa range from 2 to 7mm; these vary
with season-associated climatic variables, soil water availabil-
ity, stand age, and site growth potential. The techniques used
to estimate water use, that is, paired catchment experiments,
sapflow, modeling estimates, and remote sensing, are widely
transferable to other regions.

Results from the long history of forest plantation hydrol-
ogy have been compiled and are currently used to provide a
scientific basis for South African legislation decisions relating
to water use estimates and water resource allocation among
users. The methodology developed to meet the requirements
of South Africa’s Water Law has worldwide relevance, as
it has the potential to influence future policy and the

sustainable management of water in any country faced with
water resource management challenges [61]. This type of
framework has particular relevance for those countries where
proposed land use changes (such as wide scale planting of
eucalypts for biomass) may have potential impacts on water
resources.

Demand for water, energy, and wood products is steadily
increasing, and continued efforts to minimize the impacts
of forest plantations on water resources, while conserving
productivity gains, are required [24]. A critical component
for meeting these increased demands is to improve the
efficiency with which afforested areas use available water [5,
43]. In addition, WUE is anticipated to become an important
criterion for comparing competing land-use scenarios under
the new South African Water Act [24]. Water use efficiency
of South African Eucalyptus species ranges from 0.0008
to 0.0123m3 stemwood produced per m3 water consumed.
These estimates vary with genotype, site conditions, weather,
and tree age. Deeper insights into the WUE of eucalypt
clones are needed, as certain clones show low water use
but fast growth. To further our understanding of WUE,
estimates should be paired with physiological measurements
and monitoring of stand canopy structure.
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Eucalyptus is a fast-growing tree native to Australia and could be used to supply biomass for bioenergy and other purposes along
the coastal regions of the southeastern United States (USA). At a farmgate price of $66 dry Mg−1, a potential supply of 27 to 41.3
million dry Mg year−1 of Eucalyptus could be produced on about 1.75 million ha in the southeastern USA. A proposed suite of
indicators provides a practical and consistent way to measure the sustainability of a particular situation where Eucalyptus might
be grown as a feedstock for conversion to bioenergy. Applying this indicator suite to Eucalyptus culture in the southeastern USA
provides a basis for the practical evaluation of socioeconomic and environmental sustainability in those systems. Sustainability
issues associatedwith usingEucalyptus for bioenergy do not differ greatly from those of other feedstocks, for prior land-use practices
are a dominant in�uence. Particular concerns focus on the potential for invasiveness, water use, and social acceptance. is paper
discusses opportunities and constraints of sustainable production of Eucalyptus in the southeastern USA. For example, potential
effects on sustainability that can occur in all �ve stages of the biofuel life cycle are depicted.

1. Introduction

As society moves forward toward considering energy options
other than petroleum-based fuels, bioenergy is an important
alternative to evaluate. In addition to developing the ability
to provide energy, it is important to identify ways to do so in
a sustainable manner. e concept of sustainability refers to
activities that support long-term balance in environmental,
social, and economic conditions in particular circumstances.
Brundtland [1] de�ned it as the capacity of an activity to
operate while maintaining options for future generations. Yet
development and use of energy always has some environ-
mental impacts, for example, on water and air quality and
biodiversity. e challenge, therefore, is to develop means
to address tradeoffs in the costs and bene�ts in energy
choices while considering effects on both environmental and
socioeconomic aspects of sustainability. e �rst step in
determining these effects is developing a means to quantify
and measure Brundtland�s broad de�nition of sustainability.
Building on prior efforts, this paper discusses proposed
indicators of sustainability and attempts to apply them to

evaluate the potential for using Eucalyptus for sustainable
bioenergy in the southeastern United States (USA). However
the application of sustainability indicators in this situation
is limited by the paucity of pertinent information. Hence,
this analysis also suggests key information that needs to
be obtained in order to evaluate sustainability of using
Eucalyptus for bioenergy in the southeastern USA.

Approaches to bioenergy options should consider a diver-
sity of feedstock options that are suitable in different regions
and contexts. Feedstocks being considered for bioenergy in
the southeasternUSA include forest and agriculture wastes as
well as dedicated perennial energy crops such as herbaceous
grasses and fast-growing trees [2]. ere is no one feedstock
type suitable for all places. e appropriate conditions for
growing feedstocks in a region depend on prevailing climate
and soils, past land-use practices, and existing equipment
and experience of the growers. In addition, available forest,
agriculture, and other residues are also bioenergy feedstocks.

Eucalyptus, a fast-growing tree native to Australia, is cur-
rently being grown in the southeastern USA for mulch and is
being considered as a potential feedstock for future bioenergy
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production. e purpose of this paper is to discuss (1) the
locations and amounts of feedstock that Eucalyptus could
provide in the southeastern USA and (2) how environmental
and socioeconomic indicators can be used to evaluate the
sustainability of a bioenergy industry based on Eucalyptus.
While this paper focuses on sustainability of Eucalyptus
for bioenergy in the southeastern USA, we designed it to
serve as a template for how sustainability implications of
bioenergy crop options can be considered at the regional
scale. However difficult challenges remain such as obtaining
the data necessary for such quantitative evaluation and
determining appropriate and useful methods for collective
evaluation of the many components of sustainability.

2. Short-RotationWoody Crops and
Eucalyptus Potential as a Bioenergy Crop in
the Southeastern USA

Eucalyptus spp. is the world’s most widely planted hardwood
genus. Its fast, uniform growth, self-pruning behavior, and
ability to coppicemake it desirable for timber, pulpwood, and
bioenergy feedstocks. High yield is an important attribute for
any short-rotation woody crop (SRWC), for it improves the
economics and reduces the area needed for production. In
Brazil, Eucalyptus hybrids such as E. grandis × E. urophylla
produce 22 to 27 dryMg ha−1 yr−1 [7]. In Florida E. grandis
can achievemore than 34 dryMg ha−1 yr−1 [8], rivaling yields
of such potential feedstocks as Sacchrum spp. (energy cane)
and Pennisetum purpureum (napier grass). Hence there is
great interest in Eucalyptus as a bioenergy feedstock.

Estimating the location of where Eucalyptus might be
planted to support the bioenergy industry is a prerequisite for
considering its effects. Eucalyptus production for bioenergy
in the southeastern USA is likely to occur along the south-
eastern Atlantic and Gulf of Mexico coastal regions of the
USA where Eucalyptus’s lack of hardiness to frost entails a
low to moderate risk (Figure 1) [3]. is area encompasses
some places with existing production of Eucalyptus. For
example, Eucalyptus grandis has been grown as a commercial
crop in Florida primarily for mulchwood for the past �ve
decades [9], largely relying on its ability to sprout proli�cally
subsequent to coppicing. ArborGen has developed a freeze-
tolerant Eucalyptus, that has a tolerance down to −8.9∘C
while maintaining high productivity [7]. It is not certain
how climate changes and associated changes in hardiness
zones may affect the potential areas where Eucalyptus might
grow. In any case, Eucalyptus will most likely be grown along
the coastal areas of the southeastern USA where both frost
hardiness and salt tolerance may be an issue.

We provide estimates of the potential supplies of Euca-
lyptus for bioenergy by utilizing projections generated from
the Billion-Ton Update, which estimated the forest and
agricultural resource potential for the expansion of bioenergy
and bioproducts industries [2]. Estimates of biomass supplies
were produced for a range of prices, and the amounts
and locations were speci�ed at the county/parish level with
projections from 2012 to 2030. Feedstocks include all major
primary and secondary forest and agricultural residues,
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F 1: Map of locations for potential feedstock locations for
Eucalyptus in the United States that could be used for bioenergy
(as estimated by Kline and Coleman [3] based on the USDA Plant
Hardiness Zones [6] and interviews with experts).

major waste feedstocks, and energy crops grown speci�cally
for bioenergy, including SRWCs. e models in the Billion-
Ton Update incorporate yields and production budgets that
represent commercial-scale production of various SRWC
species, including willow (Salix spp.), loblolly pine (Pinus
taeda), poplar (Populus spp.), and, of interest to this paper,
Eucalyptus.

Projections of biomass production were made for the
Billion-Ton Update using supply/cost curves generated by
POLYSYS [10, 11] for each major feedstock group for a
baseline and a high-yield case. e baseline case assumes
a continuation of the USA Department of Agriculture’s 10-
year forecast of yields for major food and forage crops
to 2018 and then extrapolates it to 2030. e high-yield
scenario assumes increased yields and higher adoption of
no-till cultivation for traditional crops. All energy crops
are assumed to have annual yield increase of 1% for the
baseline case, and three levels of increase (2%, 3%, and 4%)
were considered for the high-yield scenario. In addition, the
POLYSYS model assumes that, in order for energy crops
to be grown in a county, the crops must provide a higher
net return than the commodity crops or pastures that they
displace, and there can only be limited impacts on food,
feed, exports, and �ber production. Furthermore, pasture can
only convert to energy crops if the displaced forage is made
up through intensi�cation. Energy crops are not allowed on
irrigated cropland or pasture. Best Management Practices
(BMPs) are assumed to be used for establishment, cultivation,
maintenance, and harvesting of energy crops. Additionally,
energy crops are allowed to compete against each other for
land on a per-acre net return basis. Other assumptions of
the POLYSYS analysis used by the Billion-Ton Update are



International Journal of Forestry Research 3

Cropland,  

1.91 

Cropland 

to SRWC,  

0.25 

Cropland 
pasture,  

0.78 

Cropland 
pasture to 
SRWC,  

0.29 
Permanent 

pasture,  
4.63 

Permanent 
pasture to 
SRWC,  

1.2 

F 2: Current allocation of cropland, cropland pasture, and
permanent pasture to SRWC within the potential geographic range
of Eucalyptus (Billion-Ton Update Base Case Scenario assuming
$66/Mg−1 farmgate price, results for year 2030).

detailed in the full report (see Appendix B of the report for
general modeling assumptions) [2].

To quantify an upper limit of sustainable production of
Eucalyptus in response to a bioenergy market as constrained
by the POLYSYS assumptions summarized above, we disag-
gregated the SRWC production estimates from the Billion-
TonUpdate for the 192 counties in the Eucalyptus production
ranges shown in Figure 2. ose 192 counties were identi-
�ed as having centroids within the low- and moderate-risk
Eucalyptus ranges shown in Figure 1. County-level POLYSYS
results for SRWC production in these 192 counties were
used to estimate potential Eucalyptus production (yield and
land area) in the USA. POLYSYS simulates SRWCs in this
range as any tree species that is managed as single-stem for
eight-year rotations and yielding amean annual increment of
about 13 dryMg ha−1 yr−1, with yields projected to increase
with future improvements. Actual Eucalyptus production
practices would deviate from these assumptions, for some
of the simulated SRWC production will be met with pine,
poplars, or other species.

We estimate a supply potential in year 2030 of 27 to 41
million dryMg year−1 of Eucalyptus production potential in
the Southeast by assuming all SRWC production is realized
by Eucalyptus within the baseline and a high-yield case
estimated by the Billion-Ton Update and shown in Figure 2.
is calculation derives from simulating a farmgate price of
$66 dryMg−1($60 dry ton−1) under the baseline and high-
yield (4% yield increase) scenarios. Under these assumptions,
the Billion-Ton Update estimates that 1.0 to 1.5 billion
dryMg year−1 of biomass are available from all sources in the
conterminous USA by 2030 [2]. ese projections include
114 to 285 million dryMg year−1 of SRWC, of which 27 to
41 million dryMg year−1 are produced in the 192 counties
identi�ed above in 2030.

To illustrate the scale of potential landscape change that
might be attributable to future Eucalyptus production, land
use and conversion from this same simulation is shown
in Table 1 and Figure 2. Assuming a farmgate price of
$66 dryMg−1, these model results suggest that up to 0.25,
0.29, and 1.20 million hectares of cropland, cropland pasture,
and permanent pasture within the geographic range of Euca-
lyptus production could be converted to SRWCs by the year
2030. is amount represents about 19% of the agricultural
land and 4.5% of total land in these 192 counties.

POLYSYS is constrained to only allow SRWC production
on non-forested land but also projects feedstock supplies
to 2030 from logging residues, thinnings, and pulpwood
from forest land. Depending on policy, economics, and
landowner values, forestland might also be brought into
Eucalyptus production. For example, this same POLYSYS
simulation produces 200,900 Mg of sowood pulpwood in
2030 from the 192 selected counties. Assuming a mean
annual increment of 11Mg ha−1 yr−1, this material could be
drawn from about 18 thousand hectares of forestland, some
of which could be converted from pine to Eucalyptus or other
SRWC plantations. Hence the potential aggregate change
of the landscape of about 1.8 million ha warrants critical
evaluation of possible effects.

3. Assessing Sustainability of the Eucalyptus
Biofuel Supply Chain via Indicators

To assess sustainability, means of quantifying it have to
be speci�ed. Brundtland�s broad de�nition of sustainability
is useful but is nonspeci�c. erefore, many groups have
been working toward establishing a set of indicators that
can be used to quantify bioenergy sustainability (e.g., the
Roundtable on Sustainable Biofuels [12], Global Bioenergy
Partnership [13], and Council on Sustainable Biomass Pro-
duction [14]). However, implementation is hampered when
indicators are too numerous, too costly, and too broad [15]
as is the case for current efforts.

us, our team of researchers at Oak Ridge National
Laboratory considered bioenergy sustainability indicators
proposed by many groups and selected a small set of
measureable indicators of bioenergy sustainability using the
criteria of being practical, sensitive to stresses, unambiguous,
anticipatory, predictive, calibrated with known variability,
and sufficient when considered collectively [16]. ese con-
ditions are also prerequisites for energy security [17] as well
as other aspects of sustainability. Furthermore, the selected
indicators are less cumbersome than those proposed by other
groups because we assume they only apply in situations
that have basic legal, regulatory, and enforcement services
and transparent, stable, and legitimate governance. is �nal
assumption is critical, for it avoids situationswhere bioenergy
has been called on to resolve major development challenges
such as lack of land tenure or government corruption.

We hypothesize that the selected suite of 35 environ-
mental and socioeconomic indicators provides a practical
and consistent way to assess the sustainability of a particular
situation where a feedstock might be grown and converted
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T 1: Area of cropland, cropland pasture, and permanent pasture (1) in the USA lower forty-eight states, (2) in Eucalyptus ranges in
the Southeast, (3) potentially converted to Eucalyptus in a Base Case Scenario, and (4) potentially converted to Eucalyptus in a High-yield
Scenario.

Cropland Cropland Pasture Permanent Pasture
(million hectares)

(1) USA (lower 48 states) totala 125.82 13.15 155.59
(2) Total in Eucalyptus rangeb 2.17 1.07 5.83
(3) Converted from (2) to SRWC, Base Casec 0.25 0.29 1.20
(3) Converted from (2) to SRWC, High-yieldd 0.27 0.28 1.08

a
Census of Agriculture, 2007.

bIncludes counties with centroids contained by both low- and moderate-risk Eucalyptus ranges from Kline and Coleman [3] shown in Figure 1.
cAreas in (2) above that are converted to SRWC in the Billion-Ton Update (DOE 2011) [2], assuming $66 dry Mg−1 farmgate price, Base Case Scenario.
dAreas in (2) above that are converted to SRWC in the Billion-Ton Update (DOE 2011) [2], assuming $66 dry Mg−1 farmgate price, High-Yield Scenario.

T 2: List of recommended environmental indicators for bioenergy sustainability (derived from [4]).

Category Indicator Units

Soil quality

(1) Total organic carbon (TOC) Mg/ha
(2) Total nitrogen (N) Mg/ha
(3) Extractable phosphorus (P) Mg/ha
(4) Bulk density g/cm3

Water quality
and quantity

(5) Nitrate concentration in streams (and export) concentration: mg/L; export: kg/ha/yr
(6) Total phosphorus (P) concentration in streams (and export) concentration: mg/L; export: kg/ha/yr
(7) Suspended sediment concentration in streams (and export) concentration: mg/L; export: kg/ha/yr
(8) Herbicide concentration in streams (and export) concentration: mg/L; export: kg/ha/yr
(9) Peak storm �ow L/s
(10) Minimum base �ow L/s

(11) Consumptive water use (incorporates base �ow) feedstock production: m3/ha/day;
biore�nery: m3/day

Greenhouse
gases (12) CO2 equivalent emissions (CO2 and N2O) kgCeq/GJ

Biodiversity (13) Presence of taxa of special concern Presence
(14) Habitat area of taxa of special concern Ha

Air quality

(15) Tropospheric ozone Ppb
(16) Carbon monoxide Ppm
(17) Total particulate matter less than 2.5 𝜇𝜇m diameter (PM2.5) 𝜇𝜇g/m3

(18) Total particulate matter less than 10 𝜇𝜇m diameter (PM10) 𝜇𝜇g/m3

Productivity (19) Aboveground net primary productivity (ANPP)/Yield gC/m2/year

to bioenergy. e 19 environmental indicators of bioenergy
sustainability fall into the categories of soil quality, water
quality and quantity, greenhouse gases, biodiversity, air qual-
ity, and productivity (Table 2) [4]. Socioeconomic aspects of
bioenergy sustainability are de�ned by 16 indicators that fall
into the categories of social wellbeing, energy security, trade,
pro�tability, resource conservation, and social acceptability
(Table 3) [5]. ese indicators constitute a way to assess the
capacity of bioenergy systems to advance toward the goal of
sustainability. Here we consider how these 35 indicators can
be applied to the use of Eucalyptus to produce bioenergy in
the southeastern USA.

Indicators of bioenergy sustainability can be applied con-
ceptually to a region, but actual application should be con-
text speci�c [18]. For example, sustainability of Eucalyp-
tus depends on a variety of factors, such as prevailing
environmental conditions, ongoing management, previous

land practices, and intended use of the product. While we
discuss how these indicators might be applied to Eucalyptus
deployment in the southeastern USA for bioenergy, actual
evaluation of the sustainability of Eucalyptus depends on
the speci�c situation and management, and much of that
information is not yet known. erefore, when appropriate
and possible, we rely on information fromother locations and
uses of Eucalyptus other than for bioenergy.

To illustrate their application, we discuss how potential
effects on sustainability of using Eucalyptus for bioenergy
occur in all �ve stages of the biofuel life cycle (Table 4):
feedstock production, feedstock logistics, conversion to bio-
fuel, biofuel logistics, and biofuel end uses. Each is discussed
below. All feedstock types have effects (e.g., on greenhouse
gas emissions, air quality, pro�tability, social well being,
trade, energy security, resource conservation and social
acceptability) that are distributed throughout the supply
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T 3: List of recommended socioeconomic indicators for bioenergy sustainability (derived from Dale et al. (2013) [5]).

Category Indicator Units

Social well being

Employment Number of full time equivalent (FTE) jobs1

Household income Dollars per day
Work days lost due to injury Average number of work days lost per worker per year
Food security Percent change in food price volatility

Energy security Energy security premium Dollars/gallon biofuel

Fuel supply volatility Standard deviation of monthly percentage price changes over one
year

External trade Terms of trade Ratio (price of exports/price of imports)
Trade volume Dollars (net exports or balance of payments)

Pro�tability
Return on investment
(ROI)1 Percent (net investment/initial investment)

Net present value (NPV)2,3 Dollars (present value of bene�ts minus present value of costs)

Resource
conservation

Depletion of non-renewable
energy resources Amount of petroleum extracted per year (MT)

Fossil Energy Return on
Investment (fossil EROI)

Ratio of amount of fossil energy inputs to amount of useful energy
output (MJ) (adjusted for energy quality)

Social acceptability

Public opinion Percent favorable opinion

Transparency Percent of indicators for which timely and relevant performance
data are reported5

Effective stakeholder
participation

Percent of documented responses to stakeholder concerns and
suggestions reported on an annual basis

Risk of catastrophe4 Annual probability of catastrophic event
1
FTE employment includes net new jobs created, plus jobs maintained that otherwise would have been lost, as a result of the system being assessed.

2Conventional economic models can address long-term sustainability issues by extending the planning horizon, projecting as an in�nite geometric series, or
calculating with a low discount rate.
3Can be expanded to include non-market externalities (e.g., water quality, GHG emissions).
4A catastrophic event can be de�ned as an event or accident that has more than 10 human fatalities, affects an area greater than 1000 ha, or leads to extinction
or extirpation of a species.
5For example this measure could be the percent of all social, economic and environmental indicators identi�ed via stakeholder consultation or the percent of
the 35 indicators listed here and in McBride et al. [4] for which relevant baseline, target, and performance data are reported and made available to the public
on a timely basis (at least annually).

chain; however much more is known about the feedstock
production stage for Eucalyptus.

3.1. Feedstock Production. Feedstock production builds from
the current condition of the land, soil, and water resources
and encompasses propagation, site preparation, establish-
ment, and management. Sustainability effects of bioenergy
that are speci�c to Eucalyptus and other SRWC are largely
concentrated in the feedstock production stage of the life
cycle (Table 4). As with any dedicated biomass plantation,
Eucalyptus plantations can affect all six categories of envi-
ronmental indicators (soil quality, water quality and quantity,
greenhouse gases, biodiversity, air quality, and productivity),
and the effects are speci�c to each location, prior conditions,
and management practice.

Resource conditions prior to establishment of plantations
have signi�cant implications on effects of these attributes.
ese conditions include the soil, water, and air quality,
as well as biodiversity and habitat circumstances of the
area prior to the establishment of the crop. e sign and
degree of effects are different for each situation. e effects
can be negative where clearing natural forests compromises

biodiversity or soil conditions and depend on the spatial scale
being considered [19]. Carbon sequestration of Eucalyptus
plantations on prior pasture lands is in�uenced by precipita-
tion patterns and intervals between harvests [20]. e effects
can be positive in cases where plantations replace little or
poorly managed vegetation, or negative if the plantations are
poorly managed and replace well-established and productive
stands. For example, when established on former pasture land
in southern Europe, E. nitens and E. globulus enhance carbon
sequestration in both biomass and soil [21]. And studies of
E. nitens in Australia con�rm that management via thinning,
pruning, and nitrogen fertilization has interactive effects
on above-ground biomass and biomass partitioning among
crown, bole, and roots [22]. As another example, Eucalyptus
has been demonstrated to provide bene�cial impacts on soil
quality, water quality and quantity, greenhouse gases, and
biodiversity when Eucalyptus plantations are established for
purposes ofmine land reclamation or phytoremediation (e.g.,
[23–29]) and could be used on other degraded land. As with
any other bioenergy crop, appropriate lands andmanagement
practices must be used if sustainability is to be achieved.

Water use by Eucalyptus grown for bioenergy is a concern
where water is scarce, as is the case during droughts and
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T 4: Categories of sustainability indicators that experience environmental or socioeconomic effects within the Eucalyptus-to-biofuel
supply chain. Major effects for Eucalyptus and other fast-growing non-native crops are depicted by ∗, and additional effects exhibited by all
feedstocks are depicted by +. A blank means there is no effect in that category.
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Resource
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Feedstock Type ∗ ∗ ∗ ∗ ∗ ∗ ∗ + + + + ∗
Management ∗ ∗ ∗ ∗ ∗ ∗ + + + ∗

Feedstock
Logistics

Harvesting &
Collection + ∗ + + + + ∗ + +

Processing + + + + +
Storage + + + + + +
Transport + + + + + + + +

Conversion to
Biofuel

Conversion
Process + + + + + + + + +

Fuel Type + + + + + +
Coproducts + + + + + + + +

Biofuel Logistics Transport + + + + + +
Storage + + + + + + +

Biofuel End
Uses

Engine Type
and Efficiency + + + + + + + +

Blend
Conditions + + + + + + + +

for selected areas of the southeastern USA, including parts
of the 192 countries where Eucalyptus might be grown. e
water scarcity issue is localized and relatesmore to population
growth and demand than to inherent supply limits. Of most
concern is groundwater recharge due to deep rooting in areas
where the primary drinking water source is groundwater (as
in peninsular Florida). As a fast-growing tree, Eucalyptus
can use signi�cant amounts of water. is trait may be a
concern in areas where groundwater is scarce or may be an
asset in applications such as phytoremediation or reclaiming
saturated clay settling areas of mined lands [24]. e main
question of water use is how tradeoffs in allocation are
addressed. Once established, Eucalyptus can tolerate drought
and water scarcity. For example, E. occidentalis was able to
produce 22 tons/ha in the dry land Mediterranean climate
of southwestern Australia [30]. Eucalypts are able to make
use of soil water to depths of 8 to 10m within 7 years of
planting and are able to penetrate clay subsoils [30]. As with
other categories of indicators, the interpretation of the values
of water quality and quantity indicators is speci�c to each
situation.

Similar to any agricultural or forest land use, misman-
agement can result in negative environmental impacts, while
appropriate management can enhance or at least maintain
environmental quality. e question then becomes, “what
are appropriate management practices for Eucalyptus in the
southeastern USA?” For example, management practices of
Eucalyptus plantations can serve to control soil erosion, with
implications for soil and water quality, as well as yield.
On many sites in the southeastern USA that are available
for planting Eucalpytus, both competing vegetation and low
fertility will need to be addressed.

Expansive monocultures managed with stringent control
of competing vegetation are likely to reduce biodiversity.
Conversely, a mosaic of Eucalyptus stands interspersed on
the landscape that includes native vegetation and a diversity
of stand structures may have less impact on biodiversity.
Preplantation land-use conditions also have implications for
biodiversity. For example, higher diversity can occur in pine
plantations established on cutover forest land than planted
on former agricultural land [31]. Hence, establishing Euca-
lyptus plantations on land previously cleared for rowcrops or
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pasture in the southeastern USA should be designed to not
jeopardize existing biodiversity. Maintaining land in forest
or increasing forest area can promote biodiversity via habitat
provision services of forests and forest edges.

Areas with high native biodiversity should be excluded
from plantation development. In the southeastern USA,
high-diversity forest lands are oen in federal ownership [32]
and are excluded from providing bioenergy feedstocks by the
Renewable Fuel Standard [33].

Based on concern about the invasiveness of Eucalyp-
tus because it is a foreign plant to the USA, e Nature
Conservancy evaluated it using the Australian Weed Risk
Assessment system [34]. Some Eucalyptus species are consid-
ered by Florida to be naturalized in disturbed areas and not
invasive [35]. Using a check list to evaluate invasiveness, E.
amplifolia requires further evaluation, but E. camaldulensis
and E. grandis are considered invasive [36]. Even in Brazil,
where the amount of E. grandis plantations are the largest
(4.2mha in 2010), E. grandis is not considered invasive for
several reasons. e species has very few small seeds within
a �re-protective capsule. ese capsules help the seeds grow
aer a �re but prevent them from growing otherwise, for
the seed must be on exposed soil to germinate, with survival
requiring no surrounding vegetation and full sunlight [6].
ese seeds also do not have any characteristics that facilitate
dispersal by wind, water, or other means. Hence tree height
and the wind conditions are the main factors in�uencing
how far the seeds will travel, and seeds typically fall within a
distance of 1.3 times the height of the tree [37]. Furthermore,
in order to reduce invasiveness, ArborGen has successfully
engineered a Eucalyptus hybrid that does not produce pollen
[30]. Introduction of Eucalyptus species into new areas and
large-scale plantations requires careful evaluation of their
potential for invasiveness [34].

Furthermore, salt-affected soil usually does not support
high productivity due to the degradation of the soil. To
increase both soil quality and pro�ts, salt-tolerant species
such as E. camaldulensis can be grown and harvested on
salt-affected soils [36]. E. occidentalis was able to produce
31 tons/ha on salinized soils in southwestern Australia that
had previously been abandoned by agriculture [36].

Eucalyptus plantations can also affect all aspects of the
socioeconomic components of sustainability: social well-
being, energy security, trade, pro�tability, resource conser-
vation, and social acceptability, as does any bioenergy crop.
ese effects can be positive if the bioenergy system is well
managed and located in a place where bene�ts can accrue.
For example, a re�nery could be located where rural jobs are
in decline, and the establishment of a new industry based on
Eucalyptus could revitalize the community while providing a
new energy source thatmight be competitive with fossil fuels.
e biggest difference in social acceptability from most other
SRWCbeing proposed for bioenergy in the southeasternUSA
is that Eucalyptus is not a native species and has high water
demands and potential for invasiveness. Use of Eucalyptus
has been initially challenged in many places where it is
planted but is not native. However, as one example of the
turnaround in its public acceptance, expansion of Eucalyptus
forestry in Ethiopia resulted in 96% of growers and 90%

of the district experts supporting that expansion largely for
economic reasons and despite environmental concerns [38].
In the USA outside of Florida, there are no state or federal
restrictions on planting non-native Eucalyptus, and Florida’s
restriction is based on invasiveness, not on non-native status.
Furthermore, the frost-tolerant hybrid mentioned earlier is
a genetically modi�ed organism, which is regulated under
federal laws.

As with other forest practices, the use of Eucalyptus for
bioenergy provides an opportunity to retain land in forest
versus succumbing to other land pressures such as develop-
ment or urban expansion. e demand for bioenergy and
value of the Eucalyptus for that purpose as compared to other
activities on the land determine where and how Eucalyptus-
based bioenergy will occur. Retaining land in productive
forestry could also provide rural socioeconomic bene�ts such
as jobs and pro�t from the land. While much focus now for
bioenergy in the southeastern USA is on perennial grasses,
cost projections for Eucalyptus-delivered feedstock may be
more economical in some areas. For example, the estimated
lowest cost based on simulations of switchgrass is $67Mg−1,
and forEucalyptus is $55Mg−1 for the southeasternUSA [39].

Currently 9.6 percent of the land in seven Gulf South
states where Eucalyptus might grow is in plantation forests
[37]. With the forest industry downturn in the southeastern
USA, both jobs and forest land are being lost [40, 41]. At
the same time, more land is being developed for urban and
suburban use, and bioenergy crops, such as Eucalyptus, may
offer an opportunity to counteract these trends [42]. To
this end, some developments are incorporating a landscape
design that includes both forests and houses within the
overall planning. For example, a housing development in
the coastal region near Ravenal, South Carolina, allocates a
portion of the total planned area to forestry where several
Eucalyptus spp. are being grown in test trials.

3.2. Feedstock Logistics. Feedstock logistics include the har-
vesting, processing, storage and transport of the feedstock
to the re�nery. �f particular environmental concern in
Eucalyptus feedstock logistics is effects on water quality and
quantity during harvest and on biodiversity during transport.
Biofuel cost is highly sensitive to the delivered cost of the
Eucalyptus feedstock, which can constitute 35–50% of the
total cost of ethanol production [43, 44].

3.3. Conversion to Biofuel, Biofuel Logistics, and Biofuel End
Uses. Conversion is the process of changing the feedstock
into biofuel and depends on the fuel type selected and any
coproducts created. Sometimes the coproducts have more
value than the fuel produced. Biofuel logistics is the step of
moving fuel (oen by truck, rail, or barge) to the end users
and storing it. End use involves the engine type in which the
fuel is used as well as howmuch of the biofuel is blended with
other fuels. For example, second-generation bioethanol can
be acquired from Eucalyptus globulus if re�ned by specialized
autohydrolysis processing, which breaks down the ligno-
cellulose into soluble fragments, followed by Simultaneous
Sacchari�cation and Fermentation (SSF) processing, which
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is the fermentation process [45]. However, because there are
no feedstock conversion processes to date that useEucalyptus,
there is limited information on how Eucalyptus might differ
fromother feedstocks in its effects on the last three steps of the
life cycle: conversion to biofuel, biofuel logistics, or biofuel
end use.

4. Conclusion, Opportunities, and
Constraints for Eucalyptus-Based Bioenergy

is paper discusses a suite of sustainability indicators that
can be applied to Eucalyptus-based bioenergy production
in the southeastern USA. While this bioenergy production
system has the potential to be environmentally, economi-
cally, and socially sustainable, context-speci�c information is
needed before these indicators can be applied to determine
conditions under which a system is sustainable. For Eucalyp-
tus growing in the southeasternUSA, key concerns and hence
critical data needs revolve around potential for invasiveness,
water use and social acceptability. Sustainability indicators
should be applied as speci�c projects are deployed.

ere are several opportunities provided by using Euca-
lyptus and other SRWC as feedstocks in the southeastern
USA. Most importantly they could provide a new source of
bioenergy and associated social and environmental bene�ts.
ey may provide a means to retain or expand the area
of land in a forest land use, versus having them become
developed, and thereby improve biodiversity conditions and
water quantity and quality. Eucalyptus and other SRWC
plantations may also provide rural jobs.

However, constraints exist to the full deployment of Euca-
lyptus-based bioenergy in the southeastern USA. Current
environmental, sociopolitical, economic, and conditionsmay
limit the places where Eucalyptus might be planted. ese
limits include pressures for land development, the value of
wood and its products, and soils conditions that result from
past land use. Furthermore, not all requisite information
is currently available at the temporal and spatial scales of
resolution at which it is needed to estimate the potential for
a successful bioenergy industry based on Eucalyptus or to
validate this approach.erefore, we encourage the collection
of data on the indicators in Tables 2 and 3 so that a quantita-
tive evaluation can be made. Necessary information includes
current environmental and socioeconomic conditions as well
as factors affecting energy choices and their impacts. Another
constraint is lack of information on the best management
techniques for establishing and growing Eucalyptus in the
southeastern USA. e processes for converting Eucalyptus
to bioenergy are in their infancy and require development as
well. ere is a need to develop the industry for producing
and converting Eucalyptus to bioenergy. As the bioenergy
system based on Eucalyptus is deployed, it will be necessary
to identify and address public perceptions and risks. For
example, there is widespread concern that Eucalyptus is
an invasive species. Finally, genomes of Eucalyptus need
to be developed that can deal with environmental stresses
that occur in the southeastern USA (such as those that are
resistant to frost).

Once (and if) these constraints are surmounted, the
bene�ts of a Eucalyptus-based bioenergy system can possibly
be achieved. e forest industry is well positioned to tackle
these constraints to feedstock provision using Eucalyptus.
Brazil has much experience in growing eucalypts where they
constitute about 90% of the forest plantations. However, it is
not clear howmuch of that knowledge and technology can be
transferred to the southeastern USA. e deployment of the
bioenergy industry is still in development, and it is unknown
howmuch Eucalyptuswill differ from the conversion of other
feedstocks. is analysis demonstrates that the sustainability
issues associated with using Eucalyptus for bioenergy do not
differ greatly from those of other feedstocks. In all cases, it is
the speci�cs of how the industry is developed and deployed
that determine the effects on sustainability of current systems.
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Introduction ofEucalyptus spp. into theUnited States fromAustralia on a signi�cant scale resulted from the gold rush intoCalifornia
in 1849.Numerous specieswere evaluated for fuel, wood products, and amenity purposes.e�rst recorded entry of eucalyptus into
the southernUnited Statedwas in 1878. Subsequent performance of selected species for ornamental purposes caused forest industry
to visualize plantations for �ber production. at interest led the Florida Forestry Foundation to initiate species-introduction trials
in 1959. e results were sufficiently promising that a contingent of forest products companies formed a cooperative to work with
the USDA Forest Service, Lehigh Acres, FL, USA, on genetic improvement of selected species for �ber production. e Florida
initiative caused other industrial forestry companies in the upper South to establish plantations regardless of the species or seed
source. e result was invariably the same: failure. Bruce Zobel, Professor of Forestry, North Carolina State University, initiated
a concerted effort to assess the potential worth of eucalyptus for plantation use. e joint industrial effort evaluated 569 sources
representing 103 species over a 14-year period. e three levels of testing, screening, in-depth, and semioperational trials led to
identi�cation of some species and sources that offered promise for adaptation, but severe winter temperatures in late 1983 and
early 1984 and 1985 terminated the project. Despite the failed attempt valuable silvicultural practices were ascertained that will be
bene�cial to other researchers and practitioners when attempts are again made to introduce the species complex into the US South.

1. Introduction

More than 500 Eucalyptus spp. (Myrtaceae) are indigenous
to Australia and the bordering islands of Polynesia [1]. ey
occur in environments from l0∘N to 44∘S latitude (Mindanao
Island, Philippines through Tasmania, Australia), from sea
level to 2000 meters elevation (snow line) and from 10
(Northern Territory, Australia) to 375 centimeters of rainfall
(Papua New Guinea). ese vast differences in climate have
allowed a great diversity to develop within the Eucalyptus
genus. e inherent diversity has resulted in successful
introduction of many of the species, for landscape, fuelwood
and timber purposes, to areas within the tropical, subtropical,
and warm temperate zones of the world [2].

As with other plants and animals, introduction of euca-
lypts to areas of the world where they are not indigenous
sometimes allows for performance that is greatly superior

to that exhibited in their native habitat. Reasons for the
differences in performance include favorable climatic and
edaphic conditions and the general lack of pests in the
new environment. Notable examples of successful species
introductions include E. grandis, E. urophylla, and their
hybrid (Brazil, Colombia, Venezuela, Republic of Congo,
Zimbabwe, South Africa), E. globulus (Chile, Portugal, Spain,
southern California (USA)), E. camaldulensis (Israel, Nigeria,
Morocco, India, Northern California (USA)), and E. vimi-
nalis (Argentina, Brazil, Georgia (formerly part ofUSSR)) [2].

Long before the species generated so much enthusiasm
for plantation forestry in parts of the world, other than North
America, attempts were made to introduce selected species
into California. e occasion was the gold rush of 1849.
e in�ux of a half million people resulted in a shortage of
foodstuff and supplies essential for survival and development
(http://ceres.ca.gov/ceres/calweb/geology/goldrush.html).
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F 1: Locations for Hardwood Research Cooperative’s eucalyptus evaluation trials.

is being the time before completion of the transconti-
nental railroad with its terminus in California [3] trade
was established with offshore countries, especially Australia,
New Zealand, and Chile. Wheat (Triticum spp.) for the
making of �our was high on the list of imports. Schooners
were soon plying the waters between domestic and foreign
ports for the exchange of goods and services [4]. at trade
ostensibly allowed for the exchange of seeds from forest tree
species, which eventually accounted for extensive plantations
of Monterey pine (Pinus radiata) in the three countries and
for the introduction of eucalyptus species into California as
well as into other parts of the world.

Interest in eucalyptus wood in California resulted from
observations that the schooners from Australia were far
superior to those manufactured from native wood in the
United States. In�uiry about the wood source identi�ed
blue gum (E. globulus) as the favored species. at resulted
in test planting of blue gum and other eucalyptus species
from seedlings provided by the Golden Gate Nursery in San
Francisco as early as 1853 [5]. e performance of a selected
lot of those species so impressed landowners and wood users
that additional nurseries joined the fray. By 1870, the State
Board of Agriculture was espousing the need for arti�cial
forests, with special emphasis on eucalyptus to cover areas
of barren terrain and to produce wood for the manufacture
of wagons, carriages, and agriculture implements. A few
years later the Central Paci�c Railroad was championing
the need for eucalyptus timber for railroad ties. Furniture
manufacturers visualized the added source of wood for their
needs. Others envisioned the resource for desirable urban
shade trees,markets for ointments and scented products from
the processing of the odiferous eucalyptus leaves, and honey
from bee pollination of the nectar-rich �owers [6, 7].

e State Board of Forestry became involved in the
eucalyptus introduction program by 1887. at organiza-
tion established experiment stations at six locations (Santa
Monica, Chico, Merced, Hesperia, San Jacinto, and Lake
Hemet) within the state. e primary purpose of the stations

T 1

Code Cold damage
0 Destroyed
1 0–25% crown functional
2 25–50% crown functional
3 50–75% crown functional
4 Greater than 75% crown functional
5 Functionally undamaged
9 Missing or dead before freeze

was to urge landowners in the respective areas to establish
plantations of selected eucalyptus species. A few years later
the State Board of Forestrywas disbanded and the experiment
stations and related activities became the responsibility of the
College of Agriculture, University of California at Berkeley
[5]. Planting of eucalyptus for itsmany potential uses resulted
in amajor expansion program during the 1905–1912 era.e
residuals of that program are the large trees that are today
scattered across the landscape of the Golden State.

As with any new venture with promises, the ills of
Pandora’s Box came slithering out. And so it was with the
wonders of eucalyptus. e railroad companies learned that
the ties made from eucalyptus wood were unacceptable
because the spikes needed for holding the rails in place lost
their grip. Similarly the furniture manufacturers and ship
builders found that instability of the fast-growing timber was
a bane to their needs. Even others visualized environmental
constraints on the landscape from the escape of the “nox-
ious weed” (http://www.columbia.edu/itc/cerc/danoff-burg/
invasion_bio/inv_spp_summ/Eucalyptus_globulus.html),
depletion of soil nutrients and ground water, and housing
of insects and diseases that would be detrimental to native
forests. ose limitations, both real and imagined, largely
resulted in a hiatus of eucalyptus plantations for decades [5].

With the advent of new forest products and energy needs,
interest was renewed in the introduction of eucalyptus species
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T 2: Sample output from the simulator of the North Carolina State University Hardwood Cooperative eucalypts seed source evaluation
program at 24 months from planting.

Seed sourcea Survival (%) Height (.) DBH (in.) Cold-hardiness Bole formb
Index scorec

Mean % Std. err. Mean Std. err. Mean Std. err. Mean Std. err. Mean Std. err.
DAL008 30 0.01 12.3 0.09 1.6 0.02 66 1.46 3.1 0.04 44.2
MAC017 30 0.01 9.1 0.08 0.9 0.01 58 1.22 4.0 0.04 40.6
DAL007 30 0.01 7.2 0.08 0.6 0.01 47 1.05 2.1 0.05 34.7
RUB003 30 0.01 6.3 0.04 0.4 0.01 49 1.77 2.8 0.06 34.6
CAP014 30 0.01 4.5 0.04 0.2 0.01 69 1.41 3.2 0.04 33.2
VIM078 30 0.01 5.6 0.38 0.5 0.02 49 3.47 2.7 0.19 31.8
BRI001 30 0.01 5.2 0.05 0.4 0.01 51 1.69 1.8 0.05 30.5
RUB004 30 0.01 4.8 0.84 0.7 0.02 21 4.82 1.0 0.19 26.5

a
See Table 7 for species code.

bBased on a score of 0 to 5 with the higher score being more desirable.
cHigher score being more desirable.

T 3: Comparison of actual versus predicted development—age
6 months.

Seed source Survival (%) Mean height (m)
Actual Predicted Actual Predicted

VIM078 84 85 0.97 0.60
DAL008 93 91 1.09 0.77
NOV012 86 91 0.65 0.49
MAC017 87 77 0.73 0.69
BRI001 89 79 0.69 0.49
DAL007 90 89 0.57 0.57
RUB004 89 80 0.73 0.77
CAP014 71 87 0.57 0.40
RUB003 77 84 0.65 0.57

T 4: Comparison of actual versus predicted development—age
12 months.

Seed source Survival (%) Mean height (m)
Actual Predicted Actual Predicted

DAL008 72 72 1.98 1.86
NOV012 67 72 0.97 1.25
VIM078 62 60 0.73 1.21
MAC017 32 48 1.66 1.54
BRI001 53 49 0.93 0.97
DAL007 56 67 1.38 1.26
RUB003 54 56 0.89 1.17
RUB004 38 45 1.13 1.50
CAP014 58 64 0.73 0.85

into California aer a lapse of nearly half a century. One
such event was in the 1950s and 1960s when �berboard
became a commodity in home construction and furniture
manufacture.e second event resulted from the oil embargo
instituted by theOrganization of PetroleumExporting Coun-
tries (OPEC) in the late 1970s [5]. Both of these events proved
to be a ��ash in the pan.� e �rst one was exposed when it
was learned that themanufactured board could bemade from

T 5: Comparison of actual versus predicted development—age
24 months.

Seed source Survival (%) Mean height (m)
Actual Predicted Actual Predicted

VIM078 45 42 2.23 2.31
DAL008 45 48 4.17 4.66
NOV012 58 47 2.96 3.40
MAC017 46 38 2.79 3.44
BRI001 38 33 2.02 2.02
DAL007 36 36 2.59 2.75
RUB004 6 7 2.55 2.71
CAP014 51 42 1.62 1.74
RUB003 27 23 2.19 2.43

T 6

Source CSIRO Seed lot no.
VIM 077 9217
VIM 069 8978
VIM 063 10726
VIM 061 10836
VIM 113 11978
CAP 013 5317
DAL 008 8847
MAC 010 S10942
MAC 016 12084

wood residue from other manufacturing processes, and the
second one took its leave when oil became readily available
at relatively low prices. Due to the volatile conditions in the
Middle East and the relatively high price of crude oil another
effort to grow eucalyptus was undertaken in California in the
1990s, but the effort came with �nancial and environmental
scrutiny. e complications proved greater than the bene�ts
[5].
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T 7: Eucalyptus seed lots tested by species and number of
installation in the Lower Coastal Plain of the US South by members
of the Hardwood Research Cooperative.

Species code Species name
No. of

installations
by species

No. of seed
lots tested

AGL AGGLOMERATA 5 12
AGR AGGREGATA 1 1
ALP ALPINA 2 2
AMP AMPFOLIA 4 12
AND ANDREWSII 2 2
BAD BADJENSIS 5 11
BAN BANCROFTII 0 0
BIC BICOSTATA 7 29
BLA BLAKELYI 4 14
BOT BOTRYOIDES 2 9
BRI BRIDGESIANA 2 13
CAA CAMPANULATA 4 6
CAE CAMERONII 1 1
CAL CALIGINOSA 2 2
CAM CAMALDULENSIS 7 17
CAP CAMPHORA 17 68
CHA CHAPMANIANA 3 5
CIN CINEREA 5 24
CIT CITRIODORA 1 1
COC COCCIFERA 2 2
COR CORDATA 0 0
CRE CRENULATA 3 16
CYP CYPELLOCARPA 5 16
DAL DALRYMPLEANA 33 63
DEA DEANEI 2 12
DEB DEBEUZEVILLEI 2 2
DEL DELEGATENSIS 10 15
DIR DIVERSICOLOR 0 0
DIV DIVES 2 2
DRX DELEGATENSIS X 1 1
DUN DUNNII 3 15
ELA ELATA 2 2
EUG EUGENIODES 2 4
EXP EXPELLACARPA 1 1
FAS FASTIGATA 4 7
FRA FRAXINOIDES 4 6
GLA GLAUCESCENS 3 11
GLO GLOBULUS 1 3
GRA GRANDIS 1 1
GUN GUNNII 2 7
JOH JONSTONII 4 10
KAR KARTZOFFIANA 1 5
KYB KYBEANENSIS 1 1
LAE LAEVOPINEA 4 4
LEU LEUCOXYLON 2 3

T 7: Continued.

Species code Species name
No. of

installations
by species

No. of seed
lots tested

MAC MACARTHURII 22 90
MAI MAIDENII 0 0
MAL MALACOXYLON 1 2
MAN MANNIFERA 1 6
MAR MACRORHYNCHA 1 1
MAT MARGINATA 0 0
MEL MELLIODORA 3 11
MIC MICROCORYS 2 6
MIT MITCHELLIANA 2 3
MOO MOOREI 1 1
MOR MORRISBYI 2 2
MUL MULLERIANA 1 1
NEG NEGLECTA 2 4
NIP NIPHOPHILIA 1 1
NIT NITENS 40 154
NOV NOVA-ANGLICA 14 57
NTD NITIDA 0 0
NUM NUMEROSA 0 0
NVX NOVA-ANGLICA X 2 3
OBL OBLIQUA 4 4
ORE OREADEA 5 7
OVA OVATA 8 23
PAL PALIFORMIS 1 1
PAR PARVIFOLIA 4 12
PAU PAUCIFLORA 3 3
PER PERRINIANA 4 9
PIL PILULARIS 1 1
PIP PIPERITA 2 2
POL POLVERULENTA 0 0
POY POLYANTHEMOS 2 7
PSE PSEUDOGLOBULUS 1 1
PUL PULCHELLA 1 1
PUV PULVERULENTA 3 18
QUA QUADRANGULATA 1 4
RAD RADIATA 5 7
REG REGNANS 6 6
RES RESINIFERA 0 0
RIS RISDONII 1 1
ROB ROBERTSONII 2 2
ROD RODWAYII 1 3
ROS ROSSII 2 2
ROU ROBUSTA 1 1
RUB RUBIDA 3 15
SAL SALIGNA 1 5
SIB SIEBERIANA 0 0
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T 7: Continued.

Species code Species name
No. of

installations
by species

No. of seed
lots tested

SID SIDEROXYLON 2 4
SIE SIEBERI 2 2
SMI SMITHII 3 10
STE STELLULATA 1 3
STJ ST JOHNII 1 1
STN STENOSTOMA 2 3
TEN TENUIRAMIS 1 1
TER TERETICORMIS 4 16
UNK UNKNOWN 1 1
URN URNIGERA 3 14
URO UROPHYLLA 1 7
VIM VIMINALIS 134 575
YOU YOUMANII 1 2

2. Historical Perspective of Eucalyptus
Introduction to the South

e outstanding performance of eucalyptus in some of
the exotic environments in offshore countries has oen
impressed foresters and their superiors from the warm tem-
perate zones of the southern United States. e logic was that
the growth rate of the eucalyptus would be far superior to that
of indigenous plantations hardwoods of cottonwood (Popu-
lus deltoides), sweetgum (�i�uidambar st�raci�ua), sycamore
(Platanus occidentalis), and other species. e added impetus
for the introduction of eucalyptus for plantation use is the
excellent wood properties (high �ber count) of the myriad
species for pulp and paper manufacture [8].

Species of eucalyptus were introduced to the South as
early as 1878 [9], but no signi�cant commercial plantations
were established through the �rst half of the 20th century.
Even though forest-based organizations such as St. Regis
Paper Company and Champion International Corporation
trial planted eucalyptus in Florida and Texas, respectively, in
the 1950s and 1960s,most plantings before 1970were of small
scale for windbreaks, ornamentals, and shade trees in central
and Southern Florida and Texas [10].

In 1959, the Florida Forests Foundation initiated research
on eucalyptus as a potential source of hardwood pulpwood
on rangeland and other low-quality sites in the area generally
south of Tampa, Florida. eir research was absorbed by the
USDA Forest Service and the Florida Division of Forestry
in 1968. In the early 1970s, a eucalypts research cooperative
was formed by Buckeye Cellulose Corporation, Brunswick
Pulp Land Company, Container Corporation of America,
Hudson Pulp and Paper Company, ITT Rayonier and St.
Regis Paper Company, in conjunction with Lykes Brothers
Land Company, to provide �nancial and research support
to the USDA Forest Service scientists at Lehigh Acres,
Florida [9]. is effort led to the selection of E. grandis,

E. robusta, E. camaldulensis, and E. tereticornis and to the
development of cultural practices by which to raise seedlings
and establish commercial plantations over parts of South
Florida. A signi�cant part of this effort was four phases of
genetic improvement of E. grandis by Dr. Carlyle Franklin
and Mr. George Meskimen of the USDA Forest Service, and
to lesser levels of genetic improvement of other species [9].

3. North Carolina State University Hardwood
Research Cooperative Becomes Involved

In the 1950s and 1960s several southern forest-based com-
panies other than Champion and St. Regis tried to intro-
duce eucalyptus for plantation use. e scenario followed a
similar line: a newly appointed vice president would become
infatuated with the performance of eucalyptus in an exotic
environment such as Brazil. e ensuing directive was to
plant eucalyptus seedlings on company land, oen in the
hundreds of acres. e lack of adaptation of the exotic
species was invariably the same: failure. e event became so
repeatable that it was labeled the “seven-year silly cycle.” e
seven-year cycle spanned the approximate time before one
vice president succeeded another.

By 1971, Bruce Zobel and others at the North Carolina
State University decided to evaluate the introduction of
eucalyptus into the southern US on a scienti�c manner.
Working with company members of the Hardwood Research
Cooperative, the plan was to systematically evaluate eucalyp-
tus species and sources to determine their adaptability [11].
By 1978, the industrial members of the Florida group united
with the Hardwood Cooperative in pursuit of the goal. e
eucalyptus dream was pursued until 1985 when the l4-year
effort came to an end, following severe freezes on December
24, 1983, January 20, 1984, and January 9, 1985.

4. Purpose of This Report

e initial purpose of this report was to provide a record
of the species and sources that were evaluated, method
of evaluation, location of the tests, cause of failure, and
recommendations for subsequent research on eucalypts for
use in southern forestry. e rationale was that, with time,
people involved in the project would have forgotten the
particulars, and for their successors to be unaware that such
an exhaustive effort ever took place. To repeat an adage:
“ose that ignore the past are condemned to repeat it.”

5. TheMethod

During the 14-year period, 569 eucalyptus seed sources rep-
resenting 103 species (Table 7) were planted in 141 different
tests throughout the southern USA e general geographic
locations of the study sites are depicted in Figure 1.

e seed material was obtained from the indigenous
range of the species in Australia and neighboring islands
as well as from exotic plantations. e emphasis on obtain-
ing seeds from exotic plantations outside of Australia was
because of the supposition that there would have been
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a genetic selection for adaptability to foreign sites. In addi-
tion, the International Paper Company deployed Research
Forester Ron Hunt to Australia to collaborate with the Tree
Seed Centre of the Commonwealth Scienti�c and Industrial
Research Organization (CSIRO) in making seed collections
of eucalyptus species that appeared to have good potential
for the southern United States [11]. e Hardwood Research
Cooperative served as the clearing house for the distribution
of seeds and plant material to cooperators, for plot design,
and for collection and analysis of data from test plantings.

To evaluate thematerial, 3 types of tests were installed: (1)
screening trials that consisted of 6-tree row plots replicated 6
times, (2) in-depth trials that consisted of 4 replications of 25-
tree plots of the most promising species/sources identi�ed in
the screening trials, and (3) semioperational trials of 0.4 to 2
hectares that consisted of themost promising species/sources
identi�ed in the in-depth trials.

All new seed lots were exposed to the screening trial,
at two or more locations (sometimes as many as eight)
depending upon the amount of seed available. e initial
trials were installed from North Carolina, Tennessee, and
Arkansas southward. It soon became evident, however, that
the harsher winters in the northern tier of the southern states
le no room for selection at the species, source, or tree level
because all plants were badly damaged or killed by freezing
temperatures. e decision was then made to restrict trial
plantings to the USDA Plant Hardiness Zone VIII and higher
(http://www.usna.usda.gov/Hardzone/ushzmap.html), which
encompasses an area from Charleston, SC, southward along
the coast to Savannah, GA, thence westward along the upper
fringes of the LowerCoastal Plain throughGeorgia, Alabama,
Mississippi, Louisiana, and into East Texas.

5.1. Screening Trials. Evaluation of the screening trials was
performed aer the �rst growing season, to determine
survival and potential growth before the onset of winter.
A second evaluation was made at about the time of bud
break in the spring of the second growing season which
allowed for assessment of cold damage incurred during the
winter. e third assessment was made at the beginning
of the third growing season. e only data recorded at
these measurement periods were tree height and survival. A
subjective judgment was made on cold tolerance. Any source
exhibiting acceptable performance levels for these two traits
and being relatively free of cold damage was designated for
“in-depth” planting. Most screening trials were abandoned
aer the second growing season since the seed sources
with below-average survival and cold tolerance would not
signi�cantly change rank aer two growing seasons. Survival
rates, inclusive of cold damage, from the screening trials were
low: over 80% of the sources had lower than 40 percent
survival at the end of two years. e remaining 113 sources
were advanced to the in-depth trials.

5.2. In-Depth Trials. e 25-tree square plot design used
for the in-depth trials allowed assessment of the 16 interior
trees without interference from the adjacent plot of trees of a
separate source. ese replicated trials were installed at two

to eight locations, depending upon the availability of seeds
and seedlings.

In similar fashion as that described for the screening
trials, the �rst measurements from the in-depth trials were
of height and survival at the end of the �rst growing season.
Cold damage was assessed at the beginning of the following
growing season and every two years thereaer until the end
of the study, using the scale in Table 1.

In addition to survival, total height, and cold tolerance,
measurements were made of diameter at breast height, and
bole form was subjectively ranked.

Some of the species and sources were extremely suscep-
tible to the swings in winter temperatures and were killed
during the �rst growing season. Others, however, were little
affected by the �uctuating temperatures for the �rst several
years. e species with initial cold tolerance nearly always
exhibited a slower growth and poorer form than did those
most susceptible to freezing temperatures. One such species
was the E. camphora. Other species and sources, however,
such as E. viminalis, E. macarthurii, and E. nova-anglica
were highly variable in their performance. Some showed
a good growth and form along with a good cold tolerance.
Others with a good growth and form were very susceptible to
freezing temperatures, and still others showed combinations
of these traits. It was these lots that commanded attention
because the opportunity ostensibly existed to select and breed
for the desired traits.

Analysis of the data proved difficult because none of the
569 seed sources were planted on more than 20 percent of
the sites and no site had more than 16 percent of the sources.
is limitation arose because of the need to distribute the
work load among cooperators; thus, the consignment of
20 seed lots, for example, going to Cooperator A for trial
establishment was oen very different from those going
to Cooperator B. e rather complicated statistical anal-
ysis that was developed to make comparisons consisted
of three parts: (1) using statistical regression, predictive
equationswere formulated for each of themeasured variables,
(2) a linear composite of these variables was created that
permitted comparison of the seed sources over locations
and time, and (3) a multivariate computer simulation,
involving the predictive estimators, was used to compute
the mean and variance of the linear composite for each
source at each location. e simulator allowed an index
score for a species/source to be determined across locations
(Table 2).

e simulator was validated by comparing the actual
survival and mean height of a speci�c species/source in a
speci�c test to its predicted value. Tables 3, 4 and 5 show these
values for nine of the species/sources at 6, 12, and 24 months.
In the absence of cold damage or other unexpected events, the
simulator could predict with con�dence the species/sources
that had the greatest potential for plantation use in the
southern United States.

Since the severe freezes of 1983, 1984, and 1985 killed or
damaged the plant material beyond salvage, the results of the
statistical analyses are moot and therefore will be omitted.
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5.3. Semioperational Trials. An analysis of the in-depth trials
helped to identify nine sources of eucalyptus that were
superior in performance to all the other sources evaluated.
(ses Table 6).

ese sources were planted in 10 demonstration trials
across the South in 1981 but were severely damaged or killed
by the severe freezes of December 24, 1983, January 20,
1984, and January 9, 1985. is list is different from the one
issued in 1978 in which Hunt and Zobel [11] identi�ed E.
viminalis, E. nova-anglica, E. macarthurii, and E. camphora as
the most promising species. e difference between the two
lists is that the present one is the result of statistical analysis
whereas the former one was based on observation. Again,
the difference is moot because all species, regardless of the
method of selection, were equally vulnerable to the severe
freezes of 1983 to 1985.

6. Lessons Learned

Among the lessons learned from the 14 years of testing
of eucalypts for use in the southern United States are the
following.

6.1. Eucalyptus Have Indeterminate Growth. No amount of
�eld testing will identify a species or source that will have a
universal adaptability to the �uctuating winter temperatures
in the southern United States. e reason is that Eucalyptus
spp. have an indeterminate type of growth that results from
their naked buds [2]. As opposed to indigenous species
of cottonwood, sweetgum, sycamore, loblolly pine (Pinus
taeda), and so forth that have covered buds, eucalyptus
begins cell division during the winter whenever the ambient
nighttime air temperature exceeds 6∘C for six consecutive
days. A sudden drop in temperature to near the freezing point
during such an event is enough to cause freeze damage to
the active tissue. e indigenous species, with their covered
buds, do not begin cell activity under such circumstances
until a combination of temperature and photoperiod trigger
the cambial activity.

6.2. Variation in Cold Tolerance. A considerable variation
in cold tolerance exists within every species and source of
eucalyptus. Among those with greatest cold tolerance, the
opportunity exists to select the trees most resistant to freeze
damage and to breed for increased tolerance Meskimen and
Franklin [12]. Progress was made during our 14 years of trial
and error with E. viminalis, whereby the best trees for cold
tolerance, growth, and form were selected for inclusion in a
proposed clonal seed orchard at Fort Green Springs, Florida,
on lands of the Container Corporation of America. e
concept was to interbreed the selected trees and subject their
progeny to freezing temperatures from which the survivors
would again be selected for their tolerance to cold. is
procedure was to be repeated until a genetic line with the
desired traits would be available for plantation use.

e weakness of the plan was that E. viminalis and the
other most promising species for the Florida environment
�owered in February, much as they do in their native habitat.

Even at the southerly location of central Florida, seed set was
scanty at best and usually nonexistent because the �owers
were susceptible to winter frosts. A further limitation to
viable seed set was the hibernation of pollinating insects,
especially honeybees, during that season of the year.

To overcome these limitations, consideration was given
to vegetatively propagating the selected trees for shipment
to a frost-free environment in South America. Coopera-
tion with Carton de Colombia and Carton de Venezuela,
sister companies of the Container Corporation of America
was considered. e concept was to produce seeds from
intercrossing the selections in the foreign environment and
to screen the seedlings for cold tolerance in the Northern
Hemisphere. Graduate Assistant Michael Cunningham of
North Carolina State University, with funding from the
USDAForest Service andContainer Corporation ofAmerica,
was successful in cloning the selections by tissue culture [13],
but the severe freezes of the mid-1980s destroyed the last
vestiges of the project.

6.3. Soil Suitability. Planting trials were established on the
variety of soil conditions in the Lower Coastal Plain, from
sand ridges to imperfectly drained soils. e best perfor-
mance was obtained on sandy loam soils with a rooting depth
of 45 to 90 centimeters. Imperfectly drained soils, inclusive
of bedding, were poorly suited to acceptable performance
of eucalypts aer about two growing seasons. Similarly,
the excessively drained soils proved inopportune because of
nutrient and moisture de�ciency [8].

6.4. Containerized versus Bareroot Seedlings. e initial trials
were installed exclusively with containerized seedlings. Well-
balanced seedlings with a root-shoot ratio of about 0.6 gave
superior results. Containerized seedlings can be planted with
good results any time during the growing season if there
is sufficient soil moisture. Later studies, conducted by the
International Paper Company and Brunswick Pulp Land
Company, showed that bareroot seedlings performed equally
as well or better than the containerized ones if the seedlings
were planted immediately aer being lied from the nursery
bed aer the last spring frost [2].

6.5. Weed Competition. Eucalyptus species do not tolerate
weed competition, either for sunlight or below ground
resources during their �rst two years aer planting. e lack
of efficacious and safe silvichemicals during the period of the
early trials made competition control a difficult challenge.
Cold tolerance of adapted eucalypts is positively correlated
with vigor. Trees that are stressed byweed competition or lack
of nutrients are more susceptible to freeze damage than those
without the limitations [14, 15].

6.6. Response to Added Nutrients. Eucalypt seedlings
responded to added nutrients, especially nitrogen, in
every trial in which fertilizers were added [16]. Soils with
phosphorus de�ciency showed that plant growth declined
as soon as the second year aer planting. Potassium and
magnesium de�ciencies were also observed at some of the
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planting sites. Best responses were obtained from soils of pH
5.5 to 6.0 [14].

6.7. Tree Spacing. Spacing for the test plantings was 3.5 ×
3.2m. For test purposes this spacing was sufficient, but
observations from commercial plantations in Brazil, South
Africa, and elsewhere suggest that tree spacing of 4 × 4m or
something similar is required for rotations longer than 8 to
10 years. Because nearly all eucalyptus species are intolerant
of overlapping crowns, thinning is required for optimum
growth of closely spaced trees for rotations longer than 10
years [8, 17].

6.8. Greenhouse Studies for Cold Tolerance Poorly Correlated to
Field Studies. Results from cold tolerance studies, conducted
in greenhouses and phytotrons, were poorly correlated to
�eld studies because of the highly variable performance of
eucalyptus in the experimental plantings across the South
[18]. Some species/sources were subject to the �rst winter
freezes, whereas others performed well for a number of years
before the combination of variables developed to damage
or kill the trees. Freezing temperatures in combination with
frigid chill factors had a particularly devastating effect. In
1978, for example, an uncommonly heavy snow of 60 cm that
blanketed the Eastern Seaboard resulted in the death of the
plant material extending above the snow line. Foliage below
the line survived without damage because of the insulation
effect of snow.

6.9. Performance Modeling Failed. Performance modeling of
the best species/source has proven to be an impossible task
because a combination of factorswould prove fatal to the trees
in one year and a separate set of factors would prove equally
as destructive in another year. High hopes were generated
for the success of the project when certain trees, especially of
E. viminalis, would escape the ravages of winter in the midst
of other species/sources that succumbed to the freezing
temperatures. Some of those trees grew to be 25 meters tall
and 25 cm diameter at breast height in 6 to 8 years. In a subse-
quent winter, however, they too would be killed, even when
the temperatures were less severe than those of the previous
winter.

6.10. Fluctuations in Winter Temperatures Prove Fatal. Out-
side of the severe freezes that occurred in 1983, 1984, and
1985, the greatest damage always resulted when there were
great �uctuations in temperature within one or two days.
Temperatures in excess of 15∘C inmidwinter are occasionally
followed by temperature drops of 12∘C or more within a
24-hour period as a result of cold fronts that originate in
northern latitudes and sweep through the Great Plains to
the southern United States. e active cambial growth of the
eucalypts, with their naked buds, is extremely vulnerable to
such �uctuations. Under such circumstances, freeze damage
can happen to some species/sources of eucalypts at tempera-
tures slightly above 0∘C.

6.11. Wood Properties Prove Acceptable. Four- to six-year-
old trees of E. viminalis produced wood with speci�c gravity,
�ber dimensions, and pulp and paper properties similar to
that of sweetgum of 15 years of age [19, 20]. Fluff pulp is
especially desired from eucalypts because of the high �ber to
vessel ratio.

6.12. Inhospitable Environment for Plants. e southern
United States is an inhospitable environment for the growing
of exotic forest trees. e area has been compared with that
of Siberia, without its severity, for its great �uctuations in
winter temperature. is phenomenon prohibits the success-
ful establishment of forest trees from most other parts of the
world where the mean winter temperature can be even lower
than that in the southern United States. e temperatures
in those areas, however, decline steadily from summer highs
to winter lows in the absence of �uctuating warm and cold
temperatures.at is why seed sources of thriving plantations
of Eucalyptus spp. from other areas of the world, such as E.
dunnii from southern Brazil, E. deanii from France, and E.
viminalis from Georgia (formerly the Soviet Union), failed
when introduced to the United States.

6.13. Molecular Genetics to Aid Species Introduction. In com-
bination with warming trends, the successful introduction
of eucalypts to the southern United States will be aided by
the use of molecular genetics. Work has been accomplished
on the gene mapping of E. grandis, E. globulus and their
hybrid by the Biotechnology Program at the North Carolina
State University [12]. Quantitative trait loci (QTL) have
been identi�ed for tree growth, and speculation exists that a
similar phenomenon exists for oliogenic inheritance for cold
tolerance.

7. Summary

e outstanding performance of eucalyptus species growing
in foreign countries caused industrial foresters to establish
semioperational plantations in the southern United States in
the 1950s and 1960s. Failure of the plantations, due primarily
to cold damage, resulted in establishment of research trials
across the landscape from the Atlanta Ocean to areas west
of the Mississippi River. Seed sources for the trials were
obtained from natural stands in Australia and from exotic
plantations from much of the Tropics and Warm Temperate
Zones of the world where the species were growing. Over a
14-year span, 569 seed sources, representing 103 species were
evaluated for industrial use. e species/sources showing
most promise in screening trials were further tested in in-
depth trials, and those of greatest promise in in-depth trials
were subjected to semioperational trials.

Statistical analyses of the collected tree data consisted
of three steps: (1) using regression and analysis, predictive
equationswere formulated for each of themeasured variables,
(2) a linear composite of these variables was created that
permitted comparison of the seed sources over locations and
time, and (3) a multivariate computer simulation, involving
the predictive estimators, was used to compute the mean
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and variance of the linear composite for each source at
each location. e simulator allowed an index score for
species/sources to be determined across locations.

Regardless of the growth potential of selected species/
sources the effort came to naught because of susceptibility
to severe winter temperatures in late 1983 and early 1984
and 1955. Since the initiative lost its appeal more than 25
years ago, temperatures have apparently moderated enough
across the South for establishment of new introductory trials.
With the experience gained from the past endeavor, we urge
present-day investigators to concentrate their efforts on soils
of sandy clay loam and clay loam and to avoid imperfectly
drained soils and those of excessive soil drainage (high sand
content). It is also highly recommended that the plantations
be kept free from weed competition for at least the �rst two
growing seasons and that attention be given to soil fertility.
Seedling quality for bareroot planting should be in the range
of 0.6 for root-shoot ratio, and such seedlings should be
planted in early spring, but aer the last frost. Containerized
seedlings can be planted at any time of the year whenever
there is adequate soil moisture. Fall planting of containerized
seedlings must occur in time for root establishment before
�rst frosts.

Disclosure

e basic part of this paper was written in 1985. It was never
published but was committed to the �les so that the results
could be shared whenever there was a renewed effort to
introduce eucalyptus to the U.S. South. e authors of the 27
years ago paper have revised it to coincide with today’s needs
as well as to shed light on the introduction of eucalyptus to
California.
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Interest in biomass-based energy in the southeastern Unites States has led to increased need for fast-growing tree species. Several
Eucalyptus species exhibit characteristics that make them attractive in the bioenergy context. However, some of these also possess
traits that suggest they could become invasive. Tomake a preliminary assessment of the risk of seedling establishment in the vicinity
of Eucalyptus plantations, we conducted surveys at 3 sites in South Carolina and 16 sites in Florida. In South Carolina, no seedlings
were detected in any sample transect. In Florida, we found seedlings within the boundaries of Eucalyptus plantations at 4 of the
16 sites surveyed. We also detected seedlings outside the boundaries of these same four plantations, but only two seedlings were
detected at distances >45m from plantation boundaries. All seedlings from Florida were either E. amplifolia, E. robusta, or E.
grandis. e most predictive variable evaluated was latitude, with 27∘N being the highest latitude at which seedlings established
with regularity. Results of this survey indicate that, under current conditions, the spread of Eucalyptus spp. from plantations should
be possible to manage with appropriate monitoring, but this should be evaluated further before Eucalyptus spp. are adopted for
widespread planting.

1. Introduction

Biomass-based energy as an alternative to fossil fuel-based
energy has received increasing attention in recent decades,
and one important source of bioenergy feedstock will be in
the form of woody biomass [1]. Portions of the southeastern
United States are well suited to provide substantial quantities
of wood-based biomass because large areas of land are
currently in forestry uses, and because of existing wood
growing and processing infrastructure [2, 3].is production
of woody biomass could be enhanced by departures from
historical forestry practices and movement toward shorter
rotations, and the adoption of short-rotation woody crop
(SRWC) silvicultural practices. Part of successful SRWC
management includes selection of appropriate tree species,
with a suite of traits that make them particularly suitable

for these practices including rapid growth rates, ability to
coppice, and climatic tolerance [4, 5].

Several species of Eucalyptus are excellent candidates for
use in SRWC, and these have been planted in experimental
stands by forest industry in the southeastern USA since the
1950s. However, the effective range of planting for Eucalyptus
species was demonstrated to be smaller than originally
thought due to extremely harsh winter conditions in the early
1980s, and at that time, interest in large-scale planting of
Eucalyptus faded (R.C. Kellison, personal communication).
Since that time, advances such as genetic modi�cation and
identi�cation of breeding stock with favorable cold tolerance
characteristics have once again renewed industry interest in
Eucalyptus as a potential source of bioenergy feedstock, or
pulp and timber production [6].
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Clearly, along with the potential bene�ts, both eco-
nomic and environmental, of increased reliance on woody
biomass for bioenergy feedstock [7], there are legitimate
concerns surrounding the widespread adoption of this land-
use, particularly when the tree species being considered are
nonnative, and potentially invasive [8, 9]. Eucalyptus species
are known to be invasive in certain parts of the world and
are particularly problematic in South Africa [10, 11] and
Chile [12], but in other countries such as Brazil, there is
doubt as to whether Eucalyptus is likely to escape from
planted stands [13]. In USA, Eucalyptus have been planted
in California for more than 150 years, and these plantings
involved more than 200 species in that time [14]. Of the
200+ introduced to California, 18 species are considered
“naturalized”—exhibiting spontaneous reproduction in their
introduced range, but only two of these species are considered
invasive species, and these of moderate or limited risk within
the classi�cation system of the California Invasive Plant
Council [14]. Eucalyptus has also been planted in Florida for
decades with extensive planting in the southern portion of
the state beginning in the 1960s [15]. Again, Eucalyptus is
known to spontaneously reproduce in Florida (as evidenced
by the prevalence of advanced regeneration seedling orchards
for production of planting stocks), but there has been little
reporting of these plants spreading out of planted areas
into surrounding lands (a search of peer-reviewed literature
yielded no studies reporting �eld observations of Eucalyptus
invasion in Florida).

Rejmánek and Richardson [16] suggest three reasons that
Eucalyptus is less invasive than other widely cultivated trees
and shrubs: Eucalyptus species have limited seed dispersal,
high seedling mortality, and lack of compatible ectomycor-
rhizal fungi. e high seedling mortality is attributed to the
lack of endosperm and dormancy mechanisms in Eucalyptus
seed, requiring germinants to contact wet, bare soil quickly
for seedlings to survive [16]. For example, in California,
Eucalyptus seedlings are most likely to establish outside of
planted groves where there are signi�cant soil disturbances
andwhere there is regularmoisture fromcoastal fog drip [17].

However, in spite of these observations of limited spread
of Eucalyptus into unmanaged habitats, some resistance to
the idea of further planting of Eucalyptus in the southeastern
USA remains. Using a tool (the Australian Weed Risk
Assessment model [18], modi�ed for local conditions [19])
that takes into account available information about plant life-
history traits and other traits related to the establishment and
spread of plants, Gordon et al. [20] evaluated several species
that have been proposed for use in biofuel applications for
the southeastern USA and predicted that several species
of Eucalyptus had a high likelihood of becoming invasive.
As a result, it was recommended that these species can be
excluded from consideration as potential biofuel crop plants.
Notably, these recommendations were made based solely
on the predictions of the Australian Weed Risk Assessment
model and did not incorporate �eld-based observations.
Additionally, these authors state that the AWRA model could
not separate those species that might naturalize without
becoming invasive from those that will invade neighboring
vegetation [20].

In any consideration of invasive species biology, it is
important to utilize terminology that is consistent and rep-
resentative of actual processes occurring in �eld settings
[21]. Toward this end, we have adopted the framework
presented by Blackburn et al. [22], as we consider this to
be the most recent and comprehensive treatment of general
stages, processes, and terminology to date. us, the pro-
cess of plants exhibiting spontaneous reproduction in their
introduced range is appropriately termed “naturalization.”
Naturalization of Eucalyptus in locations where the plant has
already been intentionally planted is not necessarily seen as
a negative outcome (i.e., the plant is intended to be there
for some purpose). On the other hand, the term “invasion”
should be applied to plants that are not only reproducing, but
also spreading long distances (e.g., 100s of meters), and in
large numbers (i.e., the plant now occupies lands where it is
not intended to be).

Objectives for this study were to conduct �eld surveys in
established plantations of Eucalyptuswhich varied in terms of
Eucalyptus species planted, stand age, and surrounding land-
uses and determine the actual rate of seedling establishment
as one potential measure of invasiveness for Eucalyptus in the
southeastern USA.

2. Materials andMethods

We conducted �eld surveys to document seedling establish-
ment in the vicinity of 19 planted stands of various species
of Eucalyptus in South Carolina and Florida. e sites are
characterized in terms of age and type of plantation, and
the species used at each site in Table 1. e sampling design
we used was speci�cally designed to be e�ective for the
detection of rare events [23]. Brie�y, the approach makes use
of probability theory and knowledge about the properties of
the Poisson distribution and negative binomial distribution
to derive power formulae to give estimates of how many
samples must be taken to achieve detection of events, in this
case, seedling establishment. e equation used was

𝑛𝑛 𝑛 𝑛
1
𝑚𝑚
∗ log 𝛽𝛽 , (1)

where n = the number of samples needed to detect the event
of interest, m = the mean frequency of occurrence of the
event, and 𝛽𝛽 = the probability of sampling the event at least
once given a particular value of n (or “con�dence level of the
estimate,” in the terminology of Green and Young [23]). In
practice,m frequently is not known until sampling is actually
done, and therefore must be operationally de�ned a priori.
Green and Young [23] suggest m = 0.1 as one de�nition of
“rare,” but we adopted an even more rigorous de�nition for
our survey of m = 0.05. Because the actual number of plots
that could be realistically sampled depended upon the size of
the sampled stand, the value of 𝛽𝛽 (the calculated probability
of actually sampling a seedling given the number of plots
sampled, and an assumed frequency of 0.05) varied from site
to site. e values of 𝛽𝛽 for our survey ranged from 0.877 to
0.999 and are reported for individual sites in Table 1.

Our sampling strategy for detecting Eucalyptus seedlings
was transect based. Each transect consisted of 30 cells of
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3m × 3m with a total length of 90m. Each transect was
situated at the boundary of the Eucalyptus stand such that 5
cells (15m) of the transect extended into the stand, and 25
cells (75m) of transect extended away from the stand at an
azimuth perpendicular to the stand boundary. We selected
one of the 5 cells inside the stand boundary at random for
initial sampling, and then we systematically sampled the cells
falling on the transect at 15m intervals from this initial cell
throughout the length of the transect for a total of 6 cells
sampled per transect (Figure 1). e number of transects at
each site varied but in general the number and spacing was
determined by taking the total length of the boundary of the
Eucalyptus stand and dividing by 40, with the resulting �gure
used as a standard distance to separate sampling transects.
When the perimeter of the stand was less than 800m, the
distance between transects was automatically set to 20m. At
some stands either entire transects, or individual plots, had
to be excluded because of property ownership concerns. In
total, we sampled 479 transects containing 2839 3 × 3m plots
from 16 sites in Florida and 3 sites in South Carolina. Due to
the general rarity of seedling encounters and the general small
size of plantations, in addition to the transect-based sampling
we also conducted a general, non-quantitative, cruise of each
stand, and noted the presence of any seedlings that were not
encountered in the transect sampling.

Within each of the 3 × 3m sampling cells, we collected
data on a suite of variables. ese included the number of
Eucalyptus seedlings, percent cover of ground-layer herba-
ceous vegetation, percent tree canopy cover, and percent
cover of bare mineral soil. Percent cover estimates were
recorded in the following classes: 1 = 0–5%, 2 = 6–25%, 3 =
26–50%, 4 = 51–75%, 5 = 76–95%, and 6 = 96–100%.

Following �eld data collection, we used aerial photos of
each site to characterize the general land use surrounding the
sampled Euclayptus stands. We categorized the predominant
land cover for every 3 × 3m plot on every sampling transect
at all sites. e land cover types were classi�ed as shown
in Table 2. We then used the data for Eucalyptus seedling
establishment to determine if there was a particular habitat
type that was disproportionately associated with this phe-
nomenon.

2.1. Data Analysis. We used simple correlations to examine
the relationship between the total number of seedlings
detected at each site (inside and outside the plantation
boundaries), and characteristics such as plantation age, and
plantation size. Some of our sites had trees of differing ages
(different plantings), and for these sites, we used the age of
the oldest trees at the site for our correlation analysis.

Because of a large number of zeros in our dataset, we
elected to further analyze the presence ofEucalyptus seedlings
with logistic regressions. We used logistic regression to
model the dichotomous response variable presence/absence
of Eucalyptus seedlings in a plot, as a linear combination of
�ve predictor variables. e independent predictor variables
included three continuous variables (latitude, canopy cover
(%), and bare ground (%)), and two categorical variables
(whether or not Eucalyptus had been previously planted at
the location, and whether or not the location was a mesic

Eucalyptus

stand 

Stand boundary

Sample plot
3 m

3 
m

F 1: Schematic diagram of sampling design. Transects were
90m in length, containing 30 cells 3 × 3m. e �rst cell was
randomly selected from the �ve cells inside the stand boundary,
and then cells were systematically sampled every 15m throughout
the length of the transect. For example, in the 4 transects shown
in the �gure, only blue cells would be sampled for seedlings and
environmental variables. Transects were oriented perpendicular to
the boundary edge and evenly spaced around the entire Eucalyptus
stand.

site or wetland). For all sites, the percent cover of ground
layer vegetation and the percent bare ground were highly
correlated with one another, and therefore, percent cover
of ground layer vegetation was excluded from the analysis.
Logistic regression was performed in SAS 9.2 using PROC
LOGISTIC (SAS Institute Inc. 2008). Only 18 sites were
included in the logistic regression because missing cover data
prevented the inclusion of one site in South Carolina.

3. Results

Our sampling effort resulted in the detection of 85 Euca-
lyptus seedlings total from all sites sampled. Of these, 54
seedlings were established within the boundaries of the
planted stands with a generally decreasing number observed
in plots further away from stand boundaries (Figure 2). We
detected seedlings in our transects at 6 sites: FL1, FL9, FL11,
FL14, FL15a, and FL15b. All seedlings were either Eucalyptus
amplifolia, E. grandis, or E. robusta (Table 1). When we
examined the relationship between the location (latitude and
longitude) of each site relative to the number of seedlings
detected outside the boundaries of the Eucalyptus plantations
stands, there was a strong tendency for seedlings to be
detected in the southern most-sites (Figure 3). Speci�cally,
there was only a single seedling that was detected in our
sampling plots above the 27∘N latitude. We also noted an
individual seedling in one of the South Carolina stands (not
within our formal sampling plots), and this would have been
well north of any other seedling detection.
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T 2: A summary of the land cover types at each of the plots sampled from all sites surveyed, and the distribution of Eucalyptus seedlings
among the land cover types.

Land cover type Number of plots in land
cover type

Number of Eucalyptus
seedlings in land cover

type

Number of plots with
Eucalyptus seedlings

Proportion of plots in
land cover type with

seedlings
Disturbed soil 11 0 0 0
Roadside 142 0 0 0
Agricultural 67 0 0 0
Citrus orchard 394 0 0 0
Bamboo 9 0 0 0
Lawn/mown 198 0 0 0
Field/pasture 379 4 3 0.0079
Eucalyptus plantation, managed† 631 58 38 0.0602
“Failed” Eucalyptus plantation‡ 35 7 5 0.1429
Young pine plantation 13 0 0 0
Pine plantation 374 2 1 0.0027
Suburban wooded 13 0 0 0
Partially wooded 38 1 1 0.0263
Forest, unmanaged 175 0 0 0
Wetland 360 13 9 0.0250
†Not all plots in this land cover type fell within the plantation of interest, as some plantations neighbored other Eucalyptus plantations. Plots in this land cover
type were both inside and outside the plantation of interest. ‡is land cover type represents areas where Eucalyptus was originally planted, but where the
survival was low enough that the sites were not managed with the rest of the plantation. Plots in this land cover type were outside of the plantation of interest.
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F 2: Eucalyptus seedling detections from all sites surveyed in
this study.

�ther factors we considered as potentially being in�u-
ential to the establishment of seedlings were the age and
size of the plantations (and thus maturity and number of
potential trees producing seed, and increasing propagule
pressure). Correlation analysis examining the relationship
between plantation age showed that there was a positive
relationship between stand age and seedling establishment
(𝑅𝑅2 = 0.379, Figure 4(a)). Correlation analysis examining the
relationship between plantation size and number of seedlings
detected also showed a positive relationship (𝑅𝑅2 = 0.429,
Figure 4(b)).
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F 3: Relationship between latitude and Eucalyptus seedling
establishment. Points represent each of the 19 sites surveyed.
Because some sites were very close to one another (i.e., similar
latitude coordinates) some of the points on the graph will overlap
with some being obscured.

When we examined the potential in�uence of surround-
ing land-uses on the establishment of seedlings inside or
outside the plantation boundaries, we found that all of the
seedlings were found in 6 of the 15 predominant land-cover
categories that we identi�ed. ese six land-uses included
(1) managed Eucalyptus plantation, (2) wetland, (3) failed
Eucalyptus plantation, (4) hay�eld/pasture, (5) pine plan-
tation, and (6) partially wooded. e land cover type that
had the highest frequency of plots containing Eucalyptus
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F 4: Relationship between (a) the age of the oldest trees
planted at each plantation, and Eucalyptus seedling establishment;
and (b) size of the plantation andEucalyptus seedling establishment.
Because some plantations were very similar in size and also had few
or no seedlings established, some points on the graph will overlap
with somebeing obscured. �on�dence intervals are �5% con�dence.

seedlings was the “failed Eucalyptus plantation” category
with 14% of transects in this category containing seedlings
(Table 2). e next most frequently sampled habitat type
with plots containing seedlings was the managed Eucalyptus
plantations with ∼6% of plots containing seedlings. All the
other land-use types with seedlings had frequencies of less
than 3%, including wetlands, in spite of the fact that wetlands
represented the only habitat type that had not been previously
planted to Eucalyptus with a relatively high number of
seedlings.

Results of the logistic regression analysis showed that
the only variables that were signi�cantly related to seedling
establishment were latitude (𝑃𝑃 𝑃 𝑃𝑃𝑃𝑃𝑃𝑃), canopy cover
(𝑃𝑃 𝑃 𝑃𝑃𝑃𝑃𝑃𝑃), and the previous or current presence of planted
Eucalyptus (𝑃𝑃 𝑃 𝑃𝑃𝑃𝑃𝑃𝑃; Table 3). Other tested variables
(wetland habitat type and percent bare ground) were not
signi�cantly related to Eucalyptus seedling establishment.

4. Discussion

e dataset produced by our survey is from a relatively
small number of plantations, and with fairly intensive land-
use and management in the surroundings. We recommend
much more sampling before any regulatory decisions can
be made regarding the wide-scale planting of Eucalyptus
species. Nevertheless, this survey represents the �rst to
our knowledge to attempt a �eld-based assessment of the
potential for Eucalyptus to spread from plantation settings
in the southeastern USA. Overall, the results of our survey
suggest, that under current conditions, the establishment
of seedlings near Eucalyptus plantations is a rare event,
particularly north of latitude 27∘N. However, south of 27∘N,
we did detect seedlings more frequently in particular land-
use types, and this inspires caution with regard tomonitoring
plantations for potential escape of seedlings into habitats
where Eucalyptus is not desirable.

e fact that we found a positive relationship between
plantation age and the establishment of seedlings in our
survey is deserving of special attention. Two of the oldest
plantations were established and managed as seed orchards
(Table 1), and thus is should not be surprising, perhaps that
these sites yielded the highest rates of seedling detections.
Trees in these plantations would have been open grown and
widely spaced for the purpose of maximizing seed produc-
tion. In actual practice, the management of large Eucalyptus
plantations in the bioenergy context would tend to prevent
plantations from ever reaching the ages that were most
strongly related to seedling establishment, as most bioenergy
plantations would be likely to be harvested between age 5
and 7. From the perspective of monitoring to avoid the unin-
tentional spread of planted eucalypts into surrounding land-
uses, this �nding suggests that seed orchards or advanced
regeneration seedling orchards should have higher priority
than operational bioenergy plantations for monitoring.

e results of the logistic regression provide further
strong evidence that certain areas are more likely to exhibit
seedling establishment and may aid in setting priorities for
future monitoring of potential invasions. e parameters
produced in logistic regression are oen interpreted in terms
of odds ratios, which are calculated by taking the exponential
of the parameter, and which describe the strength of asso-
ciation between predictor and response variable. e odds
ratio represents the change in odds of the outcome of a binary
response variable for a one-unit change in the predictor
variable. We found that for every one degree decrease in
latitude, the odds of �nding a seedling in a plot (versus
not �nding a seedling in a plot) increase by 3.7. e odds
of �nding a seedling in a plot that had previously been
planted to Eucalyptus were 6.3 times greater than that of
�nding a seedling in a plot that had not been previously
planted to Eucalyptus. ese results suggest a signi�cant
difference in the probability of naturalization versus invasion
of Eucalyptus, with a greater chance of naturalization, and an
increased likelihood of Eucalyptus establishment in the more
southern areas that we sampled.

Our �ndings are quite similar to an effort in South
Africa to rapidly develop a baseline dataset and management
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T 3: Results of logistic regression analysis of continuous (latitude, canopy cover, and percent bare ground), and binary (wetland,
Eucalyptus planted previous or present) variables from the sampling survey. Canopy cover and percent bare ground data for one South
Carolina site were not collected and so this site was excluded from the analysis.

Analysis of maximum likelihood estimates.
Parameter d.f. Estimate Standard error Wald chi-square Pr > ChiSq
Intercept 1 32.2962 10.8439 8.8701 0.0029
Latitude 1 −1.3125 0.4021 10.6516 0.0011
Canopy cover 1 0.0244 0.00514 22.5468 <0.0001
Bare ground 1 −0.1080 0.0904 1.4301 0.2317
Eucalyptus planted 1 0.9204 0.2492 13.6381 0.0002
Wetland 1 0.4417 0.2846 2.4086 0.1207

guideline for species of Eucalyptus that have been planted
in South Africa for decades [11]. ese authors utilized
similar de�nitions of “invasive” and “naturalized” as we have
used, and although their data collection methodology (rapid
visual determinations of spread) was quite different from
that employed in our study (spatially explicit, plot-based,
and with other environmental data collected), their results
were essentially similar. Indeed, these authors point out that
Eucalyptus in general are “mediocre invaders” and count
this observation as “puzzling.” e South African survey did
�nd that two species (E. camaldulensis and E. grandis) were
of special concern in South Africa [11], and this is notable
because both of these species are also represented in the
plantations examined in our study, although only E. grandis
was observed to produce offspring in our plots.

ere are several potential explanations for why we
observed a somewhat limited spread and invasive behavior
in the plantations where we did our sampling. One factor
in�uencing the relative “invasiveness” of plants is the propag-
ule pressure (i.e., the density or total number of reproductive
plants in an area) required for establishment and spread
of populations. ere are different patterns for propagule
pressure dose-response curves among invasive species [24],
including linear, exponential, and sigmoidal, but the pattern
that applies to Eucalyptus in the southeastern USA is not
known. It is possible that a density of propagules that would
promote widespread establishment of seedlings outside of
plantations has not been achieved in the plantings evaluated
in this study.

Another factor related to propagule pressure, and
involved in the establishment and spread of invasive plants,
is the presence of suitable means of pollination and thus
production of enough viable seed to enhance the spread of the
plant. Although there are more than 700 species in the genus,
and pollinator relationships are diverse, most Eucalyptus spp.
are pollinated by bees andwasps. Vieira et al. [25] showed that
the diversity of bees and wasps was reduced in Eucalyptus
plantations in Portugal. It is possible that the optimal or
preferred pollinators for the Eucalyptus species examined
in this study do not exist in the native pollinator fauna in
Florida or South Carolina. However, our observations of
seedling establishment within several Eucalyptus stands from
our survey suggest that viable seed is being produced, and that
pollination therefore should not be a limiting factor in the
reproduction of the plants. is observation may be related

to the fact that some of the species examined in our study
are self-pollinators and do not require pollination by other
organisms.

Another factor that in�uences the successful spread of
invasive plant and animal species is the fact that new habitats
where species are introduced oen lack the suite of natural
enemies which would keep that species in check in its native
range. is certainly seems to be the case for Eucalyptus
in California where several species have been planted for
∼150 years. For most of that time, Eucalyptus has grown
in conditions where its native herbivores have been absent.
However, the recent introduction of insect herbivores from
Australia that are specialists on Eucalyptus is a concern for
the long-term productivity of planted trees in California
[26] and may limit the rate of spread of trees that have
escaped cultivation. In Chile, there is evidence that herbivory
by introduced vertebrates may limit the invasion success of
Eucalyptus [12], and in Brazil, da Silva et al. [13] noted that
native leaf-cutter ants (Atta spp.) seemed to prefer the leaves
of Eucalyptus over the native species, and they proposed that
this may account for the poor seedling establishment they
observed in their study. ere are high densities of large
herbivores native to the southeastern USA (white-tailed deer,
Odocoileus virginianus), but the extent towhich these animals
may be feeding on Eucalyptus is unknown and should be
explored further.

Another consideration that may have some bearing on
why we saw a limited spread of Eucalyptus seedlings in
our study is the observation that many locations across the
globe where Eucalyptus is known to become invasive and
pose signi�cant ecological risks have Mediterranean climate
conditions. Although several eucalypt species are known
to naturalize readily in subtropical and temperate climates,
there is limited evidence of many species becoming invasive.
Indeed, in our study and another study conducted in subtrop-
ical climates [13], the spread ofEucalyptus seems to be limited
by at least one of a number of factors. One such limiting factor
may be that the fungal symbionts of the eucalypt species in
question are not able to fruit and disperse propagules into
the surrounding soils. Díez hypothesized [27] that the native
ectomycorrhizas of eucalypts may require a drying down of
the soil (as would be typical of a Mediterranean climatic
region) in order for the fungi to fruit, and that this may
partially explain why these fungi do not seem to disperse
very well in regions where such regular dry periods do not
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occur (such as at our study sites). is may be suggestive
at present of decreased risk of Eucalyptus invasion in the
southeastern USA, but continued vigilance over coming
decades will be required as climate changes occur in the
region, particularly if these tend as predicted (US Global
Climate Change Research Program, 2009) toward greater
seasonality in rainfall and higher temperatures (conditions
more comparable to Mediterranean climates). One �nal
consideration which argues for caution with regard to the
potential for any exotic plant species to spread is found in
the case of Eucalyptus conferruminata. is species has been
extant in California for at least 50 years, but only recently
has been observed to produce seedlings [14], suggesting
that there can be signi�cant lag times associated with the
naturalization/invasion process, and underpinning concerns
over the role of short-term evolution and hybridization as a
mechanism of the development of invasive attributes among
exotic plants [28].

In conclusion, results from our survey indicate that Euca-
lyptus seedlings can establish with some regularity within
planted stands, and this shows a strong likelihood that the
species used in plantation forestry will become naturalized
in the southeastern USA. However, like other workers in
subtropical climates, we did not �nd strong evidence that
Eucalyptus is spreading rapidly, or in great numbers, away
from the boundaries of plantations.is was particularly true
when the land surrounding the sampled Eucalyptus plantings
was intensively managed. For example, we did not detect a
single seedling in agricultural, suburban, or citrus orchard
land-uses, and this is probably related to the intensity of
management common in these areas. On the other hand, our
sampling did detect Eucalyptus seedlings in land cover types
that were less intensively managed (e.g., partially wooded
sites), and this inspires caution with regard to the potential
for the plant to spread into unmanaged areas. e sampling
protocol used in our study was robust and efficient, and
we suggest that sampling of this kind may serve as an
effective monitoring tool for future plantings of Eucalyptus
in the southeastern USA. Such monitoring will be imperative
if questions involving plantation area, propagule pressure,
and movement into unmanaged areas are to be resolved.
Furthermore, such monitoring will be critical if the potential
risks of Eucalyptus becoming problematic invasive species are
to be responsibly mitigated.
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Renewed interest in short-rotation woody crops for bioenergy and bioproducts has prompted a reevaluation of the Eucalyptus
species for the southern United States. One question that arises about the potential effects of introducing a nonnative species is
what effect will there be on fire behavior. Our approximate answer based on modeling fire behavior using the Fuel Characteristic
Classification System is that surface fire behavior in young stands differs little from surface fires common to pine plantations in
the southern Coastal Plain. By the age of 9, the absence of a shrub layer, along with an increased height to live crown, reduced
initiation potential despite increased bark shedding. When a shrub layer was introduced in the model, the initiation potential
became equivalent to common Pinus fuelbeds. If a crown is ignited, however, the potentials for transmissivity and spread are very
high, and the potential for crown fire behavior is more severe. Our modeling effort suggests that fire behavior at the stand level
differs little from current conditions and points to the importance of avoiding the development of a shrub layer. Stands managed
on short rotation (less than 10 years) will likely be harvested before bark shedding presents a significant spotting problem.

1. Introduction

The southern United States is one of the most productive
forested regions in the country, with 81 million ha or 40
percent of the nation’s forests in an area occupying only
24 percent of its land area [1]. Commercial forestry in the
Coastal Plain along the Atlantic Ocean and the Gulf of
Mexico depends upon plantations of Pinus spp. and natu-
rally regenerated broadleaved forests [2]. Renewed interest
in short-rotation woody crops (SRWC) for bioenergy and
bioproducts [3] has prompted evaluation of other fast-grow-
ing species including Eucalyptus spp. [4]. The potential pro-
ductivity of nonnative Eucalyptus species planted in the
southern United States under short-rotation management
for biomass is significantly greater than native Pinus species
[4–7], and the economic potential of selected species has
been evaluated for conversion into ethanol [8] or solid fuel
[9]. Identification of freeze-tolerant Eucalyptus species and
hybrids extends the potential commercial range for Euca-
lyptus well beyond current plantings in southern Florida,
into the Coastal Plain [4, 7]. Research underway to test

38 species for cold tolerance has identified five with some
tolerance as well as fast growth; these species are E. benthamii
Maiden & Cambage, E. dorrigoensis (Blakely) L.A.S. Johnson
& K.D. Hill, E. viminalis Labill., E. dalrympleana Maiden,
E. macarthurii H. Deane & Maiden, and E. camaldulensis
Dehnh. (José Luiz Stape, Professor, North Carolina State
University, personal communication, 2012.) Commercial
plantings on former pasture have already been initiated
by MWV Corporation to provide hardwood furnish to its
Evadale, Texas mill. (Dave Gerhardt, Director, Operations
Support, MWV, personal communications, 2012.)

Although new SRWC plantations for bioenergy will likely
be established on idle agricultural land because of lower
establishment costs and legislative prohibitions [3], reforest-
ing harvested Pinus plantations with Eucalyptus cannot be
ruled out. Attractive economics could drive conversion of
pine plantations for pulp and other bioproducts to Eucalyp-
tus [6]. Introduction of non-native species for widespread
commercial plantings is a new phenomenon in the United
States and raises questions as to potential environmental
effects. One question is what would be the effect on wildfire
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risk? Eucalyptus species in their native habitat are noted for
their adaption to wildfire. Introduction of select Eucalyptus
species into the southern Coastal Plain, an area known for
fire-adapted ecosystems, raises the question of how will fire
behavior in Eucalyptus stands differ from fires in commonly
occurring vegetation? We sought an approximate answer
to this question from the literature that focuses on fuel
characteristics, loads, and the potential for fire behavior as
modeled by the Fuel Characteristic Classification System
(FCCS) [10]. The FCCS [11] will be used to compare fire
potential for fuelbeds common in the southeastern Coastal
Plain with representative fuelbeds for Eucalyptus plantations
at several ages. The surface fire behavior component of
FCCS is based on a modified form of Rothermel’s equations
that take into account the more complex description of a
fuelbed provided by FCCS. Fire potential ratings using FCCS
consist of numerical rating for surface fire behavior potential,
crown fire potential, and available fuel potential for weather
conditions characteristic of severe burning conditions [11].
Discussion will focus on the differences among typical
southern fuelbeds in terms of the FCCS fire potentials, the
extent to which the weather assumptions in FCCS reflect
those of the southeastern Coastal Plain, and the extent to
which planting Eucalyptus species may alter fire behavior
within plantation stands.

2. Materials and Methods

2.1. Southern Coastal Plain. The southern United States is
comprised of the 13 states roughly south of the Ohio River
and extending from Texas to the Atlantic Coast. The region
primarily has a humid subtropical climate except for a
tropical climate in southern Florida and a semiarid climate
in western Texas and Oklahoma. Annual daily temperature
averages range from >21◦C in southern Florida and Texas
to 13–16◦C in northern areas. Annual precipitation is 1270–
1780 mm in the Mid-South including Louisiana, Mississippi,
Alabama, and Tennessee, areas of Georgia and Florida,
and areas along the Atlantic coast. Precipitation reduces
to 1015 and 1270 mm towards Atlantic coastal areas and
northern areas of the region, and to 300 and 500 mm towards
western Texas and Oklahoma (http://cdo.ncdc.noaa.gov/cgi-
bin/climaps/climaps.pl). Seasonal weather variability is sig-
nificant in most of the region which is characterized by
hot, humid summers and mild to cool winters. The major
weather and climate extremes include tornados, hurricanes,
excessive lightning, and drought—with drought being the
largest contributor to large wildfires.

The complex role that wildfire plays in shaping forests
has been described in terms of vegetation responses, which
are characterized as dependent on, sensitive to, independent
of, or influenced by fire [12]. Fire is essential in areas where
species have evolved to withstand burning and facilitate the
spread of fire such as the Pinus spp. found in the Coastal
Plain. The fire regimes of southern ecosystems have been
described in detail [13–15]. The Coastal Plain is dominated
by plantations and open pine (Pinus spp.) stands—with
perennial grasses and forbs as the primary ground fuel.
Major pine species are longleaf (P. palustris Mill.), slash (P.
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Figure 1: Area burned in the southern United States by fires of var-
ious ignition sources, 2002 to 2010 (Data from National Interagen-
cy Fire Center; http://www.nifc.gov/fireInfo/fireInfo statistics.html
accessed 9 July 2012).

elliottii Engelm.), and loblolly (P. taeda L.) pines [2, 14, 15].
Before European settlement, frequent low-severity surface
fires characterized most Coastal Plain ecosystems with a
return interval of 1–4 years; windstorms (including hurri-
canes) and droughts led to occasional severe fires [16].

Today, southern Coastal Plain forests are dynamic ecosys-
tems characterized by rapid growth—and hence rapid accu-
mulation of fuels within a favorable climate—and a short
fire-return interval of 3–5 years is considered desirable for
managed forests [14]. In addition to reducing fuel loads,
prescribed burning is used to promote wildlife, maintain
biodiversity, and restore ecosystems [17]. The South leads the
nation in annual wildfires, averaging approximately 45,000
fires a year from 1997 through 2003 [18]. The success of
rapid initial attack and suppression, however, keeps most
of these fires small [19]. The average area burned annually
over the period 2002–2010 was 69,748 ha from wildfires
ignited by lightning and 397,860 ha from human ignitions. In
addition to wildfires, substantial areas are burned annually to
reduce fuel loads; the average area burned by controlled fires
(prescribed burning) over the same period was 680,606 ha.
There is considerable year-to-year variation in the area
burned (Figure 1). Although prescribed burning data are
not yet available for 2011, area burned in that year by
lightning ignitions was 427,674 ha and by human ignitions
1,147,593 ha; both greatly exceeding the annual average
(2002–2009). The frequency of droughts across the region
appears to be changing, and the period from the mid- to
late-1990s may have been wetter than the long-term average
[20]. For example, during the worst drought in more than
a century, severe wildfires broke out around the Okefenokee
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National Wildlife Refuge on the Georgia-Florida border in
the spring of 2007 when more than 243,000 ha burned.

The southern Coastal Plain is also a region of rapid
land use change [21] with increasing expansion of residential
areas into forested land [22, 23]. The intermixing of sub-
urban and urban areas, with an extensive road system, into
a working forest landscape poses greater consequences for
escaped prescribed fires and health and safety effects of
smoke [24–27]. This is the dynamic ecological and social
context into which Eucalyptus plantations will be introduced.
Additionally, projections of future climate suggest an in-
creased potential for wildfire in the South [28, 29].

2.2. Fuelbeds. Wildland fuelbed characteristics are complex
both temporally and spatially, and the Fuel Characteristic
Classification System (FCCS) provides a means of classifying
these fuelbeds in terms of their capacity to support fire
and consume fuels [11]. Within FCCS, a fuelbed represents
a relatively homogeneous portion of the landscape that
can be viewed as a distinct combustion environment and
can be used to describe potential fire behavior and effects.
FCCS fuelbeds are organized into six strata: canopy, shrubs,
nonwoody fuels, woody fuels, litter-lichen-moss, and ground
fuels. Version 2.2 of FCCS includes 290 fuelbeds that repre-
sent the major vegetation types of the United States. For a
complete description of how fuelbeds are described in FCCS
the reader is referred to Riccardi et al. [10] and Ottmar et al.
[11].

The initial fuelbed used to begin developing our Eucalyp-
tus plantations is FCCS fuelbed number 165 which represents
a longleaf pine savanna: a mesic to wet savanna with very
open, scattered longleaf pine canopy trees over a diverse
herbaceous layer dominated by grasses and many forb
species, 2-3 years after a prescribed fire. Transforming this
fuelbed into a site suitable for a plantation required removing
the pine overstory, leaving a fuelbed comprised of grasses and
forbs (Table 1).

Development of the Eucalyptus fuelbeds in FCCS follows
de Mar and Adshead [30] in their description of fuel and
fire behavior in Blue Gum (Eucalyptus globulus Labill.) plan-
tations of various ages in Australia. Fuels in their guide are
described in terms of four main layers: surface fuel, near-sur-
face fuel, elevated fuel, and bark fuel [31]. The surface fuel
layer consists of some grasses in younger plantations and
leaf litter, twigs, and shed bark. In FCCS, these fuels are
split among the non-woody (grasses), litter (litter and bark)
and the woody (twigs) strata. The near-surface and elevated
fuel layers are mostly absent in plantations except for prolific
grass growth in new plantations, heavy bark accumulations
in long rotation (10+ years) plantations, or where shrubs
have invaded along edges and in openings. The canopy strata
in FCCS is determined based on stand information such
as percent cover, stand density, tree height, height to live
crown, and diameter at breast height. For purposes of this
study, snags are not considered, and the only ladder fuel
considered is stringybark for plantations older than 6 years.
Eucalyptus plantation fuelbeds were built for 3, 6, and 9 years
old plantations using growth rates following de Mar and
Adshead [30]. Starting from an open grass dominated system

Table 1: Fuel load (Mg ha−1) for initial FCCS fuelbed 165 and
starting point for plantation fuelbeds; fuelbed 165 is typical for a
longleaf pine savanna with a herbaceous layer dominated by grasses
and forbs, burned periodically.

Fuelbed strata
Fuelbed

FCCS 165 Plantation, preplanting

Canopy 0.9 0

Shrubs 2.69 0

Nonwoody 0.9 0.9

Woody 1.57 0

Litter 2.69 0

Ground 2.91 0

(Table 1), Eucalyptus trees are introduced at a stand density
of 1000 trees per ha and planted in rows 3.5 m apart with
2.5 m between trees [31].

Once the plantations are described as FCCS fuelbeds,
the FCCS software provides estimates of fire potential. Fire
potentials in FCCS are summarized by a three -digit number
with each digit representing an index describing an aspect of
fire potential [32]. The first digit is the surface fire behav-
ior potential (FBP), which is based on the Rothermel spread
model [33] as modified by Sandberg et al. [34] to allow
for more realistic descriptions of fuelbeds. The FBP has
three subcomponents: a reaction potential representing the
energy release per unit area per unit time, a spread poten-
tial proportional to the rate of spread, and a flame length
potential estimating flame length under benchmark environ-
mental conditions.

The second digit in FCCS is the crown fire potential
(CFP) that utilizes a conceptual model for crown fire
developed by Schaaf et al. [35] that has its roots in the crown
fire research of Van Wagner [36], Alexander [37], and Scott
and Reinhardt [38]. The CFP is in turn comprised of three
components: (1) initiation potential (the likelihood that a
surface fire will move into the crown), (2) transmissivity
potential (the ability of fire to carry from crown to crown
through a forest canopy), and (3) crown fire rate of spread.

The third digit of a fuelbed’s fire potential in FCCS is
the available fuel potential (AFP) which reflects the ovendry,
combustible biomass. The total AFP is decomposed by
combustion phase (flaming, smoldering, residual). Detailed
descriptions of how each component is calculated can be
found in the FCCS Users Guide [32, 39].

In order to consistently determine fire potential requires
defining a benchmark set of environmental conditions that
includes fuel moisture, topographic slope, and surface wind
speed. The default environmental scenario in FCCS is for
dry fuel conditions defined as BehavePlus fuel moisture (FM)
scenario D2L2 [40]. This benchmark includes the following
fuel moistures: 90% FM for the shrub layer, 60% FM for
herbaceous, 6% FM for the 1 hr fuels, 7% FM for the 10 hr
fuels, and 8% FM for the 100 hr fuels. These fuel moisture
values represent very extreme conditions for the southern
Coastal Plain and the resulting fire behavior ratings should
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Table 2: Fuel load (Mg ha−1) for Eucalyptus plantation fuelbeds at ages 3, 6, and 9 years.

Fuelbed strata 3 yr old 6 yr old 9 yr old

Canopy 5.83 30.48 37.44

Shrubs 0 0 0

Nonwoody 0.9 0.45 0.22

Woody 0 0.5 2

Litter 2 8 14

Ground 0 0 0

Table 3: Fuel load (Mg ha−1) for typical pine fuelbeds in the southeastern United States.

Fuelbed strata

Fuelbed

Slash pine plantation
(FCCS 156)

Longleaf and slash pine
forest with prescribed
burning (FCCS 191)

Longleaf and slash pine
forest with fire exclusion

(FCCS 182)

Canopy 7.17 6.5 11.21

Shrubs 4.26 10.98 17.71

Nonwoody 0.22 0.45 0.45

Woody 13.45 4.04 2.91

Litter 6.5 6.73 11.66

Ground 21.07 9.42 81.6

be viewed as worst case scenario. Slope is 0% slope, and a
midflame wind speed of 6.44 km hr−1 is assumed.

Fire potentials for the modeled Eucalyptus plantations
are compared against three other FCCS fuelbeds common
to the southern Coastal Plain. The first is FCCS fuelbed
number 156 described as typical for a slash pine forest
planted after a clearcut harvest less than 45 years ago; the
stand was commercially thinned within the previous 2 years.
The second FCCS fuelbed, number 191, describes the long-
leaf pine/slash pine/gallberry (Ilex glabra (L.) A. Gray)
forest common throughout the southern Coastal Plain from
Virginia south to Florida and west into Texas. This forest type
is characterized by an open overstory of longleaf pine with
occasional slash pine and a moderate to very dense shrub
layer dominated by gallberry. Prescribed fire is used every 2-
3 years to maintain an open structure and maintain a low
shrub density. The third FCCS fuelbed, number 182, is the
same forest type as the previous longleaf pine and slash pine
forests, except that fire has been excluded for 30 or more years
and a shrub layer has developed.

3. Results

Starting from an open grass-dominated system as described
in the previous section, after 3 growing seasons, the trees
are assumed to reach a height of 5 m with live branches and
leaves retained from the ground up to the crown. As the trees
develop and the canopy begins to close, the fine fuels begin
to shift from being grass dominated to litter dominated as
the canopy begins to shade out the grass. By the age of 6,
the trees are assumed to have grown to a height of 16 m
with a height to live crown of 4 m. Litter and woody debris
are accumulating and adding to the fuel load as is bark
shedding. By the age of 9, the trees are assumed to reach a

height of 20 m with a height to live crown of 15 m. Litter has
continued to accumulate at a rate of 2 Mg ha−1, while woody
debris has accumulated at a rate of 0.5 Mg ha−1. The fuel
loadings from FCCS based on these stand descriptions are
shown in Table 2. For comparison, the fuel loads from FCCS
fuelbeds common to the southern Coastal Plain are shown
in Table 3. The rate of litter accumulation is greater in the
Eucalyptus plantations than in the longleaf pine plantation
that is periodically prescribed to burn and even exceeds the
litter fuel load accumulated in the fire-excluded longleaf pine
fuelbed. The canopy fuel load is an output of FCCS based on
the stand parameters entered; the accumulation of canopy
fuels also differs between the Eucalyptus and the southeastern
pine fuelbeds. Although the Eucalyptus canopy fuel loads
(more than 37 Mg ha−1) appear quite high compared to the
southern Coastal Plain fuelbeds (about 11 Mg ha−1 stand
with fire exclusion), fuelbeds for mature Hawaiian Eucalyptus
plantations in FCCS have canopy fuel loads in excess of
65 Mg ha−1.

The fire potential estimates from FCCS increase for the
Eucalyptus stand between 3 and 6 years of age but drop
slightly between the ages of 6 and 9 (Table 4). The changes
in surface fire behavior potential between ages 3 and 6
reflect the change in the surface fuel strata from grass to
litter dominance. Crown closure between 3 and 6 years
is not a factor because the environmental conditions used
in FCCS specify a midflame wind speed, not an above-
canopy reference level wind. Between 6 and 9 years of
age, the changes in surface fire behavior potential reflect
an increasing fuel load and not a major shift in fuelbed
composition as what happened between years 3 and 6. The
increased mass in the same fuelbed strata leads to increased
reaction potential and slightly reduced spread surface poten-
tial.
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Table 4: FCCS fire behavior potentials for eucalyptus plantations at 3, 6, and 9 years after planting. FCCS potentials are index values.

3 yr old 6 yr old 9 yr old

Surface fire behaviour potential 4 7 6

Reaction potential 2.4 1.8 2.3

Spread potential 3.7 7.3 6.4

Flame length potential 2.1 2.5 2.8

Crown fire potential 1 6 6

Initiation potential 0 2.3 1.7

Transmissivity potential 0 7.7 8.9

Spread potential 3.2 9 8.6

Available fuel potential 1 3 4

Flame available fuel potential 0.6 2.8 3.6

Smoldering available fuel potential 0 0 0

Residual available fuel potential 0 0 0

FCCS fire potential code 411 763 664

Flame length (m) 0.34 0.49 0.61

Spread rate (m hr−1) 62.18 245.06 184.71

Table 5: FCCS fire behavior potentials for fuelbeds typical of the southeastern United States. FCCS potentials are index values.

Slash pine
plantation (FCCS

156)

Longleaf and slash
pine forest with
prescribed fire

(FCCS 191)

Longleaf and slash
pine forest with

fire exclusion
(FCCS 182)

Surface fire behaviour potential 4 7 8

Reaction potential 5.1 7.9 9

Spread potential 4.2 6.9 7.8

Flame length potential 3.8 5.7 6.4

Crown fire potential 3 2 4

Initiation potential 2.7 3.1 3.4

Transmissivity potential 7.2 0 7.2

Spread potential 2.1 2.7 3.5

Available fuel potential 3 2 6

Flame available fuel potential 1.6 1.4 1.9

Smoldering available fuel potential 1 0.4 3.7

Residual available fuel potential 0.1 0.1 0.3

FCCS fire potential code 433 722 846

Flame length (m) 0.91 2.44 3.14

Spread rate (m hr−1) 80.47 217.63 279.81

Another major difference in fire potential between age 6
and 9 is reflected in the decline in the initiation potential for
a crown fire. By age 6, crown closure has increased the trans-
missivity and spread potentials for the stand, but the absence
of a shrub layer and the negligible amount of bark shedding
keeps the initiation potential relatively low. By the age of 9,
despite increased bark shedding, the absence of a shrub layer
that would capture the bark and create a significant layer of
ladder fuels, along with an increased height to live crown,
further reduces the initiation potential. Note, however that in
the event of initiation (ignition of the crown) the potentials
for transmissivity and spread for a crown fire are very
high.

FCCS surface fire behavior potentials do not show any
major differences between the Eucalyptus plantations and the
fuelbeds common to the southern Coastal Plain (Table 5).
The southern pine forest fuelbeds appear likely to present a
greater suppression problem than the Eucalyptus plantations
due to similar spread rates but greater reaction potentials and
flame lengths. In regard to crown fire, the southern Coastal
Plain fuelbeds show higher initiation potentials but generally
lower transmissivity and spread potentials. The longleaf and
slash pine forest with unmanaged fuels (FCCS fuelbed 182)
presented the greatest fire potential of any of the fuelbeds.
The Eucalyptus plantations did not present an appreciable
difference compared to the other southern pine fuelbeds.
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Table 6: Effect of introducing a shrub layer on FCCS fire behavior potentials for 9 yr old eucalyptus plantation, as compared to a
longleaf/slash pine stand with the shrub layer managed by periodic prescribed burning.

9 yr old eucalyptus
plantation

9 yr old eucalyptus
plantation with

shrub layer

Longleaf and slash
pine forest with

prescribed burning
(FCCS 191)

Surface fire behaviour potential 6 7 7

Reaction potential 2.3 4 7.9

Spread potential 6.4 7.9 6.9

Flame length potential 2.8 4.2 5.7

Crown fire potential 6 6 2

Initiation potential 1.7 3.1 3.1

Transmissivity potential 8.9 8.9 0

Spread potential 8.6 9 2.7

Available fuel potential 4 4 2

Flame available fuel potential 3.6 3.9 1.4

Smoldering available fuel potential 0 0 0.4

Residual available fuel potential 0 0 0.1

FCCS fire potential code 664 764 722

Flame length (m) 0.61 1.31 2.44

Spread rate (m hr−1) 184.71 248.7 217.63

Even though the Eucalyptus fuelbeds did not differ mark-
edly from the southern pine fuelbeds with regard to surface
fire behavior, the crown fire potential could be a concern as
the transmissivity and spread potentials for the Eucalyptus
fuelbeds are so high. The only factor mitigating the crown
fire potential for the Eucalyptus is the low initiation poten-
tial. One assumption made in constructing the plantation
fuelbeds was that the shrub layer would be suppressed in
some manner (most likely by herbicides in commercial
Eucalyptus plantations). Although shrubs are not likely to
proliferate under closed Eucalyptus canopies, the level of
undergrowth suppression can vary by Eucalyptus species and
water availability [41]. To test the impact of this assumption,
the shrub layer from the longleaf pine forest managed with
prescribed fire was introduced into the 9-year-old Eucalyptus
plantations (Table 6). The introduced shrub layer increased
all aspects of surface fire behavior potential and raised the
crown fire initiation potential to equal that of the managed
pine forest. Without the shrub layer, it was possible to
somewhat dismiss the crown fire potential of the Eucalyptus
stands due to the low initiation potential; however, the
introduced shrub layer raises the initiation potential to levels
equivalent to the other southern Coastal Plain fuelbeds
except that the potential crown fire behavior in the event of
ignition is much more severe.

4. Discussion

Surface fire behavior in young Eucalyptus plantations differs
little from surface fires in fuels common to the pine forests
in the southern Coastal Plain. Eucalyptus is better known,
however, for its crown fires and spotting behavior. The FCCS
crown fire potential reflects this rather well; after 6 years, a

Eucalyptus plantation scores higher than any of the typical
southern pine fuelbeds in transmissivity and spread poten-
tial. The crown fire initiation potential in the plantation
environment is lower than in naturally regenerated stands as
it is assumed that the higher tree density and possible man-
agement actions will suppress the shrub layer and thereby
limit the development of an elevated fuel layer. If a shrub
layer does develop, the initiation potential will be comparable
to the native fuelbeds and will therefore increase the fire risk
of a Eucalyptus plantation above that of the other fuel types.

It is difficult to compare the fuel loads in these hypo-
thetical fuelbeds with those of Project Vesta [42], a major
effort to characterize and model fire behavior in Australian
Eucalyptus forests, as the projections of changes in fuel
load through time made in Project Vesta are for established
Eucalyptus forests recovering after a fire rather than freshly
planted plantations. However it does appear that our fuel
load estimates are greater. In Project Vesta, the mean rate
of surface accumulation over the first ten years following a
fire was approximately 1 Mg ha−1, half the rate used in the
current study. Surface fuel accumulation rates given by de
Mar and Adshead [30] ranged from 1 to 2 Mg ha−1, putting
Vesta estimates at the low end of accumulation rates and the
current study at the high end. As our intent was to supply
information on changes in fire risk, erring toward the high
end is preferable as it will bias our fire potential estimates
towards a worst case event.

All fire behavior potentials produced using FCCS
assumed a default set of environmental conditions. Compar-
ison of these conditions to the historical weather conditions
found in the Southern Wildfire Risk Assessment [43] reveals
that the conditions in FCCS are fairly representative of
the 97th percentile conditions used in the risk assessment
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for the southern Coastal Plain [43]. Although a minor
fraction of fires in the southern Coastal Plain occurs at
these moisture levels, nevertheless the majority of hectares
burned by wildfires happens under the most extreme weather
conditions. While it is true that most wildfires ignited by
lighting occur during the wet season, most of the area burned
by these fires occurs at the very start of the wet season when
fuels are at their driest. Additionally most wildfires in the
southern Coastal Plain are human caused [18]. Even though
the FCCS weather conditions reflect severe conditions in the
southern Coastal Plain fairly well, these conditions are at the
lower end for extreme fire behavior in Eucalyptus observed in
other parts of the world such as Australia [44].

Under more extreme burning conditions, many fire
behavior predictions in Eucalyptus underestimate the rate of
spread often by factors of 2 or more [45–47]. This raises
concern that the FCCS surface fire behavior potentials may
underestimate the potential fire risk for Eucalyptus planted in
the southern Coastal Plain. Even though the rates of spread
presented in this paper are consistent with other published
studies, our environmental conditions are near the point
where the discrepancies in rate of spread begin to appear.

Introducing select Eucalyptus species into the fire-prone
landscape of the southern Coastal Plain raised the specter of
altered fire behavior and greater risk of destructive wildfire,
given the nature of wildfires in Australia where Eucalyptus
are native. Although there is little empirical information on
the fire behavior in Eucalyptus plantations under the weather
conditions found in the southern Coastal Plain, our model-
ing effort focusing on fire behavior at the stand level suggests
that little may differ from current conditions, given the
flammable nature of the native pine species. Because we did
not examine the potential for fire to spread from one stand
to the next, two caveats temper this preliminary conclusion.
The crown fire potential of Eucalyptus species is severalfold
greater than pine, once a crown fire is initiated. This suggests
that management of the shrub layer will be critical to avoid
extreme fire behavior in Eucalyptus plantations. Further,
we could not effectively estimate whether bark shedding
of Eucalyptus would increase spotting behavior over that
found in pine plantations; much depends on the nature of
the environment into which firebrands are launched, the
distance away, and the nature of the bark [48].

Eucalyptus species vary greatly in their bark character-
istics, and species with stringy or fibrous bark present a
significant spotting potential [48]. Messmate stringybark
(E. oblique L’Hér.) for example is well recognized for its
intense spotting up to as much as 4 km [49]. Gum bark
eucalypts, on the other hand, are not regarded in Australia
as especially hazardous, but some members of this group,
the candlebarks such as E. globulus Labill., are seen in
other countries to exhibit significant spotting behavior [49].
Nevertheless, the implications for managing Eucalyptus to
avoid increased fire risk are for short rotation, consistent with
pulpwood or bioenergy production. Site preparation with
effective competition control and harvesting within 10 years
should remove Eucalyptus trees before they are old enough
to shed significant amounts of bark or tall shrub layer forms.
Managed as a short-rotation woody crop in the southern

Coastal Plain, Eucalyptus stands will likely be harvested
before bark shedding leads to a significant spotting problem.
A worst case scenario would be if Eucalyptus plantations are
abandoned from active management due to changing market
conditions or other factors. Changes in climate, moreover,
could result in more extreme fire behavior under projected
hotter and drier conditions [28, 29].

Our modeling provides a preliminary answer to the
question we posed: how fire behavior at the stand level
would be affected by deployment of Eucalyptus species in
the southern Coastal Plain? Future work should focus on
possible effects on fire risk in the landscape. As it becomes
clear which species have the greatest commercial potential for
widespread planting, it will be possible to better predict their
spotting potential and evaluate the applicability of available
models of firebrand production and dispersal [42, 44] to
current and future conditions in the southern Coastal Plain.
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Many agricultural species have undergone selection for traits that are consistent with those that increase the probability that a
species will become invasive. However, the risk of invasion may be accurately predicted for the majority of plant species tested
using the Australian Weed Risk Assessment (WRA). This system has been tested in multiple climates and geographies and, on
average, correctly identifies 90% of the major plant invaders as having high invasion risk, and 70% of the noninvaders as having
low risk. We used this tool to evaluate the invasion risk of 38 Eucalyptus taxa currently being tested and cultivated in the USA for
pulp, biofuel, and other purposes. We predict 15 taxa to have low risk of invasion, 14 taxa to have high risk, and 9 taxa to require
further information. In addition to a history of naturalization and invasiveness elsewhere, the traits that significantly contribute to
a high invasion risk conclusion include having prolific seed production and a short generation time. Selection against these traits
should reduce the probability that eucalypts cultivated in the USA will become invasive threats to natural areas and agricultural
systems.

1. Introduction

Global travel and trade have resulted in unprecedented
introductions of nonnative species [1, 2]. Furthermore,
many agronomic and silvicultural species are being selected
and bred for rapid growth, high fecundity, and tolerance to a
wide range of climatic and environmental conditions [3, 4].
These traits are the same as those of many invasive species,
thus there is increasing concern that cultivated species may
become invasive [5]. Because biological invasions can have
considerable ecological and economic costs [5, 6], accurately
predicting which introduced species are likely to become
invasive can have significant benefits.

As the majority of the ecological and economic impacts
are caused by a relatively small proportion of nonnative
species that become harmful invaders [4, 7], tools that
differentiate this group from the non-invasive majority are
critical. One such tool, the Australian Weed Risk Assessment
(hereafter WRA) [8], was developed in Australia and has
been used for regulatory purposes for over a decade. This
system has now been tested in temperate, tropical, island,

and continental geographies and appears to have comparable
accuracy across regions [9]. On average across these tests,
the WRA correctly identified 90% of the harmful plant
invaders as of high invasion risk and 70% of the noninvaders
as having low risk [9]. Roughly 10% of each of the
noninvaders and the harmful invaders were misclassified,
with the remainder requiring further evaluation. This WRA
discriminates between invaders and noninvaders indepen-
dently of the proportion of species in either category, which
is important because the true proportions are unknown but
are clearly dominated by noninvaders [9, 10]. While concerns
about this base-rate, misclassifications and bias have been
raised about the WRA and other predictive tools [11], the
ecological and economic value of prevention supports the
implementation of a proactive approach [12]. The cost
savings for Australia associated with implementation of the
WRA were conservatively estimated to save up to US$1.67
billion over 50 years [13].

Eucalyptus species (Myrtaceae) are widely cultivated in
subtropical and tropical regions for reforestation, production
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of timber, pulp, and other forest products, and increasingly,
as potential bioenergy feedstocks [14, 15]. Several species,
hybrids, and genotypes (hereafter “taxa”) of eucalypts show
rapid growth across a wide range of environments [16].
Selection and genetic modification are increasing that range,
focused on a potential need for 20 million tons/year from
Eucalyptus for pulp and biofuel production in the Southern
USA alone by 2022 [17]. As a result, 5,000 to 10,000 ha/year
may be converted to commercial Eucalyptus plantations in
this region [17].

More than 200 Eucalyptus taxa have been screened for
cultivation outside their native range over the last 180 years
[18]. Only a few of these have become harmful invaders,
including E. globulus [15, 19], E. megacornuta [20], E.
camaldulensis [21, 22], E. grandis [21, 22], E. conferruminata
[15, 22], E. robusta [15], and E. diversicolor [22]. Corymbia
citriodora (C. maculata), E. cinerea, E. cladocalyx, E. tereti-
cornis, and E. saligna have also been identified as invasive
[15, 22].

The relatively small proportion of eucalypts introduced
that has become invasive (∼5%) may reflect the frequency
and extent of cultivation, number of propagules introduced,
or geographic range of introduction (propagule pressure
sensu [27]), rather than increased likelihood of invasion
risk of these taxa [15]. Three of the species identified as
invaders above are among the four species (E. camaldulensis,
E. globulus, E. grandis, and E. urophylla) and their hybrids
that represent 80% of global Eucalyptus plantations [14].
The majority of taxa that have become invasive belong to
the subgenus Symphyomyrtus [15], so there may be specific
biological traits that influence invasion risk. As cultivation
of eucalypts is anticipated to increase in the USA, predicting
and avoiding those taxa that are likely to become expensive
and damaging invasive species would be beneficial.

Given the increasing focus on eucalypts for pulp and
bioenergy crop production in both the USA and elsewhere
[14, 16], we have selected a suite of Eucalyptus taxa for
evaluation using the WRA. As these taxa have already been
introduced into the USA and received some testing for
forestry production, they do not represent a random sample
within this genus. Despite their intended use for forest
products and biomass, we hypothesized that high and low
risk taxa may be identified using the WRA. Assuming that
some of these taxa are likely to be cultivated despite the
potential for substantial external costs associated with unin-
tended escape and invasion, we identified the traits that were
most closely associated with the high risk invasion group.
We suggest that selection against those traits could reduce
invasion risk as cultivation of eucalypts in the USA increases.

2. Methods

We selected 38 Eucalyptus taxa (Table 1) that had pre-
viously been evaluated using the WRA in Hawaii, the
Pacific, or Florida for which the results are available online
(http://www.hear.org/pier/, http://plants.ifas.ufl.edu/assess-
ment/predictive response forms.html). Inclusion in previ-
ous assessments likely indicates current or historic interest in
those taxa for cultivation. These assessments were conducted

at the regional scale across limited environmental conditions,
but they provided an initial source of the literature and data
for each taxon. Furthermore, we found more recent data to
address several of the questions than were available when the
original assessments were completed.

We followed the published guidance available for use
of the WRA [28], which was modified for application in
the USA [29]. Like the original WRA, this system has
49 questions that address historical, biogeographical, and
biological traits of the species. Responses to the questions
result in points ranging from −3 to 5, with the majority
ranging from −1 for negative responses to 1 for positive
responses [8]. At least 10 questions from the three categories
of questions with specified distribution must be addressed
for completion of the WRA. The points are summed for a
total score with the corresponding conclusions: scores below
one indicate that the species has a low risk of being invasive;
scores of one through six indicate that further evaluation is
necessary before risk level may be concluded; scores above six
indicate the species has a high risk of becoming invasive [8].
We used the secondary screen for species requiring further
evaluation [23] to resolve the risk level where possible.

Sources of information included primary literature
from forestry, biological and invasive species references,
floras and websites for different regions of the world, and
the U.S. Department of Agriculture (USDA) Germplasm
Resources Information Network [30] and USDA PLANTS
[31] databases. Natural distribution of eucalypts was deter-
mined from Australian floras [32, 33]. All data, including evi-
dence and references used to develop scores, are archived and
available (http://plants.ifas.ufl.edu/assessment/predictive re-
sponse forms.html).

We assumed that any published information for a species
or hybrid applied to the taxon of that name. Unless we had
specific information about seed dispersal, we assumed that
all taxa had negligible wind dispersal, but could be water
dispersed [15]. Additionally, we assumed that seeds are not
dispersed through animal ingestion because Eucalyptus seed
does not survive the alimentary canal [34]. We also answered
negatively about presence of a persistent propagule bank [15]
for all taxa. Responses to all other questions were based on
taxon-specific data; questions were left blank if no data were
available.

The WRA results allowed us to identify Eucalyptus taxa
with the lowest and the highest risk for invasion. We used
regression analyses (Proc REG, SAS Enterprise, 2010) to
investigate whether the total WRA score was dependent
on the number of questions answered for each taxon
independently and all taxa combined. We also identified
the questions that differentiated taxa with low and evaluate
further conclusions (scores ≤ 6) from high risk taxa (scores
> 6) using Welch’s t-tests for samples with unequal variances
(Proc t-test, SAS Enterprise, 2010).

3. Results

We were able to complete the WRA for all taxa, answering
an average of 28 questions (range: 23–35). The scores varied
from –3 to 18 across taxa (Figure 1). Out of the 38 taxa,
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Table 1: Taxa assessed using the Weed Risk Assessment (WRA) modified for the USA [22], with WRA results from other assessments for
comparison.

No.a Species Subgenus USA score Other published score(s) Risk level

1 Eucalyptus dorrigoensis Symphyomyrtus −3 — Low

2 Eucalyptus dunnii Symphyomyrtus −2 0b Low

3 Eucalyptus salubris Symphyomyrtus −1 −3b, −2c Low

4 Eucalyptus amplifolia Symphyomyrtus 0 2d Low

5 Eucalyptus benthamii Symphyomyrtus 0 — Low

6 Eucalyptus stoatei Symphyomyrtus 0 −2b Low

7 Eucalyptus cloeziana Idiogenes 1 −1b Lowe

8 Eucalyptus nitens Symphyomyrtus 1 — Lowe

9 Eucalyptus smithii Symphyomyrtus 1 — Lowe

10 Eucalyptus caesia Symphyomyrtus 1 0b Evaluate

11 Eucalyptus gardneri Symphyomyrtus 2 0b Lowe

12 Eucalyptus gunnii Symphyomyrtus 2 — Lowe

13 Eucalyptus erythrocorys Eudesmia 2 6b Evaluate

14 Eucalyptus platypus Symphyomyrtus 2 0b Evaluate

15 Eucalyptus pellita Symphyomyrtus 3 3b Evaluate

16 Eucalyptus kruseana Symphyomyrtus 4 0b Lowe

17 Eucalyptus macrocarpa Symphyomyrtus 4 3b Lowe

18 Eucalyptus urograndis (=E. grandis X E. urophylla) Symphyomyrtus 4 — Evaluate

19 Eucalyptus microcorys Alveolata 5 1b, 0c Lowe

20 Eucalyptus torquata Symphyomyrtus 5 −1b Lowe

21 Eucalyptus intermedia (=Corymbia intermedia) Corymbia 5 1b Evaluate

22 Eucalyptus yarraensis Symphyomyrtus 5 1b Evaluate

23 Eucalyptus crebra Symphyomyrtus 6 −1b, −1c Evaluate

24 Eucalyptus macarthurii Symphyomyrtus 6 — Evaluate

25 Eucalyptus cinerea Symphyomyrtus 7 4b High

26 Eucalyptus paniculata Symphyomyrtus 7 11b, 6c High

27 Eucalyptus sideroxylon Symphyomyrtus 7 2b High

28 Eucalyptus urophylla Symphyomyrtus 7 4b High

29 Eucalyptus deglupta Symphyomyrtus 8 2b High

30 Eucalyptus saligna Symphyomyrtus 9 7b High

31 Eucalyptus grandis Symphyomyrtus 10 11b, 8d High

32 Eucalyptus tereticornis Symphyomyrtus 10 5b High

33 Eucalyptus viminalis Symphyomyrtus 10 — High

34 Eucalyptus robusta Symphyomyrtus 11 3b, −1c High

35 Eucalyptus citriodora (=Corymbia citriodora) Corymbia 12 9b, 6c High

36 Eucalyptus torelliana (=Corymbia torelliana) Corymbia 13 4b High

37 Eucalyptus camaldulensis Symphyomyrtus 18 12d High

38 Eucalyptus globulus Symphyomyrtus 18 10b High
a
The taxon number corresponds to the number on the bars in Figure 1.

b[23, 24]: Hawaii and Pacific.
c[25]: Tanzania.
d[26]: U.S.
eOutcome determined after use of the secondary screen [23].

15 (39%) were determined to have a low probability of
invasion, 14 (37%) were predicted to have high probability
of invasion, and 9 (24%) required further information
(Table 1), even after use of the secondary screen. Several
of our predictions (33%) were different from WRA results
found previously for the USA and other regions (Table 1),
reflecting both the availability of new published data and

differences in how the WRA was implemented. All our
scores were higher than those found by earlier assessments.
In several cases, we found new evidence that a taxon has
naturalized beyond its native range (e.g., for E. robusta, E.
deglupta, and E. tereticornis), explaining a difference of 2 to 4
points. Other authors also responded negatively (incurring
negative points) to some questions when they found no
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Figure 1: Distribution of Weed Risk Assessment (WRA) scores of 38 Eucalyptus taxa evaluated for the USA. Scores < 1 suggest that the taxon
is a low risk for invasion; scores of 1–6 indicate that the taxon requires further evaluation unless a secondary screen [23] allowed resolution
to a risk outcome; scores > 6 suggest that the taxon is a high risk for invasion [8]. See Table 1 for identification of the taxon associated with
each score. Numbers within bars correspond to numbers in the first column of Table 1.

affirmative data. In this case, we were more likely to leave
the question unanswered (0 points) following the WRA
guidance [28]. We have not presented Florida WRA results
in this comparison (http://plants.ifas.ufl.edu/assessment/) as
our group conducted those regional analyses.

Across all taxa, total scores were dependent on the
number of questions answered (n = 38, P = 0.03, r2 = 0.13;
Figure 2). However, this relationship was not found for taxa
predicted to be of high risk (n = 14, P = 0.10, r2 = 0.20) or
for those needing further evaluation or low risk for invasion
(n = 24, P = 0.21, r2 = 0.07). Taxa for which we could answer
high numbers of questions but were designated as low risk
included E. dunnii (31 questions answered), E. macarthurii
(31), E. nitens (32), E. benthamii (34), and E. gunnii (34).

Not surprisingly, traits associated with whether the taxon
has been introduced and invasive elsewhere (naturalized
beyond its native range, invasive in disturbed, agricultural,
or natural areas) were disproportionately (P < 0.0001, P =
0.0009, P = 0.04, and P = 0.02, resp.) associated with
high risk taxa (Figure 3). Other traits contributing to the
invasive conclusion included short generation time (df =
16, t = 2.13, P = 0.045) and prolific seed production (df
= 5, t = 3.16, P = 0.025) (Figure 3). Absence of a specific
pollinator requirement (P = 0.08) and seed dispersal by
animals (invertebrates; seed not ingested) (P = 0.08) also
contributed to prediction of high risk for invasion.

4. Discussion

The majority of eucalypts assessed was determined to present
a low risk for invasion or required further evaluation
(collectively, 63%). Conversely, over a third of the taxa
(37%) were predicted to pose a high invasion risk. While
this percentage would be unexpectedly high if the taxa
had been randomly selected from all possible eucalypts
[7], higher proportions are not unusual for forestry species
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Figure 2: Relationship between the number of questions answered
and the WRA score for Eucalyptus taxa assessed.

cultivated over large areas. For example, 24% of the species
introduced to Australia for forestry have naturalized, and
17% have become harmful invaders [35]. Forestry species
represent 13% and 24% of the invasive species flora in
North America and Europe, respectively [4]. Twenty percent
(22/110) of Pinus species are invasive outside their native
ranges [4]. Overall, tree species with multiple uses are
disproportionately likely to be invasive [4].
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Figure 3: WRA questions on invasion history elsewhere or specific
traits with responses (mean ± SE) that significantly (P < 0.05)
differentiated taxa that scored ≤6 (low risk or requiring further
evaluation) from >6 (high risk).

Of the Eucalyptus taxa we evaluated, more were predicted
to have a high risk of invasion than are currently recognized
as harmful invaders. This result may be due to the lag time
often observed with invasion [36]. The only study that has
quantified the lag time in invasive tree species found that
it takes an average of 170 years from the time of their
introduction to identification as invasive [37]. That lag can
result from several factors, from intrinsic rates of population
growth, to selection for tolerance to the new environment,
to changes in climate or other environmental or biotic char-
acteristics [37]. Propagule pressure has been demonstrated
to influence the lag time and the probability of invasion
as more genotypes are introduced into more environments,
increasing the opportunity for taxa to encounter a situation
favorable for population growth [27, 38].

Invasion by eucalypts has been contrasted with that by
pines as likely resulting more from propagule pressure than
from biological traits [15]. While the four globally most
extensively cultivated taxa: E. globulus, E. camaldulensis, E.
grandis, and E. tereticornis [15, 17] had high risk outcomes,
so did a number of other taxa. Eucalyptus urograndis, the
other most frequently cultivated taxon [17], requires further
evaluation before risk can be assessed. Significant reliance of

the WRA on whether the taxon is invasive outside its native
range (Figure 3) supports the contribution of propagule
pressure to invasion risk. However, traits of specific taxa and
characteristics of introduction sites may also be critical.

While our evaluation was conducted at the national scale
because eucalypts are cultivated in multiple states and terri-
tories, the majority of new cultivation is likely to be across
the southeastern states [17]. Thus, as discussed previously,
a more regional assessment may provide greater resolution
of these outcomes for different species (Florida WRA
results by region at http://plants.ifas.ufl.edu/assessment/).
Differences in phenology, age at reproductive maturity,
seed viability, and cold tolerance will certainly impact the
potential invasiveness of species and genotypes. As the
acreage planted in Eucalyptus increases, the potential for
spread from plantations will be better understood. Moreover,
the active selection for genotypes that are cold tolerant and
have desirable growth and wood characteristics (e.g., [14])
means that although some species have been introduced
for many years, novel genotypes with unknown invasiveness
are being propagated. As a result, the list of Eucalyptus
taxa currently considered invasive in the USA may not be
indicative of the long-term invasion risks from this genus.

The differences in WRA outcomes between our work
and earlier assessments (Table 1) contrast with reports of
the generality of WRA predictions across geographies with
similar climates [39]. Although we sought to conservatively
interpret the literature and answered questions only when
we found specific evidence, our scores are consistently
higher than those from other efforts. However, several
recent publications (e.g., [4, 15, 16]) provided data not
available to earlier studies. Additionally, the greater range of
environments in the US versus a more regional scale effort
increased the potential habitat suitability for some taxa.
Improvements in both of the available data and guidance
for application of the WRA and the secondary screen
should reduce discrepancies in scoring and the probability
of cognitive bias [11], increasing the reliability of the WRA
results. We found only a weak correlation between WRA
score and the number of questions answered when data for
all conclusions were combined (Figure 2), indicating that
risk prediction is largely independent of the amount of data
available on taxa (see also [23]).

The hypothesis that taxa in the subgenus Symphyomyrtus
are likely to be more invasive than taxa in other subgenera
[15] is not supported by our data. While we had insufficient
numbers of taxa in other subgenera to specifically test this
hypothesis, taxa in this subgenus spanned the range of low to
high risk results (Table 1). This suite of species suggests that
Symphyomyrtus taxa are more likely to be cultivated than taxa
from other subgenera (see also [15]).

Of the eucalypts that are currently most likely to be
cultivated in the Southern USA [40], four (E. amplifolia,
E. benthamii, E. dunnii, and E. dorrigoensis) are predicted
to be low invasion risks, and two (E. camaldulensis and
E. viminalis), high risks. The remaining two taxa likely
to be cultivated (E. macarthurii and E. urograndis) need
further evaluation. Eucalyptus grandis, E. robusta, and
E. saligna, which have also received increasing attention
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[14, 41], are all predicted to pose a high risk of invasion.
We suggest a precautionary approach for using eucalypts
in pulp, bioenergy, and other products by focusing on the
taxa that have a low probability of becoming invasive [42]
or by selection against traits likely to increase invasion risk
(Figure 2).

Examination of the WRA results for high risk taxa
may indicate specific traits that may be modified through
plant breeding or genetic alteration that significantly reduce
that risk [43, 44]. Selection, plant breeding, and genetic
modifications have been used to reduce the probability of
invasion in other taxa [3, 43, 44]. The biofuel grass hybrid
Miscanthus × giganteus is sterile, unlike one of its highly
invasive parents, Miscanthus sinensis [43]. Allelopathy, a trait
that can support invasiveness, has been modified in species
such as rice (Oryza sativa) [45]. Not surprisingly, our results
suggest that reducing fecundity would reduce the probability
that taxa will become harmful invaders. While reducing
the time to maturity may negatively influence productivity,
eliminating seed production appears feasible [46–48] and
would effectively eliminate concerns about invasion.

If predicted high risk eucalypts are cultivated, those
plantings should be treated as experimental testing of
the predictions made by the WRA [49]. Maximizing the
utility of that approach would require careful tracking of
seedling establishment over multiple decades. These data are
critical for evaluation of the actual invasiveness of taxa and
refinement of weed risk assessment approaches.

5. Conclusions

Given the growing interest in identifying and cultivating
bioenergy crop species, the WRA is increasingly being
used to evaluate the invasion risk of those species (e.g.,
[24, 26, 42, 43]). An accompanying approach is to spec-
ify the best management practices that reduce invasion
risk. These practices might span from taxon selection as
described above, to cultivation and monitoring practices.
Examples for eucalypts may be to avoid cultivation near
waterways [15] and manage plantations to reduce seed
production, including harvesting stems prior to seed mat-
uration (see additional specific and limited uses for E.
grandis cultivars identified by the University of Florida
at http://plants.ifas.ufl.edu/assessment/conclusions.html). If
the risk of invasion is outweighed by the likely benefits,
creation of a fund designed to cover any necessary control
costs for species with WRA scores > 6 would be advisable.
If propagule pressure is the key to invasiveness in eucalypts
[15, 38], one approach might be to restrict the extent of
cultivation of any one taxon. However, the key to avoiding
costly invasion impacts will likely be selection for sterility
and vigilant control of even apparently slow spread from
cultivation sites.
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A challenge in the development of renewable energy is the ability to spatially assess the risk of feedstock supply to conversion
facilities. Policy makers and investors need improved methods to identify the interactions associated with landscape features,
socioeconomic conditions, and ownership patterns, and the influence these variables have on the geographic location of potential
conversion facilities. This study estimated opportunity zones for woody cellulosic feedstocks based on landscape suitability and
market competition for the resource. The study covered 13 Southern States which was a segment of a broader study that covered 33
Eastern United States which also included agricultural biomass. All spatial data were organized at the 5-digit zip code tabulation
area (ZCTA). A landscape index was developed using factors such as forest land cover area, net forest growth, ownership type,
population density, median family income, and farm income. A competition index was developed based on the annual growth-to-
removal ratio and capacities of existing woody cellulosic conversion facilities. Combining the indices resulted in the identification
of 592 ZCTAs that were considered highly desirable zones for woody cellulosic conversion facilities. These highly desirable
zones were located in Central Mississippi, Northern Arkansas, South central Alabama, Southwest Georgia, Southeast Oklahoma,
Southwest Kentucky, and Northwest Tennessee.

1. Introduction

Energy, its availability and use, is fundamental to a sustain-
able economy. The 20th century was marked by rapid growth
and increased prosperity in the world. By 2020, the world’s
energy consumption is predicted to be 40% higher than it is
today [1]. Key sources of oil are located in complex geopo-
litical environments that increase economic risk. Since the
1970s, macroeconomists have viewed changes in the price of
oil as an important source of economic fluctuations, as well
as a paradigm for global shock, likely to affect many econo-
mies simultaneously [2].

Renewable energy is projected to be one of the fastest
growing industries in the US agricultural and forest sectors.
As Elbehri [3] noted replacing petroleum products with bio-
based fuels and energy presents several technical, economic,
and research challenges, one of which is the availability
of biomass feedstock. Elbehri [3] also noted that lack of

biomass production capacity, high relative costs of pro-
duction, logistics, and transportation of feedstocks are all
potential constraints that need to be better understood. This
study directly addresses Elbehri’s [3] thesis by developing
physical landscape and socioeconomic data for use by deci-
sion-makers interested in identifying opportunity zones for
biomass-using facilities.

A plethora of literature exists on the economic availabil-
ity of biomass [4–18]. A recent report by the US Department
of Agriculture and Department of Energy concluded that 1.3
billion tons of biomass are available annually for energy pro-
duction [18, 19].

A major difficulty addressed in this study that biomass
production and access to this biomass in the field are not
always directly related in a spatial context to decision-
makers interested in mill siting. Improved information and
methods for biomass markets that display and visualize the
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costs of supply and logistics from farm to forest gate to
collection or conversion facilities may improve knowledge
essential for market formation. The supply of biomass may
be more constrained when relying on a supply network that
is independent of the production facility for the raw material,
for example, facility relies on gate prices and does not have
company or contract-engaged suppliers. Decisions made in
response to societal objectives frequently result in (more
or less) permanent physical occupation of areas of land,
for example, buildings, roadways, preserves, and so forth.
Therefore, emerging opportunities that compete against
existing uses of property or raw resources are often socially
constrained or permanently denied regardless of economic
viability.

This study identifies opportunity zones in a spatial
context for woody cellulosic feedstocks available to potential
conversion industries, for example, biorefineries, wood pellet
mills, biopower, and so forth. The opportunity zones are
derived from the use of landscape suitability and competition
indices. Landscape features (measure to which a competing
land use is physically restricted by current land use) may
adversely impact economically viable competing uses of
property and thereby restrict biomass access and positive
location decisions. Spatial competition is particularly impor-
tant for access to biomass resources. Existence of competing
biomass using facilities reduces the probability of making
a positive location decision and this impact decreases with
distance from competition.

Specific objectives of the study were (1) compile data
on the physical and socioeconomic characteristics of the
landscape and display this data in a spatial context at the
5-digit zip code tabulation resolution for 33 eastern United
States; (2) develop an index from the spatial data that would
discriminate the landscape to identify opportunity zones
for biomass-using facilities; and (3) integrate objectives (1)
and (2) with the Biomass Site Assessment Tool (BioSAT),
http://www.biosat.net/, as an example of application of the
spatial data for practitioners.

2. Methods

2.1. Datasets. This study involved organizing large volumes
of data collected from various sources, including the US
Census Bureau [20], US Forest Service [21], US National
Land Cover Database [22], US National Elevation Dataset
[23], US Department of Agriculture National Agricultural
Statistic Service [24], US Environmental Protection Agency
[25], and state mill directories.

Another resource that was used to illustrate how this
data could be helpful to possible users was the integration
of the BioSAT model with the study [26]. The BioSAT model
was used in this study to estimate the availability of woody
cellulose for procurement zones within a 128.8 km (80 mile)
one way travel distance which may not be concentric, that is,
the shape of such zones rely on the available transportation
network and biomass supply. National forests, parks, urban
areas, and other restricted areas were not considered in
BioSAT when estimating availability. Travel times and dis-
tances were estimated from Microsoft MapPoint 2006. Road

networks in MapPoint were a combination of the Geographic
Data Technology, Inc. (GDT) and Navteq data. GDT data
were used for rural areas and small to medium size cities
(e.g., rural paved two-lane roads, privately owned driveway,
pedestrian walkway). Navteq data were used for major
metropolitan areas (e.g., roads with turn restrictions, physical
barriers and gates, one-way streets, restricted access and relative
road heights). In the BioSAT model, estimates of all-live
total biomass, as well as average annual growth, removals,
and mortality were obtained from the Forest Inventory and
Analysis Database (FIADB) version 3.0.

All records were organized at the US Census Bureau 5-
digit ZIP Code Tabulation Area (ZCTA) level [20]. There
were 10,016 ZCTAs in the 13-state (Alabama, Arkansas,
Florida, Georgia, Kentucky, Louisiana, Mississippi, North
Carolina, Oklahoma, South Carolina, Tennessee, Texas, Vir-
ginia) study region which corresponded to 10,016 potential
analytical polygons or opportunity zones for biorefineries
using woody cellulose. The average area size for 5-digit
ZCTAs in the 13-state study regions was 209.84 km2. Twelve
variables (Table 1) were used in a spatial context as geograph-
ical landscape and socioeconomic factors with the BioSAT
model in determining opportunity zones.

The research methodology used in this study has four
main components: (1) estimation of forest biomass avail-
ability; (2) measurement of landscape suitability of forest
biomass access; (3) analysis of a spatial market competition
for forest biomass resources; and (4) visualization of biomass
opportunity zones. Each of these components is described in
the following section.

2.2. Estimation of Biomass Availability. Forest biomass
annual growth and removal quantity data were collected at
the county level from Forest Inventory and Analysis Database
(FIADB) version 3.0 (Figure 1(a)), and reallocation was done
for each of the 10,016, 5-digit ZCTAs using a geographic
information system (GIS) technology. National land cover
data [22] and digital raster map were used to identify
forestland. In the digital raster map, each pixel represents
one particular land cover class, that is, water, urban, forest, or
cropland, and so forth (Figure 1(b)). Forest biomass annual
growth and removal quantities were proportionally allocated
to each 5-digit ZCTA using the county boundary, 5-digit
ZCTA, and the land cover image data with GIS spatial overlay
techniques.

Due to the mismatch of county boundary and 5-digit
ZCTA (i.e., some 5-digit ZCTAs cross county), each forest
biomass county was split into multiple area parts via the
5-digit ZCTA area shape and assigned a unique 5-digit
ZCTA identifier. By overlaying each area part with the land
cover image layer, the numbers of pixels in all land cover
classes within each area were estimated (Figure 1(c)). By
summing up the pixels of deciduous forest, evergreen forest,
and mixed forest, which together represented forestland, in
the unit of county, a forestland pixel ratio for each area
part to its belonging county was calculated and the forest
biomass quantity in every area part was derived for this pixel
ratio (Figure 1(d)). A summed quantity value for all area
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Table 1: Geographical landscape and socio-economic factors used in study.

Variable Original data resolution Unit Data sources

Population density 5-digit ZCTA People/mile2
U.S. Census Bureau (2010) population

density in each 5-digit ZCTA.

Farm net income County Dollar
USDA NASS Census Agriculture (2007)

farm net income in each county.

Road density 5-digit ZCTA km/km2 U.S. Census Bureau (2010) road length

Crop cultivated land area ratio

Forest land area ratio 5-digit ZCTA Percent
U.S. National land Cover Database

(2006)
Urban Land area ratio
Water area ratio

Slope 5-digit ZCTA Percent
U.S. National Elevation Dataset (1999)

NED 1 arc second

Ecoregions Level III Ecoregions — U.S. EPA (2011)

Timberland annual
growth-to-removal ratio

County —
Forest Inventory and Analysis—The

Timber Products Tools (TPO) (2009)

Lands in public preserves 5-digit ZCTA — U.S. Forest Service (2009)

Primary wood-using mill
locations

5-digit ZCTA — U.S. Forest Service (2009) and state mill
directories

87361

(a) Illustration of county forest biomass quantity (b) Land cover map and county boundary

(c) Land cover for 5-digit ZCTA boundary

87361

28.04%

2.86%

16.13%

13.42%
7.85%

9.94%
6.31%

0.64%

3.70%
7.64%

2.27%
1.20%

(d) Forest biomass allocation by 5-digit ZCTA

Figure 1: Illustration of forest biomass allocation at the level of 5-digit ZCTA.
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parts belonging to the same 5-digit ZCTA was then calculated
as the forest biomass quantity in this 5-digit ZCTA.

2.3. Landscape Suitability Index. The availability of forest
biomass, as well as other forest resources, is physically con-
strained by a set of factors from the natural and sociale-
conomic environment [27]. The landscape suitability index
explores the biophysical environment and its impacts on
forest biomass access in a spatial context. Several criteria and
their combinations including current land use characteris-
tics, land ownership, and socialeconomic and/or legal con-
straints were used to preselect opportunity zones for forest
biomass using facilities. The suitability index assumes that
the presence of harvestable forests, access to abundant forest
resource supply, and minimal socialeconomic restrictions
from human activity (e.g., urban development, suburban
sprawl, national parks, etc.) provides optimal conditions for
woody cellulosic conversion facilities. Attributes of “forest
land area ratio,” “slope,” as well as “suitable ecoregions for
forests” determined the spatial degree of the presence of har-
vestable forests. The attribute “timberland annual growth-
to-removal ratio” was an indicator of forest net growth. The
variables “population density,” “farm net income,” “median
family income,” and “road density” were used to estimate
socialeconomic indicators.

The final suitability index value was organized into
ordinal levels based on expert judgment to estimate the
amount and accessibility of forest biomass given the afore-
mentioned possible constraints (Table 2). “High” suitability
was considered to be a suitable opportunity zone for woody
cellulosic conversion facilities relative to “moderate” or
“low” suitability which would be less desirable as potential
opportunity zones for woody cellulosic conversion facilities.
“Unsuitable” land areas as defined by EPA ecoregions
classification (The US EPA ecological regions (ecoregions)
comprehensively categorize and outline main features of
each unit across North America according to a variety
of biological, physical, and human factors. Each ecoregion
marks a geographic area with a shared climate, terrain and
similar vegetation, hydrology, wildlife and land use/human
activities throughout.) [25] depicted areas that are not
ecologically suitable for forest production, for example,
desert in western Texas, or mountain tops of Smoky Mountains.
“Exclusion” zones referred to land areas that will not support
forest production given socioeconomic and/or ownership
type, for example, national parks, military bases, or urban
areas with population density over 58 people per square
kilometer (58 people/km2 equals to 150 people/mile2) [28],
see Figure 2.

2.4. Competition Index. Potential forest biomass availability
is also strongly influenced by the level of competition for
the resource. Resource competition is usually negatively cor-
related with forest biomass availability unless the potential
supply is a byproduct of existing harvesting operations such
as forest residues [29].

A “zone-of-influence” model was developed in this study.
The zone-of-influence model assumes the procurement
zones associated with existing demand points or mills may

Table 2: Definitions of landscape suitability index.

Level Description

High suitability
Lands suitable for forest production only, for
example, forests of northern Minnesota

Moderate
suitability

Lands that have moderate capability for being
only in forest production

Low suitability
Lands may be easily converted to agricultural
production from forestland

Unsuitable

Land areas as defined by ecoregion
classification that are not suitable for forest or
agricultural production, for example, desert in
western Texas, mountain tops of Smoky
mountains

Exclusion

Land areas that will not support forest or
agricultural production given socioeconomic
and/or legal constraints, for example, national
parks, military bases, urban areas with
population density >58 people/km2 [28], and
so forth

not be concentric and that neighboring mills have procure-
ment zones that occupy the same space and overlap [29–
31]. The zone of influence model developed in this study
used existing primary wood-using operating capacities (e.g.,
sawmills, OSB mills, pulp, and paper mills, etc.) assuming
80% utilized capacity, together with the forest annual
growth-to-removal ratio to estimate the intensiveness of
competition for the forest biomass resource (Figure 3). (A
128.8 km one-way haul distance given the road network
surrounding each facility was assumed). Mathematically, the
intensiveness of competition was defined as a percent of
the sum of the demand capacity within a fixed driving
distance over the supply annual net growth for each 5-digit
ZCTA. (The sum of demand capacities was the total value of
allocated capacities, assuming an 80% utilization rate). The
fixed driving distance was 128.8 km one-way haul distance
estimated from Microsoft MapPoint 2006 road network. The
initial value was adjusted by the annual net growth and
growth-to-removal ratio. Each facility’s operating capacity,
based on the forest area coverage characteristics, was propor-
tionally allocated to the neighboring supply 5-digit ZCTAs
for the fixed driving distance.

Six ordinal levels were developed defining the intensity
of competition based on expert judgment (Table 3). Codes
1 to 5 are considered the regions where a positive annual net
forest growth existed, but the intensity of competition for the
resource was different. For example, the “highest” intensity
of competition for the resource was considered regions where
the adjusted annual operating capacities of all primary wood-
using facilities exceeded the annual net forest growth of the
forest resources. The “least” intensive competitive regions
were those where only 10% or less of the annual net forest
growth was consumed by the adjusted annual operating
capacities of primary wood-using facilities. Code 6, “No or
negative supply net growth”, considered the regions where
either no forest resources existed or forest annual mortality
rate exceeded the annual growth rate.
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Federal lands

Unsuitable ecoregions

Total 5-digit ZCTAs excluded: 5,019

(Kilometers)
0 125 250 500

N

Population > 58 people/sq km (150 people/mile)

Slope > 30%

(5,019/10,016 = 50.1%)

Figure 2: 5-digit ZCTAs excluded in the 13-state study region.
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Figure 3: Primary wood-using facilities in the 13-state study region.

2.5. Visualization of Opportunity Zones. GIS methods are
highly effective for visualization mapping of spatial oppor-
tunity zones for biomass availability and accessibility when
a study area consists of more than 10,000 location units
(5-digit ZCTAs), as was the case in this study. Two sets

of maps were produced in this study. The first set was
spatial opportunity zones for woody cellulosic conversion
facilities using the aforementioned landscape suitability and
competition indices. The second set of maps illustrates the
spatial pattern of the competition intensity for the resource
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Table 3: Definitions of competition index on resource utilization.

Code Description

1

Least competitive—less than 10% supply net growth
consumed by existing capacity, and annual supply net
growth over 10,000 dry ton/year, and timberland
annual growth-to-removal ratio greater than 1.5

2

Less moderate competitive—less than 50% supply net
growth consumed by existing capacity, and positive
annual supply net growth, and timberland annual
growth-to-removal ratio greater than 1.0

3

Moderate competitive—less than 100% supply net
growth consumed by existing capacity, and positive
annual supply net growth, and timberland annual
growth-to-removal ratio greater than 1.0

4

More moderate competitive—less than 100% supply net
growth consumed by existing capacity, and positive
annual supply net growth, and timberland annual
growth-to-removal ratio less or equal than 1.0

5
Most competitive—equal or more than 100% supply net
growth consumed by existing capacity

6
No or negative supply net growth (or timberland annual
growth-to-removal ratio equals to 0)

assuming a fixed haul distance from each existing wood-
using facility.

3. Results and Discussion

3.1. Opportunity Zones Using the Landscape Suitability Index.
The four indicators of “federal lands,” “population density,”
“slope,” and “unsuitable ecoregions” were used to “exclude”
ZCTAS from the study region. “Federal lands” included lands
in ownership by the Bureau of Indian Affairs, Department of
Defense, Fish and Wildlife Service, Forest Service, National
Aeronautics and Space Administration, National Park Ser-
vice, Tennessee Valley Authority, and US Department of
Agriculture Research Center. ZCTAs with “population den-
sity” (>58 people/km2) were excluded given the results of
previous research [28]. ZCTAs with slopes greater than 30%
were excluded given the limitations of ground-based harvest
capabilities in the Eastern United States and also given
the results of previous research related to soil disturbance
[32]. Seven “unsuitable” Level III ecoregions excluded areas
from mountain tops in Smoky Mountains, grassland in
West Oklahoma, deserts in West Texas, and marshland and
swampland in Southern Florida [25]. These four criteria
together resulted in an initial exclusion of 5,019, 5-digit
ZCTAs or approximately 50.1% of the total 5-digit ZCTAs
in the 13-state study region (Figure 2).

The criteria to assess the other four levels of landscape
suitability are given in Table 4. Two threshold values for
“forest area ratio” (10% and 30%) were selected based on
the definition of Food and Agriculture Organization of
the United Nations [33] and United Nations Framework
for Climate Change Convention [34]. (Food Agriculture
Organization of the United Nations [33] defines forests as
“lands with a tree crown cover equal or more than 10% of
the area”. United Nations Framework for Climate Change

Table 4: Criteria for four levels of landscape suitability.

Level Criteria

High
suitability

Forest area ratio greater than 30%; and timberland
annual growth-to-removal ratio greater than 1.5;
and ecoregions defined as mostly forestland; and
slope lower than 30%;
and population density less than 39 people/km2

Moderate
suitability

Forest area ratio greater than 10%; and timberland
annual growth-to-removal ratio greater than 1; and
ecoregions defined suitable for forestland; and slope
equal or lower than 30%
and population density equal or less than
58 people/km2

Low
suitability

Forest area ratio greater than 10%; and timberland
annual growth-to-removal ratio equal or less than 1;
and ecoregions defined suitable for forestland or
cropland; and slope equal or lower than 30% and
population density equal or less than 58 people/km2

Unsuitable
for forests

Forest area ratio equal or less than 10%; or
timberland annual growth-to-removal ratio less than
0; or ecoregions defined as mostly cropland; or
negative farm net income but median family income
greater than $49,445 or road density higher than
5 km/km2

Convention [34] defines natural forests should be with
greater than 30% of tree canopy cover for deciduous forests,
evergreen forests, and mixed forests). Three threshold values
for “timberland annual growth-to-removal ratio” (0, 1.0, and
1.5) were used to measure existing forest annual net growth
and the potential for further harvesting. An annual net
growth-to-removal ratio of 1.0 indicates forest net growth
equals removals. A ratio of 1.5 indicates that 50% of the
forest annual net growth exceeds removals which in this
study was assumed a desirable metric. “Slope less than 30%”
was considered slopes where timber harvesting activities were
barely impacted [35]. US Census Bureau [36] found the
transition between rural and urban land uses occurred when
the population density was about 39 people/km2 (equivalent
to 100 people/mile2). “Farm net income” and “median family
income” together were used as a proxy measure to separate
farm and nonfarm population. Median family income
exceeding $49,445 (i.e., the median value of median family
income in 2010 [20]) and income from nonfarm sources
greater than farming (i.e., negative farm net income) indicated
most family dependent on nonfarm income. “Road density”,
which is highly correlated with population density, was also
considered as a proxy or indirect measure of forest parcel
size [37]. A threshold value of exceeding 5 km/km2 was
considered as very high road density and that when this level
of road density occurs the probability of forest harvesting
dramatically declines [38, 39].

Regions that had forest area ratio greater than 30%,
timberland annual growth-to-removal ratios greater than
1.5, ecoregions defined as mostly forestland, slopes less than
30%, and less than 39 people/km2 were considered areas
that were highly suitable for forest productions. Based on
these criteria, high suitable opportunity zones for facilities
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Table 5: Criteria for four levels of the combined landscape suitability and competition indices.

Level Landscape suitability criteria Competition criteria

High suitability
Forest area ratio greater than 30%; and timberland annual growth-to-removal
ratio greater than 1.5; and ecoregions defined as mostly forestland; and slope
lower than 30%; and population density less than 39 people/km2

Competition index ≤ 4

Moderate suitability

Forest area ratio greater than 10%; and timberland annual growth-to-removal
ratio greater than 1; and ecoregions defined suitable for forestland; and slope
equal or lower than 30% and population density equal or less than
58 people/km2

Competition index ≤ 4

Low suitability

Forest area ratio greater than 10%; and timberland annual growth-to-removal
ratio equal or less than 1; and ecoregions defined suitable for forestland or
cropland; and slope equal or lower than 30% and population density equal or
less than 58 people/km2

Competition index ≤ 5

Unsuitable for forests

Forest area ratio equal or less than 10%; or timberland annual
growth-to-removal ratio less than 0; or ecoregions defined as mostly cropland;
or negative farm net income but median family income greater than $49,445 or
road density higher than 5 km/km2

Competition index ≤ 6

relying on woody cellulosic feedstocks were located along the
Central Mississippi, northwest and southeast Alabama, north
Arkansas, west Georgia, east Oklahoma, and areas in Ken-
tucky, Tennessee and Virginia close to Smokey Mountains
(Figure 4).

A strength of the data analyses was that socioeconomic
data which is collected at the 5-digit ZCTA resolution
was incorporated in the data overlays and therefore were
not aggregated which maintained data integrity for these
variables. A potential weakness of the study was the de-
aggregation of forest inventory data which implies that the
opportunity zones have improved validity as the procure-
ment area for a potential site location increase in area.

3.2. Opportunity Zones Combining the Landscape Suitability
and Competition Indices. The spatial pattern of competition
intensity within a 128.8 km one-way haul distance zone is
displayed in Figure 5. Regions that had less than 10% supply
net growth consumed by existing capacity, annual supply
net growth greater than 10,000 dry tons/year, and timber-
land annual growth-to-removal ratio greater than 1.5 were
considered least competitive. Regions that had greater than
100% supply net growth consumed by existing adjusted
capacity were considered highly competitive. The criteria
to assess the opportunity zones by the combined landscape
suitability and competition indices are given in Table 5.

“High” suitability areas from the landscape suitability
index when combined with high competition intensity (>5)
resulted in a reduction of 395 ZCTAs, most of which were
located in northwest Alabama. Given the aforementioned
criteria, a total of 592 ZCTAs were considered highly desir-
able opportunity zones for forest biomass availability. These
preferred zones were located in Central Mississippi, North-
ern Arkansas, South central Alabama, Southwest Georgia,
Southeast Oklahoma, Southwest Kentucky, and Northwest
Tennessee (Figure 6).

3.3. Opportunity Zones Combined with BioSAT Model. One
potential value to the practitioner from the aforementioned

analyses is in the siting of biomass-using facilities. An
example of use for practitioners involved in plant siting
would be to combine the analyses with the BioSAT model. As
cited earlier [26], the BioSAT model (http://www.biosat.net/)
can be used to assess more detailed economic information
for any particular opportunity zone such as harvesting
costs, transportation costs, stumpage costs, marginal cost
curves, and so forth. Information related to the producers’
marginal costs can be used to derive the important supply
curve information necessary for potential users of wood
cellulosic feedstocks. This may be important in developing
markets such as woody cellulosic renewable energy where
detailed assessment of the economic viability of mill location
is essential.

In this study the BioSAT model was used to derive more
detailed economic information for one of the high suitability
opportunity zones located in central Mississippi (Figure 7).
For the sake of illustration, the BioSAT model was run
using ZCTA 39090 (Kosciusko MS) as the demand location
for woody cellulosic feedstocks, specifically southern pine
pulpwood (pinus spp.). The associated biobasin for ZCTA
39090 (Kosciusko MS) assuming a 120 mile haul distance is
displayed in Figure 8. The associated marginal cost curve
for demand ZCTA 39090 (Kosciusko MS) is also displayed
in Figure 8. Marginal costs increase from approximately $48
to $66/dry ton over a maximum supply of southern pine
pulpwood of 773,096 dry tons.

4. Conclusions

Renewable energy is projected to be one of the fastest
growing industries in the US agricultural and forest sectors.
However, replacing petroleum products with renewable
energy presents technical, economic, and research challenges,
one of which is the availability of biomass feedstock. This
study directly addresses this problem by developing spatial
geographic information for potential users of the woody
cellulosic feedstocks for a 13-state study region in the South-
ern United States. The spatial geographic data accounts for
landscape features, socioeconomic factors, and competition
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High (987, 5-digit ZCTAs)
Moderate (1,046, 5-digit ZCTAs)
Low (713, 5-digit ZCTAs)
Unsuitable (2,251, 5-digit ZCTAs)
Exclusion (5,019, 5-digit ZCTAs)

Landscape suitability index of forest biomass

(Kilometers)
0 125 250 500

N
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Figure 5: Competition index on resource utilization within a 128.8 km one way travel distance.
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Figure 7: Opportunity zone in central Mississippi (highlighted in red) for mill location at ZCTA 39090 (Kosciusko MS).

for the resource, organized at the 5-digit zip code resolution.
Landscape and competition indices were developed in the
study and combining these indices in a spatial geographic
context derives a classification of “opportunity zones” for
potential users of woody cellulosic feedstocks. A total of 592,
5-digit ZCTAs were considered highly desirable opportunity
zones for woody cellulosic feedstocks. These preferred zones
were located in Central Mississippi, Northern Arkansas,

South central Alabama, Southwest Georgia, Southeast Okla-
homa, Southwest Kentucky, and Northwest Tennessee.

Project work is ongoing in developing short rotation
woody crop (SRWC) data layers. The SRWC data layers will
incorporate soils data, climatology data, growth modeling,
and economic cost analyses. The SRWC data layers will
provide dedicated energy crop analyses as a feedstock source
for practitioners interested in siting scenarios using SRWC.
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Figure 8: Spatial representation of biobasin for ZCTA 39090 (Kosciusko MS) and associated marginal cost curve for pine pulpwood (pinus
spp.) from the BioSAT model.
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Use of the Australian genus Eucalyptus in short rotation plantations in Africa and Madagascar has developed over the last century
to such an extent that it is becoming the most frequently planted genus in Africa. In order to find ecologically well-adapted
eucalypts, foresters have tested different species of various origins and the number of tested Eucalyptus species now exceeds 150
in Africa. Due to the ability of eucalypts to naturally form ectomycorrhizae, even in the absence of any controlled introduction
of compatible ectomycorrhizal fungal partners, their introduction in new ecosystems has direct consequences for ectomycorrhizal
fungus communities. A bibliographical compilation, together with original field observations on putative ectomycorrhizal fungi
associated with eucalypts in Africa and in Madagascar, has been drawn up in two lists: one for Africa and one for Madagascar where
surprisingly high fungal diversity was observed. The level of diversity, the putative origin of the fungi, and their potential impact
on native ectomycorrhizal fungi are discussed. The development of eucalypts plantations will inexorably lead to the increase of
exotic fungal species being potentially invasive in the considered region.

1. Introduction

Since colonial times, the African woodlands have been
subjected to irreversible management policies that have
resulted in the planting of large areas with exotic trees, for
instance Pinus and Eucalyptus. In Mediterranean and tropical
countries eucalypts are planted because they are generally
fast-growing trees that make for a profitable business. Nowa-
days, eucalypt plantations cover approximately 1,8 Mha in
Africa and are the most important planted genus on that
continent [1]. In order to extend plantations and increase
profits, it appeared necessary to find and select new eucalypt
genotype adapted to different ecological situations. To that
end, foresters started to test different Eucalyptus species of
different origins, notably in Africa and Madagascar (e.g., [2,
3]). As a result, the number of introduced eucalypt species in
African plantation trials now exceeds 150. Some of them are

used in commercial plantations as pure species or as hybrids
[4]. The mass introduction of these exotic species in Africa
definitely has consequences for local plant biodiversity and
also for soil microbial communities such as ectomycorrhizal
(ecm) fungi. Indeed, the ability of eucalypt species to form
ectomycorrhizae, which are ecologically important sym-
bioses that mainly associate homobasidiomycetous fungi,
was observed for the first time in South Africa by Van der
Bijl [5]. Since then, the ecm status of eucalypt species has
been clarified [6] notably in Australia where a large diversity
of fungal partner has been described [7–12]. Until now,
ecm fungi found in Africa and Madagascar have resulted
putatively from chance introductions, from compatibility
with native ecm fungi, or from compatibility with ecm fungi
from other exotic plantations. Indeed, the use of soil as an
inoculant or any other source of inoculation that might bring
ecm fungi from the tree’s native area has not been reported
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when establishing eucalypt plantations. Some controlled
field inoculation trials using pure strains were set up, but
only on very limited areas (e.g., [14]) and, in this case, the
invasion of neighboring plantations by the introduced strains
was not reported. Controlled field inoculation trials provide
ways of entry for new ecm fungi that cannot be neglected, as
is the case for China [15, 16]. However, the fungal species or
even the strain reference might be known, enabling tracking
in the plantation or in surrounding plantations. In Africa, we
are in a situation where we have no proof of any propagation
of a fungal species after the controlled inoculation of a
eucalypt plantation. However, we are in a particular case
where human activity, eucalypt plantations, has direct and
mostly uncontrolled consequences for another compulsorily
related biological community: ecm fungi.

Published papers, unpublished information, and authors
personal data formed the basis of our work to synthesize
the knowledge available on putative ecm fungi of eucalypt
plantations in Africa and Madagascar. An annotated list of
putative ecm fungi of eucalypts is given for more than 20
African countries and Madagascar.

2. Materials and Methods

A bibliographical search covering 30 years was carried out
enabling us to uncover all the published papers and also
a large share of the “grey literature” directly linked to our
topic: ecm fungi associated with eucalypts in Africa and
Madagascar. Written reports and all the oral reports of
ecm partnerships have always to be considered with great
caution and skepticism. Indeed, proving the ability of a
tree species to form ectomycorrhizae with one particular
fungal species is always a difficult task; the existence of
other local or introduced ecm tree species in the vicinity of
eucalypt plantations as well as the mistaken identification of
the fungal partner can lead to misinterpretation. Definitely
doubtful data are not considered in the rest of the paper and
unreliable data are presented with a special mention of what
needs to be considered with caution.

In addition, field surveys were organized in eucalypt
plantations, notably in different African countries and
in Madagascar; fungal fruiting bodies were systematically
collected from the plantations. Litter and a few centimeters
of topsoil were removed to search for hypogeous fungi on
at least 4 m2 in each plantation. Fungal specimens were
deposited at the Museum National d’Histoire Naturelle de
Paris (PC), France. In order to prove the ecm partnership,
careful mycelium and root tracking were carried out in the
field enabling us to assess physical links between fruiting
bodies, ecm root tips, and the bearing trees.

Ectomycorrhizae histological studies were also carried
out on materials collected in the field to reveal the fungal
sheath and the Hartig net (Table 2).

3. Results

In Africa, 35 ecm fungal species are mentioned as being
associated with 15 identified eucalypt species and a range

of unidentified species (at least five), along with hybrids
(Table 1). Pisolithus was present and often highly dominant
or even alone in almost all the plantations, as is the case
in the West African dry tropics with Pisolithus albus in
E. camaldulensis plantations (Figure 1(a)). The importance
of the genus Pisolithus and to a lesser degree, the genus
Scleroderma, was noteworthy (Figures 1(b) and 1(c)). The
presence of the ubiquitous ecm fungus Thelephora sp. in
the wet tropics was also noteworthy (Figure 1(d)). During
the surveys ([13] in Table 1), ectomycorrhizae with a typical
fungal sheath and a Hartig net (Figures 1(e) and 1(f)) were
found in the vicinity of fruiting bodies.

In Madagascar, we collected 38 putative ecm fungal
species from nine E. robusta plantations on the outskirts of
Antananarivo (Table 3, Figures 2(a), 2(b), 2(c), 2(d), 2(e)).
At these nine survey sites, Pisolithus was found only once
and was far from dominant. In addition to this surprising
diversity associated with E. robusta, two different Pisolithus
species were found at two other sites in the southeast of
Madagascar (Figure 2(f)).

4. Discussion

Ectomycorrhizal deficiency never seems to have been a
problem in the early establishment of eucalypts. Ryvarden
et al. [17] noted that selected trees form satisfactory part-
nerships with some introduced ecm fungi, notably Pisolithus
arhizus which is now extremely abundant under eucalypts
in Africa, and also with some elements of the indigenous
ecm mycoflora. It is interesting to note that renantherous
species of Eucalyptus known for their high dependence on
ecm symbiosis [6] have been excluded by foresters due to
their poor growth performance even in a Mediterranean
climate (North Africa and South Africa), where the range
of putatively adapted species is wide. During the process of
eucalypt introduction and selection, foresters have neglected
ecm symbiosis. This fact has probably led to the selection
of tree species dependent little on ectomycorrhizae for
early survival and growth. South America is also a place
where eucalypts were abundantly planted and are found
to be ectomycorrhizal with a range of ecm fungi ([13,
18–20, 42, 43] and Table 4). Some similarities with the
African ecm fungi have to be mentioned, notably, the
importance of genera Scleroderma and Pisolithus. On another
hand, importance and diversity of genera Descomyces, Hyd-
nangium, Hymenogaster, Hysterangium, and Setchelliogaster
seems scarcer in Africa rather than in South America.

4.1. Fungal Diversity in Africa. According to Buyck [44], the
native ecm fungi are unable to form ectomycorrhizae with
exotic trees and consequently, eucalypts ecm fungi are lim-
ited to a few ecm fungal species that are now cosmopolitan.
The observation made by Härkönen et al. [23] corroborated
Buyck’s observation: the indigenous fungi cannot grow in
symbiosis with the introduced trees. These assertions seem
rather excessive; indeed records of typical European species
such as Amanita muscaria, A. phalloides, Paxillus involutus,
or Rhizopogon luteolus [21, 23, 32, 33] or typical African
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Table 1: List of ectomycorrhizal fungi found associated with eucalypts in Africa with an indication of the country where the observation
was made and the reference.

Putative ecm fungi Associated eucalypts Countries References

Amanita muscaria (L.) Hook E. camaldulensis Dehnh. MA [1]

Amanita phalloides Fr.§ Eucalyptus sp. TZ [2]

Amanita zambiana Pegler & Piearce Eucalyptus sp. EAf [3]

Cantharellus densifolius Heinem. E. grandis W. Hill ex Maiden ZA [4]

Cenococcum geophilum Fr. E. camaldulensis MA [1]

Cenococcum geophilum Fr. : Fr. E. gomphocephala DC. MA [1]

Chondrogaster pachysporus Maire Eucalyptus sp. NAf [5]

Descomyces albus (Klotzsch) Bougher & Castellano Eucalyptus sp. CA, NAf [5]

Hydnangium carneum Wallr. E. globulus Labill. CA [6]

Hymenangium album Klotzsch Eucalyptus sp. CA, NAf [5, 7]

Hypogeous fungus (not determined) Eucalyptus (hybrid) CG [8]

Labyrinthomyces donkii Malençon Eucalyptus sp. MA [7, 9]

Laccaria laccata (Scop.) Fr. E. camaldulensis MA [1]

Laccaria lateritia Malençon§ Eucalyptus sp. ZR [10]

Laccaria lateritia § E. maideni F. Muell. ZR [11]

Laccaria lateritia § E. globulus CA [6]

Paxillus involutus (Batsch) Fr. Eucalyptus sp. MA [12]

Paxillus involutus E. camaldulensis MA [1]

Paxillus sp. Eucalyptus (hybrid) CG [8]

Phlebopus sudanicus (Har. & Pat.) Heinem. E. camaldulensis SE [13]

Phlebopus sudanicus E. tereticornis Sm. SE [13]

Phylloporus sp. Eucalyptus (hybrid) CG [8]

Pisolithus arhizus (Scop. : Pers.) Rausch∗ Eucalyptus sp. ZR [14]

Pisolithus arhizus ∗ E. camaldulensis ZR [11]

Pisolithus arhizus ∗ E. umbellata Domin ZR [11]

Pisolithus arhizus ∗ E. microcorys F. Muell. ZR [11]

Pisolithus arhizus ∗ E. saligna Sm. ZR [11]

Pisolithusarhizus ∗ E. urophylla S.T. Blake CG [15]

Pisolithus albus (Cooke & Massee) Priest E. apodophylla Blakely & Jacobs SE [16]

Pisolithus albus E. camaldulensis BF [13]

Pisolithus albus E. camaldulensis CI [13]

Pisolithus albus E. camaldulensis MA [13]

Pisolithus albus E. camaldulensis NG [13]

Pisolithus albus E. camaldulensis SE [16]

Pisolithus albus E. camaldulensis TH [13]

Pisolithus albus E. camaldulensis TU [13]

Pisolithus albus E. gomphocephala MA [1]

Pisolithus albus E. grandis MA [13]

Pisolithus albus E. pantoleuca L.A.S. Johnson & K.D. Hill SE [16]

Pisolithus albus E. robusta Sm. SE [16]

Pisolithus albus Eucalyptus sp. RW, BU [17]

Pisolithus microcarpus (Cooke & Massee) G. Cunn. E. camaldulensis MA [13]

Pisolithus microcarpus E. grandis MA [13]

Pisolithus marmoratus (Berk.) E. Fisch. E. alba Blume CG [13]

Pisolithus marmoratus E. grandis CG [13]

Pisolithus marmoratus E. pellita F. Muell. CG [13]

Pisolithus marmoratus E. urophylla CG [13]

Pisolithus marmoratus Eucalyptus (hybrid) CG [8]

Rhizopogon luteolus Fr.# E. camaldulensis ZR [11]

Rhizopogon luteolus # E. microcorys ZR [11]

Rhizopogon luteolus # E. saligna ZR [11]
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Table 1: Continued.

Putative ecm fungi Associated eucalypts Countries References

Rhizopogon luteolus # E. umbellata ZR [11]

Rhizopogon vulgaris (Vittad.) M. Lange# E. globulus CA [6]

Russula sp. E. camaldulensis MA [1]

Scleroderma albidum Pat. & Trabut∗∗ Eucalyptus sp. DZ, MA, CG, SAf [5]

Scleroderma bovista Fr. E. camaldulensis MA [1]

Scleroderma capensis Lloyd E. camaldulensis SE [18]

Scleroderma capensis Lloyd E. robusta SE [18]

Scleroderma cepa Pers.∗∗ Eucalyptus sp. RW BU [17]

Scleroderma cepa ∗∗ E. globulus CA [6]

Scleroderma citrinum Pers. Eucalyptus sp. RW, BU [17]

Scleroderma flavidum Ellis & Everh. Eucalyptus (hybrid) CG [8]

Scleroderma laeve Lloyd∗∗ Eucalyptus sp. SAf [5]

Scleroderma polyrhizum (J.F. Gmel.) Pers.∗∗ Eucalyptus sp. CA [5]

Scleroderma verrucosum (Bull.:Pers.) Pers.∗∗∗ E. camaldulensis GU, SE [19]

Scleroderma verrucosum ∗∗∗ Eucalyptus sp. GU [18]

Scleroderma verrucosum ∗∗∗ E. robusta SE [13]

Scleroderma sp. Eucalyptus sp. MW [20]

Scleroderma sp. Eucalyptus sp. ZA [20]

Scleroderma sp. Eucalyptus sp. ZW [20]

Scleroderma sp. Eucalyptus (hybrid) CG [8]

Thelephora sp. Eucalyptus (hybrid) CG [8]

Tricholoma sp. E. camaldulensis MA [1]

Legend: Countries: DZ: Algeria, NAf: North Africa, EAf: East Africa, SAf: South Africa, BF: Burkina Faso, BU: Burundi, CA: Canary Islands, CG: Congo, ZR:
Democratic Republic of Congo, CI: Cote d’Ivoire, GU: Guinea, MA: Morocco, MW: Malawi, NG: Niger, SE: Senegal, RW: Rwanda, TZ: Tanzania, TH: Chad,
TU: Tunisia, ZA: Zambia, and ZW: Zimbabwe. References: 1: [21, 22], 2: [23], 3: [24], 4: [25], 5: [26], 6: [27], 7: [28], 8: [29], 9: [30], 10: [31], 11: [32], 12:
[33], 13: [34, 35], 14: [36], 15: [37], 16: [38], 17: [39], 18: [40], 19: [17], and 20: Authors’ personal observations.
∗Pisolithus arhizus is a temperate European species described from acidic soils and associated with trees like Quercus, betulus, or pinus. Its presence in Africa
associated with introduced Australian species is unlikely. Our assumption is that the specific epithet “arhizus” is erroneous.
∗∗The systematic of Scleroderma are complex and the erroneous use of specific epithets in the identification of this species has to be kept in mind.
∗∗∗In the absence of any indication on the subspecies, the possibilities of synonymy with other species are multiple.
#Rhizopogon is a genus mostly associated with pines and some temperate deciduous trees. A poor mycorrhizal colonization of eucalypt roots by these
Rhizopogon can be considered; indeed Rhizopogon spp. differed markedly in their ability to form ectomycorrhizas according to their taxonomical section and
host plant [41].
§The presence of these temperate taxa in tropical countries has to be carefully considered; confusion with local tropical taxa might be possible.

Table 2: Color, diameter, fungal mantle thickness, and Hartig net depth of ectomycorrhizae in situ collected in Senegal on 3 species of
Eucalyptus.

Fungal species Color Diameter (µm) Mantle thickness (µm) Hartig net depth (µm)

E. apodophylla X Pisolithus albus bY 190± 20 20± 4 23± 7

E. camaldulensis X Pisolithus albus bY 240± 22 26± 6 24± 2

E. robusta X Pisolithus albus bY 210± 18 22± 4 20± 6

E. camaldulensis X Scleroderma capensis W 215± 23 20± 4 18± 8

E. robusta X Scleroderma capensis W 190± 16 16± 3 24± 4

E. camaldulensis X Scleroderma verrucosum W 150± 22 14± 6 23± 5

species such as Amanita zambiana, Cantharellus densifolius,
or Phlebopus sudanicus [24, 25, 45], indicate possibilities
for some native fungi, or for fungi introduced with other
exotic species such as pines, to form ectomycorrhizae with
eucalypts. The presented data clearly show that the level of
fungal diversity in Africa remains very low under eucalypts:
only 34 ecm fungal species were recorded since 1918 [5]!
The easily disseminated (by wind and rain splashing) and

largely distributed genus Pisolithus is present and dominates
in most plantations; other records always seem exceptional. A
regular increase in fungal diversity, due to new uncontrolled
introductions, to the extension of plantations to new climatic
and soil conditions, and to the ageing of some plantations
creating favorable conditions for the development of late
stage ecm fungi is unavoidable. With the increasing impor-
tance of eucalypt plantations in Africa, we have here an
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(a) (b)

(c) (d)

(e) (f)

Figure 1: Example of ectomycorrhizal fungi and ectomycorrhizae of eucalypts in Africa. (a) Pisolithus albus; (b) Pisolithus marmoratus; (c)
Scleroderma flavidum; (d) Thelephora sp.; (e) golden yellow ectomycorrhizae of Pisolithus albus with E. camaldulensis; (f) cross-section of an
ectomycorrhizae of Pisolithus albus with E. camaldulensis. The bar represents 50 µm.

interesting area to improve our knowledge on the role played
by ecm diversity in the sustainability of eucalypt plantations.

On the other hand, the presence of ecm fungi associated
with eucalypts has not yet been reported under native
ecm trees. Presumably there is incompatibility between
eucalypt ecm fungi and those of the indigenous African ecm
trees (e.g., Afzelia spp., Brachystegia spp., Berlinia spp., and
Isoberlinia spp. among the Caesalpiniaceae; Monotes spp.,
Marquesia spp. among the Dipterocarpaceae; Uapaca spp.
among the Euphorbiaceae).

4.2. The Case of Madagascar. In Madagascar 80% of the
vascular plants were considered to be endemic [46]. It also
has one of the highest concentrations of endemic plant
families: nine families represented by a total of 19 genera ca.
90 species [47, 48]. Of these, the ectotrophic Sarcolaenaceae
[49] represent 56 species. Plantations of the Central Plateau
are widely dominated by one single species: E. robusta.
Among the 38 putatively ecm fungal species found associated
with E. robusta, some red cap Russula sp. and Cantharellus
eucalyptorum are marketed locally as edible, and the latter
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Figure 2: Example of putative ectomycorrhizal fungi of Eucalyptus robusta in Madagascar. (a) Amanita sp.3; (b) Cantharellus eucalyptorum;
(c) Cantharellus congolensis; (d) Rubinoboletus sp.; (e) Russula sp.3; (f) Pisolithus sp.

is exported to the surrounding countries. The number of
ecm fungi found associated with E. robusta in a one-year
survey was larger than the number of ecm fungi found in
the whole of continental Africa since more than 80 years
of observations. Amanita, Boletus (s.l.), Cantharellus, and
Russula are the dominating genera found under E. robusta;
on the other hand, members of the Sclerodermataceae were
rarely observed. The presence of Madagascan endemic plant

taxa able to form ecm in eucalypt plantations or in the
nearby surroundings as been carefully explored and none
of the already known ecm families such as Sarcolaenaceae,
Rhopalocarpaceae, Caesalpiniaceae, or Euphorbiaceae has
been found. Other grass and shrubs growing under the
canopy of eucalypts plantations were arbuscular mycorrhizal
or for a few of them, nonmycorrhizal (unpublished). To
conclude, this striking difference has yet to be elucidated.
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Table 3: List of ectomycorrhizal fungi found associated with Eucalyptus robusta and Eucalyptus sp. in Madagascar.

Fungal species Observation sites Herbarium N◦(∗)

Associated with E. robusta

Amanita bojeri Buyck# Anjozorobe MG47

Amanita aff. citrina Manjakandriana MG23

Amanita aff. luteolus Anjozorobe MG44

Amanita aff. phalloides Anjozorobe MG35

Amanita aff. rubescens Antananarivo MG21

Amanita sp.1 Ampitambe MG14

Amanita sp.2 Anjozorobe MG20

Amanita sp.3 Anjozorobe MG49

Amanitopsis sp.1 Manjakandriana MG32

Boletus aff. cyanopus Manjakandriana MG26

Boletus sp.1# Anjozorobe MG19

Boletus sp.2# Antananarivo MG28

Boletus sp.3# Anjozorobe MG38

Boletus sp.4# Anjozorobe MG45

Cantharellus congolensis Beeli Antananarivo MG16

Cantharellus eucalyptorum Buyck & Eyssartier# Anjozorobe MG15

Cortinarius sp.1# Antananarivo MG31

Pisolithus albus Anjozorobe MG24

Rubinoboletus sp.1 Mandrake MG13

Rubinoboletus sp.2# Antananarivo MG18

Rubinoboletus sp.3# Mantasoa MG27

Russula sp.1 Antananarivo MG33

Russula sp.2 Anjozorobe MG34

Russula sp.3 Antananarivo MG36

Russula sp.4 Anjozorobe MG39

Russula sp.5 Antananarivo MG40

Russula sp.6 Antananarivo MG41

Russula sp.7 Anjozorobe MG42

Russula sp.8 Anjozorobe MG46

Scleroderma cepa # Ambohimanga MG25

Scleroderma sp.1# Mahaela MG12

Scleroderma sp.2# Anjozorobe MG50

Scleroderma verrucosum # Antananarivo MG17

Xerocomus sp.1# Falamangua MG11

Xerocomus sp.2# Manjakandriana MG22

Xerocomus sp.3 Manjakandriana MG30

Xerocomus sp.4# Antananarivo MG43

Associated with Eucalyptus spp.

Pisolithus albus # Fanjahira MG86

Pisolithus sp.# Petriki MG85
∗Herbarium samples have been deposited at the Museum National d’Histoire Naturelle de Paris (PC), France.
#Indicates when the observation was carried out by tracking the mycelium from fungus fruiting bodies up to fine ectomycorrhizal roots and the trunk.

4.3. Hypotheses on the Possible Origins of ECM Fungi in Euca-
lypts Plantations. Until now, the rational use of ecm fungi
by eucalypt plantations has been poorly developed in Africa.
Inoculations with selected ecm strains are still restricted to
some experimental plantations [14]. The origin of the ecm
fungi found associated with eucalypts in Africa and in Mada-
gascar has yet to be elucidated. At least, three hypotheses

can be put forward: (1) chance introductions from Australia
of (fully) compatible ecm fungi (e.g., Pisolithus spp.), (2)
compatibility with some “broad host” ecm fungi growing
in native African forests, and (3) compatibility with some
ecm fungi growing in other exotic plantations (e.g., pine
plantations). In any event, further studies are necessary to
unravel the origins of the fungi in eucalypt plantations.
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Table 4: List of some ecm fungi and associated eucalypt hosts spontaneously found in South America: Brazil (BR), Uruguay (UR), and
Argentina (AR).

Fungal species Host tree Country

Chondrogaster angustisporus Eucalyptus spp. BR, UR

Chondrogaster sp. E. dunnii BR

Descomyces fusisporus sp. nov. E. cinerea AR

D. varians sp. nov. E. camaldulensis AR

Descomyces sp. E. dunnii BR

Hydnangium archeri (Berk.) Rodway E. camaldulensis AR

H. carneum Wallr. E. cinerea, E. camaldulensis AR

Hydnangium sp. E. grandis BR

Hymenogaster rehsteineri Bucholtz Eucalyptus spp. AR

Hysterangium affine Eucalyptus spp. BR

Hysterangium gardneri E. Fisch. E. camaldulensis AR

H. inflatum Eucalyptus spp. BR

Labyrinthomyces sp. E. dunnii BR

L. laccata var. pallidifolia sp. E. dunnii BR

L. proxima sp. E. dunnii BR

Laccaria sp. E. grandis BR

Pisolithus albus Eucalyptus spp. BR

P. marmoratus Eucalyptus spp. BR

P. microcarpus Eucalyptus spp. BR

Pisolithus sp. E. grandis BR

Scleroderma albidum sp. E. dunnii BR

S. areolatum sp. E. dunnii BR

S. bougheri sp. E. dunnii BR

S. cepa sp. E. dunnii BR

Scleroderma sp. E. grandis BR

Setchelliogaster tenuipes (Setch.) Pouzar E. camaldulensis AR

Setchelliogaster sp. E. dunnii BR

Thelephora sp. E. grandis BR

Curiously, in Madagascar, the level of fungal diversity
observed under E. robusta is comparable to the diversity
level of native ectotrophic forests [49]. The possibility
that ecm fungi associated with E. robusta in Madagascar
are of Australian origin has to be explored. Comparisons
of our material collected under eucalypts (Table 2) with
native Australian specimens and with samples of ecm fungi
from native Madagascan ectotrophic forests are necessary
to unravel the origins of the fungi observed in eucalypts
plantations in Madagascar.

References

[1] FAO, Global forest resources assessment, 2000, http://www.fao
.org/forestry/fo/fra/index.jsp.

[2] J. C. Delwaulle, Plantations Forestières en Afrique Tropi-
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savane côtière congolaise,” Revue Forestière Française, vol. 33,
pp. 248–255, 1981.

[5] P. A. Van der Bijl, “Note on Polysaccum crassipes DC: a
common fungus in eucalyptus plantations round pretoria,”
Transaction of the Royal Society of South Africa, vol. 6, pp. 209–
214, 1918.

[6] L. D. Pryor, “Ectotrophic mycorrhiza in renantherous species
of eucalyptus,” Nature, vol. 177, no. 4508, pp. 587–588, 1956.

[7] J. H. Warcup, “Occurrence of ectomycorrhizal and saprophytic
discomycetes after a wild fire in a eucalypt forest,” Mycological
Research, vol. 94, no. 8, pp. 1065–1069, 1990.

[8] O. K. Miller, “New species of Amanita from western Australia,”
Canadian Journal of Botany, vol. 69, no. 12, pp. 2692–2703,
1991.

[9] O. K. Miller, “Three new species of Amanita from western
Australia,” Mycologia, vol. 84, no. 5, pp. 679–686, 1992.

[10] T. I. Burgess, N. Malajczuk, and T. S. Grove, “The ability of
16 ectomycorrhizal fungi to increase growth and phosphorus



International Journal of Forestry Research 9

uptake of Eucalyptus globulus Labill. and E. diversicolor F.
muell,” Plant and Soil, vol. 153, no. 2, pp. 155–164, 1993.

[11] M. A. Castellano and N. L. Bougher, “Consideration of
the taxonomy and biodiversity of Australian ectomycorrhizal
fungi,” Plant and Soil, vol. 159, no. 1, pp. 37–46, 1994.

[12] N. L. Bougher, “Diversity of ectomycorrhizal fungi associated
with eucalypts in Australia,” in Mycorrhizas for plantation
forestry in Asia, M. Brundrett, B. Dell, N. Malajczuk, and M.
Q. Gong, Eds., Proceedings of the N◦62, pp. 8–15, Australian
Centre for International Agricultural Research, Canberra,
Australia, 1995.

[13] A. Giachini, V. L. Oliveira, M. A. Castellano, and J. M. Trappe,
“Ectomycorrhizal fungi in Eucalyptus and Pinus plantations in
southern Brazil,” Mycologia, vol. 92, no. 1–6, pp. 1166–1177,
2000.

[14] J. Garbaye, J. C. Delwaulle, and D. Diangana, “Growth
response of eucalypts in the congo to ectomycorrhizal inoc-
ulation,” Forest Ecology and Management, vol. 24, no. 2, pp.
151–157, 1988.

[15] B. Dell and N. Malajczuk, “L’inoculation des eucalyptus
introduits en Asie avec des champignons ectomycorhiziens
australiens en vue d’ugmenter la productivité des plantations,”
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Considering the wide variety of species and clones of Eucalyptus cultivated in Brazil, it is necessary to search for new information
on wood properties, so that the selection of genetically superior material may be successful. The present study aimed to determine
the properties of wood and charcoal from different clones of Eucalyptus spp. Six clones at the age of 7.5 years were evaluated
and the samples were from a clonal, located in the city of Lassance, Minas Gerais, Brazil. Basic density, chemical composition,
and higher heating value were determined. Carbonizations in a laboratory kiln were done and the levels of volatile matter, ash,
and fixed carbon, higher heating value, and bulk density of the charcoal produced were determined. Evaluated genetic materials
showed differences in their properties. According to research results, several properties of wood should be considered together for
the selection of clones for charcoal production. However, basic density and chemical composition of wood, especially high contents
of lignin and low contents of extractives, are the properties that had more influence on charcoal yield and its quality. Concerning
charcoal production for steelmaking, clone 6 stood out and, conversely, clone 4 showed inferior properties to those of others.

1. Introduction

Area occupied by forest plantations in Brazil reached over
6,500,000 ha, of which 74.8% are Eucalyptus plantations,
in 2011 [1]. In the same year, Brazilian consumption of
logs from plantations of Eucalyptus for charcoal production
was close to 17,000,000 cubic meters, representing 10.0%
of total consumption of logs [1]. These data confirm the
importance of Eucalyptus in Brazil, which has been the focus
of several studies due to concerns about wood quality and
homogeneity.

Charcoal quality and its production depend, among
other factors, on the quality of wood used, which is defined
by a set of chemical, physical, mechanical, and anatomical
properties, usually interdependent. Nevertheless, regarding
the variations that occur in the wood quality of the above
cited genus, it is necessary to study it, for this fact may bring
about negative consequences in both the quality and yield of

charcoal, which will negatively reflect on the operations of
the iron and steel industries blast furnaces [2].

Forestry companies and Brazilian research centers have
been motivated to seek solutions to produce homogeneous
charcoal, with high yield, high quality, and low cost.
Therefore, the technological characteristics of wood should
also be considered and not only the economic and forestry
aspects, because charcoal yield, quality, and performance are
directly influenced by wood properties.

Due to lack of literature on the selection of superior
material for the purpose of charcoal production, recently,
several studies have been conducted with this aim [3–5].
Therefore, by evaluating the properties of wood and charcoal
produced, clones that stand out are directed to selection,
vegetative propagation, and commercial plantation. Physical
and chemical wood properties are good parameters to assess
their quality, and they are also very useful in Eucalyptus
breeding [6].
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Table 1: General information about the different genetic materials of the study.

Clone Genetic material Origin (company) Total height
(m)

Mean
diameter

(cm)

Bar
(%)

Annual increment
(m3·ha−1·year−1)

1 Eucalyptus camaldulensis Plantar S.A/Curvelo, MG, Brazil 23,9 15,41 17,0 39,6

2 Eucalyptus urophylla Hibrid Gerdau S.A/Três Marias, MG, Brazil 22,9 14,82 15,0 32,4

3 Eucalyptus grandis Hibrid Suzano/Teixeira de Freitas, BA, Brazil 24,0 16,69 13,0 40,7

4 Eucalyptus urophylla Hibrid Gerdau S.A/Três Marias, MG, Brazil 23,7 15,48 11,0 35,9

5 Eucalyptus urophylla V & M Florestal/João Pinheiro, MG, Brazil 19,9 15,54 9,0 31,5

6 Eucalyptus camaldulensis Gerdau S.A/Três Marias, MG, Brazil 25,0 15,76 15,0 40,3

High density, low levels of ash, and high lignin content
are characteristics which may be considered as indices of
wood quality for charcoal production [5, 6]. Regarding
quality of charcoal, better chemical properties of charcoal
such as higher levels of fixed carbon and lower levels of ash
and volatiles are associated with high levels of lignin and low
levels of holocelluloses and extractives in wood [5].

Considering the wide variety of species and clones of
Eucalyptus cultivated in Brazil, it is necessary to search for
new information on wood properties, so that the selection
of genetically superior material may be successful. Therefore,
a better understanding of performance of wood in charcoal
production is crucial for selecting clones, optimizing pro-
cesses, and improving the quality of charcoal.

2. Objectives

The purpose of the study reported herein was to determine
some properties of wood and charcoal from six clones of
Eucalyptus spp.

In order to be more accurate, the objective was to indicate
one or more clones of Eucalyptus with the greatest poten-
tial for production of charcoal to ironmaster use, grating
allowance for Eucalyptus breeding.

3. Material and Methods

3.1. Material. Six clones of Eucalyptus spp. from a clonal
test were used (Table 1). The plantings were conducted with
spacing 3.8 × 2.4 meters, and the trees were harvested at
the age of 7.5 years. The clonal test was from a forestry
company, located in Lassance, Minas Gerais, Brazil, whose
UTM coordinates are 513262.29 W and 7999059.47 S, Zone
23S, datum SAD 69.

A total of 3 trees, representative of the population, from
each clone were used as samples, and the selection was made
excluding the trees that had visual defects that can be seen by
the naked eye and also those which were at the edges.

The clonal test was conducted in the Brazilian Cerrado,
biome which is characterized by pronounced seasonality.
The site climate is classified as Köppen Aw, tropical rainy.
The average annual temperature is 24◦C, and the annual
rainfall index is between 750 and 2,000 mm, with an annual
average of 1,800 mm, with precipitation concentrated from
October to March. These data were provided by the forestry

company which monitors the temperature and precipitation
throughout the year.

The predominant soil is dystrophic red or red-yellow,
porous, permeable, well drained, and, therefore, strongly
leached. Most of the texture is sandy and sandy clay, about
25% clay, in the layer of 0–40 cm. After planting, fertilization
is made with 100 grams per plant of NPK formulation
06 : 30 : 06 + 0.5% zinc.

3.2. Preparation of Samples. Transversal sections were col-
lected in portions corresponding to the basis (0%), 25, 50,
75% of merchantable height and at top (100%).

Two opposing wedges were obtained from each disc
through the medulla and then they were used to determine
the basic density of wood.

The remainder of each disc was sectioned, and a part of
it was used in the carbonization (composite sample), and
another section was destined to other analyses.

In order to determine the higher heating value (HHV)
and chemical composition, the wood samples were trans-
formed into sawdust by using a Wiley laboratory mill type,
according to standard TAPPI 257 om-52 [7]. For these
analyses, the fraction of wood sawdust between 40 and 60
mesh was used [8].

Part of the carbonized samples was designed to deter-
mine the bulk density, and the remainder was ground for the
content of volatile matter, fixed carbon, ash, and HHV. For
these analyses, the fraction of wood sawdust between 40 and
60 mesh was used [8].

3.3. Wood Characterization. The wood basic density was det-
ermined by water displacement method, according to ABNT
NBR 11941 [9].

The higher heating value (HHV) was determined accord-
ing to the methodology described by ABNT NBR 8633 [10],
using an adiabatic calorimeter IKA300. The HHV represents
the maximum amount of energy potentially recoverable
from a given biomass source [10], in this case, specifically,
the amount of energy in the wood. The determination of the
wood HHV is important when it is used for energy purposes,
in this case, the production of charcoal.

The content of wood extractives was determined in
duplicates, according to TAPPI 204 om-88 [11], using the
method of total extractives, substituting ethanol/benzene to
ethanol/toluene.
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The insoluble lignin was determined in duplicate using
Klason method which was modified according to the pro-
cedure proposed by Gomide and Demuner [12]. The soluble
lignin was determined by spectrophotometry, as proposed by
Goldschimid [13].

The lignin content was obtained by total sum of values of
the soluble and insoluble lignin.

The holocellulose content was determined by difference,
based on free wood extractives.

3.4. Carbonization. The carbonization reactor was cylindri-
cal, with a useful volume of 0.003 m3, and the carbonizations
were performed in an electric kiln, using approximately
0.35 kg of wood.

The heating control was conducted manually in incre-
ments of 50◦C every 30 minutes, which corresponds to an
average heating rate 1.67◦C·min−1. The initial temperature
was 100◦C, and the final temperature was 450◦C, and it
remained stable for a period of 60 minutes, with a total
carbonization of 4.5 hours. These experiment conditions
were used according to the following explanations and some
references [3, 14–16]. Final temperature of 450◦C maximizes
gravimetric charcoal and its quality for use in steel mills,
especially with respect to fixed carbon content. Heating rate
of 1.67◦C·min−1 provides a charcoal with high mechanical
strength, because if a higher heating rate was used, it would
cause the disruption of cells due to the rapid exit of water and
gas, causing the cracking of charcoal and generation of fines.
After the process, charcoal gravimetric yield was determined
based on the dry mass of wood.

3.5. Charcoal Characterization. The bulk density was deter-
mined by the hydrostatic method, in which the samples were
immersed in mercury.

The higher heating value was determined according to
the methodology described by ABNT NBR 8633 [10], using
an adiabatic calorimeter IKA300.

Energy density was calculated, by multiplying density by
HHV.

The content of volatile matter, ash, and fixed carbon on
dry basis, was determined according to ABNT 8112 NBR [17]
by substituting platinum crucible for porcelain crucible and
temperature of ash determination of 750 to 600◦C.

3.6. Statistical Analysis. The experiment was conducted
according to a randomized design with six treatments (clo-
nes) with three replicates (tree-sample), totaling 18 sampling
units.

Data normality was verified by Lilliefors test and homo-
geneity of variance by Hartley, Cochran, and Bartlett. There
was no need for data transformation for the assumptions of
variance analysis were fulfilled.

Data were subjected to analysis of variance, and, when
significant differences were established, treatments were
compared through Tukey test at 5% probability.
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Figure 1: Mean values of wood density of Eucalyptus spp. clones,
g·cm−3. Standard deviation = 0.02; variation coefficient = 1.6%.
Means followed by same letter do not differ at 5% probability by
Tukey test.

4. Results and Discussion

4.1. Wood Characterization

4.1.1. Basic Density. The basic density ranged from 0.53 to
0.59 g·cm−3 among the evaluated clones (Figure 1). Clones 3
and 5 presented the highest average basic density, 0.58 and
0.59 g·cm−3, respectively, but the density of clones 3 and
5 did not differ from the density of clone 6 (0.56 g·cm−3).
Clone 1 had the lowest wood basic density, 0.53 g·cm−3;
however, the density of clone 1 did not differ from the density
of clones 2 (0.55 g·cm−3) and 4 (0.55 g·cm−3).

The values of basic density are similar to those found
in literature: Santos et al. [5] studied three clones of E.
urophylla × E. grandis and a clone of E. camaldulensis × E.
grandis at 7 years old, and the authors found mean values
between 0.50 and 0.55 g·cm−3; Oliveira et al. [18], evaluating
a Eucalyptus pellita clone at 5 years old, found an average of
0.56 g·cm−3.

When considering only the basic wood density, the clones
have potential to produce charcoal, because all clones had
values higher than the average suggested by Santos et al. [5]
and Trugilho et al. [14]. According to these authors, the basic
density for the production of charcoal should be superior to
0.50 g·cm−3.

Basic density can be considered one of the main criteria
for selection of species and clones of Eucalyptus for charcoal
production. Wood with the highest specific gravity should be
preferred, because the use of denser woods results in higher
production of charcoal for a certain volume of wood placed
in the kiln, and the charcoal quality is improved for various
purposes, such as the production of pig iron and steel.

According to McKendry [19], the density of the processed
product has impact on fuel storage requirements, the sizing
of the materials handling system, and on how the material is
likely to behave during subsequent thermochemical process-
ing as a fuel/feedstock.

4.1.2. Higher Heating Value (HHV). Analysis of vari-
ance showed that HHV was not significantly influenced
by clones, at 5% probability. The average HHV studied was
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Figure 2: Mean values of wood higher heating value (HHV) of
Eucalyptus spp., in MJ·kg−1. Standard deviation = 0.19; variation
coefficient = 1.0%.

19.07 MJ·kg−1, with mean values ranging between 18.87
(clone 5) and 19.24 MJ·kg−1 (clone 6), as shown in Figure 2.

The HHV of the wood shows little variation within the
same genus [5, 16, 18]. Due to the slight variation among
the values found for this property in many studies, it is
concluded that this is not a characteristic that should be used
for selection of Eucalyptus clones.

As cited by McKendry [19], the calorific value of a
material is an expression of the energy content or heat
value released when burned in air. The calorific value is
usually measured in terms of the energy content per unit
mass. Meanwhile, the higher heating value (HHV) is the
total energy content released when the fuel is burned in air;
therefore, HHV represents the maximum amount of energy
potentially recoverable from a given biomass source.

Wood HHV is influenced by factors such as chemical
composition, especially by the lignin and extractives which
influence positively and ash which influences negatively [20].
However, this relationship was not observed in this work.

4.1.3. Chemical Composition. Table 2 shows the mean values
for the chemical components of the Eucalyptus wood.

The sum of the levels of cellulose and hemicelluloses is
called holocelluloses [21], and it corresponds to the most sig-
nificant mass fraction of wood. The holocelluloses’ contents
for the different clones in this study are in agreement with
other studies [5, 16, 18]. Clones 3, 4, 5, and 6 had the highest
average levels of holocelluloses, and clone 2 had the lowest
mean value.

Concerning charcoal production, species or clones with
lower percentages of holocelluloses and higher contents
of lignin should be selected due to the low resistance of
these components when regarding thermal degradation. As
is known, the weight loss of hemicelluloses and cellulose
occurred, respectively, at 220–315◦C and 315–400◦C [22,
23]. Therefore, these components do not contribute signif-
icantly to the yield of charcoal, but to noncondensable gases
and condensable yield.

Clones 1, 2, and 6 stood out on the lignin content which
is the main component of wood when the purpose is the
production of charcoal. The lignin contents observed in the
studied clones were satisfactory for charcoal production and
consistent with other studies, in which Eucalyptus clones
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Figure 3: Mean values of charcoal gravimetric yield, in percentage.
Standard deviation = 0.66; variation coefficient = 1.3%. Means
followed by same letter do not differ at 5% probability by Tukey
test.

were studied for the same purpose. Santos et al. [5] and
Arantes et al. [24] reported the mean values of total lignin
32.0 and 29.8%, respectively.

The chemical composition of wood influences the yield
and the quality of charcoal. For example, clones 1, 2, and
6 showed high levels of lignin, and they also had higher
yields of charcoal and high fixed carbon content. This fact
is related to the higher resistance to thermal degradation of
lignin, when compared to holocelluloses, mainly due to the
increasing number of C–C and C=C present in its structure
and also because lignin has a high percentage of elemental
carbon and low oxygen, when compared with other chemical
components of wood.

Clone 2 had the highest percentage of extractives, 4.97%,
not differing significantly from clones 1, 4, and 5. For
clone 6, the lowest extractive content was recorded, 3.10%,
differing significantly from the other clones. The content of
extractives observed in this study is in accordance with the
work of Santos et al. [5], who found levels ranging from 5.0%
extractives for four clones of Eucalyptus spp., 7 years old.

For charcoal production, extractives content should be as
low as possible, for most of these compounds are degraded at
temperatures inferior to the final ones found in the process
of carbonization whose average is 450◦C, not contributing
to charcoal gravimetric yield and its properties [25]. This
is because the majority of the extractives present in the
Eucalyptus that are commercially used and whose age is
around 7 are, in most cases, fatty acids and steroids which
have low thermal stability. On the other hand, the phenolic
extractives present in old woods have an important influence
on the increase of calorific value of wood and charcoal due
to their high carbon content [26], which is not the case for
wood evaluated in this study. Therefore, wood with low levels
of extractives should be preferred, such as clone 6.

Although significant differences in ash content were
observed among the clones, the values obtained can be
considered low, and the maximum value found is equal
to 0.18%. A low ash content is also observed by Soares
[27], when evaluating an E. grandis × E. urophylla clone, 7
years old. According to Tsoumis [28], the mineral content of
Eucalyptus corresponds in general less than 1.0%.
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Table 2: Average values of holocellulose, lignin, extractives, and ash of Eucalyptus spp. wood, in percentage.

Clones Holocellulose∗ Lignin∗ Extractives Ash

1 65.25ab 30.29ab 4.30ab 0.16ab

2 63.46b 31.42a 4.97a 0.14ab

3 65.90a 29.82bc 4.15b 0.12ab

4 66.42a 28.78c 4.70ab 0.10b

5 65.44a 29.68bc 4.77ab 0.11ab

6 66.36a 30.37ab 3.10c 0.18a

Standard deviation 1.18 0.93 0.67 0.04

Variation coefficient (%) 1.8 1.7 15.5 19.3
∗

Wood-free extractives. Means in column followed by same letter do not differ at 5% probability by Tukey test.

Presence of high concentrations of inorganic compo-
nents in wood is not interesting, because they are not
degraded during carbonization and they remain in charcoal
as an undesirable residue. It contributes to the reduction of
charcoal HHV, besides its presence not being desirable to
the production of some types of ferroalloys, for they become
brittle, less malleable, and favorable to fissure.

4.2. Charcoal Characterization

4.2.1. Gravimetric Yield. Charcoal yield obtained from the
evaluated clones is considered satisfactory, and the high
yields show potential of clones to participation of hybridiza-
tion and selection charcoal production programs.

The higher value was found for clone 6 and the lower for
clone 4, while their yields are not significantly different from
clones 1, 2, 3, and 5 (Figure 3).

Neves et al. [16] found in charcoal production efficiency
around 30.3 e 32.5%, which is inferior to values observed in
this study. Botrel et al. [3] found average yield between 33.2
and 37.0% for 9 hybrid clones of Eucalyptus spp., at 6.5 years
old, agreeing with the charcoal yields observed in this work.

The evaluation of the yields in the carbonization process
is extremely important if the studied material is destined to
charcoal production [3]. It is worth emphasizing that the
yield of charcoal produced in large scale tends to be lower due
to a set of features regarding parameters for carbonization
such as final temperature, heating rate, dimensions of the
pieces of wood, and moisture that affect the process. In this
study, these variables were preestablished and maintained in
all carbonizations, which is hard to be fully controlled when
charcoal is produced in a large scale.

The wood’s chemical properties expressively influenced
the charcoal yield. The best performance in charcoal pro-
duction was the clones whose wood had a set of chemical
properties as high lignin content and low total extractive
content. Clone 4 presented the lowest lignin content and
one of the highest extractive content, and, in addition, it
also presented the lowest production of charcoal. However,
clone 6, which presented the lowest production of charcoal
and one of the highest on lignin, also presented the greatest
production of charcoal. The other clones present average
production efficiency.
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Figure 4: Mean values of charcoal bulk density of Eucalyptus spp.,
in g·cm−3. Standard deviation = 0.02; variation coefficient = 3.6%.
Means followed by same letter do not differ at 5% probability by
Tukey test.

The highest wood density for clones 3, 5, and 6, which
had the highest charcoal yield, was verified. On the other
hand, the relationship was not observed for clones with lower
densities, such as clone 1. This fact indicates that although
the density is an important index of the wood quality, it
cannot be used alone as a parameter for selection of genetic
material to produce charcoal.

4.2.2. Bulk Density. The variation of the charcoal bulk
density was 0.36 to 0.41 g·cm−3 (Figure 4). Clones 5 and 6
had the highest density, an average of 0.41 g·cm−3, followed
by clone 2 (0.38 g·cm−3) and 3 (0.39 g·cm−3), and the lowest
densities were observed for clone 1 (0.36 g·cm−3) and 4
(0.37 g·cm−3).

Similar results were found by Botrel et al. [3], who
detected mean values between 0.28 and 0.40 g·cm−3 and
Trugilho et al. [15] who obtained a mean value of
0.45 g·cm−3.

The differences found for the density of the different
clones may be given to basic density. In general, the higher
the specific gravity of wood is, the greater the bulk density of
charcoal is [5].

According to Santos [29] it is desirable that the bulk
density of charcoal should not be inferior to 0.40 g·cm−3.
Therefore, charcoal of clones 2, 3, 5, and 6 showed, statis-
tically, satisfactory average. However, other properties of the
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Figure 5: Mean values of charcoal higher heating value (HHV) of
Eucalyptus spp., in MJ·kg−1. Standard deviation = 0.80; variation
coefficient = 2.6%. Means followed by same letter do not differ at
5% probability by Tukey test.

charcoal should be maintained at acceptable levels, especially
the content of fixed carbon.

The higher the charcoal density is, the greater is the use
of blast furnace volume and the longer is the residence time
of metallic charge in the equipment, and, in addition, the
greater is the load carrying capacity in terms of carbon by
volume. Thus, the density of charcoal is maximized, and,
consequently, there is an increase in the quantity of energy
per unit volume of fuel which results in an increase of the
mechanical resistance of charcoal for the industrial blast
furnaces as well [16].

4.2.3. Higher Heating Value (HHV). Charcoal HHV average
was among 29.60 and 31,89 MJ·kg−1 (Figure 5). Charcoal
from clone 5 showed the greatest HHV, which was statisti-
cally similar to clones 2, 3, and 6, whose HHV were, respec-
tively, 31.41, 31.02, and 31.60 MJ·kg−1. These clones showed
no statistical differences from clone 1 (31.04 MJ·kg−1). Clone
4 showed the worst performance for this property. The
results are in agreement with the literature of Neves et al. [16]
who found HHV values among 31.92 to 32.23 MJ·kg−1.

It could be concluded that the total lignin content
positively influenced the HHV of charcoal, given that this
relation was also observed by Santos et al. [5]. Soon, wood
with more lignin content provides the production of charcoal
with higher heating value.

This is due to the preservation of lignin structure that is
rich in carbon, an element that is more energetic because it is
more difficult to break its connections C–C and C=C, when
compared to oxygen, which is present in higher proportions
in cellulose and hemicelluloses.

The charcoal HHV is directly related to its fixed carbon
content that increases with the wood degradation. However,
this association was not observed in this study, except for
clone 6, which showed the highest values for HHV and fixed
carbon content.

Figure 6 shows the increase in energetic density of char-
coal, as compared with wood.

There were increases of 10.7, 15.7, 10.3, 3.9, 17.8, and
18.5% on energetic density for clones 1, 2, 3, 4, 5, and 6,
respectively.

Charcoal HHV is higher than wood HHV because
most of the components that have less stable bonds in the
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Figure 6: Energetic density of charcoal and wood, in MJ·m−3.
Standard deviation = 865.66 (charcoal), 374.42 (wood); variation
coefficient = 7.21% (charcoal), 3.52% (wood). Means followed by
same letter do not differ at 5% probability by Tukey test.

Table 3: Mean values of charcoal fixed carbon, volatile matter, and
ash contents, in percentage.

Clones Fixed carbon Volatile matter Ash

1 72.93c 26.72a 0.35b

2 74.91ab 24.76bc 0.33b

3 73.86abc 25.79abc 0.35b

4 73.86abc 25.74abc 0.41b

5 73.56bc 26.08ab 0.36b

6 75.13a 24.23c 0.64a

Standard deviation 0.13 0.98 0.92

Variation coefficient (%) 18.5 2.2 0.8

Means in column followed by same letter do not differ at 5% probability by
Tukey test.

wood are broken down during carbonization. However, the
compounds that have heat-resilient bonds remain preserved,
as the aromatic rings present in the lignin.

It should be noted that the HHV of charcoal showed
an average increase of 61.30%, when it is compared with
HHV of wood (Figures 2 and 5). This is the main reason for
the increase in energetic density of charcoal as compared to
the wood, because this is a multiplication between density
and HHV. Thus, as portion of the wood is degraded during
carbonization; the charcoal density is less than the wood, but
charcoal HHV is significantly greater, resulting in a higher
energetic density of charcoal.

4.2.4. Fixed Carbon, Volatile Matter, and Ash Contents.
Table 3 shows the mean values of charcoal fixed carbon, vola-
tile matter, and ash contents.

Fixed carbon content reached maximum value of 75.13%
for clone 6, and minimum value of 72.93% for clone 1.
Santos [29] reported that the charcoal should have fixed car-
bon content between 75 and 80% concerning steel, because
higher fixed carbon levels contribute to the increase in the
productivity of blast furnaces for the same consumption of
charcoal.

Levels of volatile matter are inversely proportional to the
fixed carbon content, being highest for clone 1 (26.72%)
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and lowest for clone 6 (24.23%). According to Santos [29],
charcoal should present volatile matter contents of 20–25%
for steel use, given that higher concentration of volatile
matter means lower levels of fixed carbon which reduce
the efficiency of charcoal in the blast furnace. However,
according to the author, this feature determines the stability
of flame and combustion velocity. Volatile matters promote
an increase permeability of the blast furnace burden and a
decrease reactivity of charcoal.

Fixed carbon and volatile matter contents were slightly
different from those desirable for the steel industry, cited by
Santos [29].This fact can be explained by the low degradation
of the material which caused a high efficiency in charcoal
production and therefore high content of volatile matters and
low content of fixed carbon.

It is observed that the charcoal ash content of clone
6 was significantly higher than the others. Nevertheless,
these values are below the maximum desirable to steel, as
recommended by Santos [29] who states that the ash content
must be less than 1%. The presence of ash in charcoal should
be little for it reduces its HHV. In addition, ash causes wear
in the blast furnace and can also affect the quality of pig iron,
due to the phenomenon of segregation.

Botrel et al. [3] obtained 25.50% of volatile matter,
74.25% of fixed carbon, and 0.25% of ash. Neves et al. [16]
found average levels of 18.92, 80.29, and 0.80% of volatiles,
fixed carbon, and ash, respectively. Considering the wood of
the present work as well the evaluated genetic materials by
[3, 16] they were carbonized under the same conditions; the
differences observed in the immediate chemical composition
may be attributed to wood chemical composition.

In particular, it can be observed that there is a positive
relation between the fixed carbon content of charcoal and
the lignin content due to its thermal stability properties and
the high content of carbon in its composition, which in turn
contribute to the increase of the fixed carbon of charcoal.

As for the content of wood extractives, it could be observ-
ed that there is an inverse relation concerning the content of
fixed carbon. This fact can also be explained by the thermal
stability properties of the extractives present in wood. It is
important to point out that the extractives are predominantly
lipophilic, and they are degraded during the carbonization
process. Therefore, the greater the content of extractives is,
the smaller the percentage of fixed carbon in the final product
is.

5. Conclusions

(i) The evaluated genetic materials showed differences in
their wood properties which affect charcoal produc-
tion.

(ii) According to research results, several properties of
wood should be considered together for the selec-
tion of clones for charcoal production. However,
basic density and chemical composition of wood,
especially high contents of lignin and low contents
of extractives, are the properties that had more
influence on charcoal yield and its quality.

(iii) For this study, wood HHV is not a characteristic that
should be used for selection of Eucalyptus clones. This
is because no significant differences were observed
for such property among the evaluated clones as well
as previous studies of the same genus. Furthermore,
wood HHV did not present any relationship with the
properties of charcoal.

(iv) Even though clones 1/6 and 2/4/5 belong to the same
species, Eucalyptus camaldulensis and Eucalyptus uro-
phylla, respectively, differences could be observed
within the same species such as the properties of
wood and charcoal. Therefore, it can be concluded
that there is a necessity of selection and also Eucalyp-
tus breeding concerning wood and charcoal.

(v) Although all clones have presented satisfactory prop-
erties for charcoal production and also for ironmaster
use, when considering the set of properties, clone 6
(Eucalyptus camaldulensis) stood up, and, in contrast,
clone 4 (Eucalyptus urophylla Hybrid) showed infe-
rior properties. Among the clones, charcoal of clone
6 stood out, for it showed high density, high HHV,
and fixed carbon content.
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Forest Engineering, and the Laboratory of Panels and Wood
Energy.

References

[1] Brazilian Association of Planted Forests Producers—ABRAF,
“Statistical Yearbook of ABRAF: base year 2011,” Brası́lia,
Brazil, 2012.

[2] R. C. Santos, A. C. O. Carneiro, P. F. Trugilho, L. M. Mendes,
and A. M. M. L. Carvalho, “Thermogravimetric analysis of
eucalyptus clones as a subside for charcoal production,” Cerne,
vol. 18, no. 1, pp. 143–151, 2012.

[3] M. C. G. Botrel, P. F. Trugilho, S. C. D. S. Rosado, and J. R.
M. Da Silva, “Genetic improvement of Eucalyptus charcoal
properties,” Revista Arvore, vol. 31, no. 3, pp. 391–398, 2007.

[4] M. C. G. Botrel, P. F. Trugilho, S. C. Da Silva Rosado, and J. R.
M. Da Silva, “Selection of Eucalyptus clones for forest biomass
and wood quality,” Forest Sciences, no. 86, pp. 237–245, 2010.

[5] R. C. D. Santos, A. D. C. O. Carneiro, A. F. M. Castro et al.,
“Correlation of quality parameters of wood and charcoal of
clones of eucalyptus,” Forest Sciences, no. 90, pp. 221–230,
2011.

[6] E. Oliveira, “Correlations between quality parameters of Euca-
lyptus grandis (Whill ex-Maiden)wood and charcoal,” Techni-
cal Bulletin SIF 2, 1990.

[7] TAPPI—Technical Association of the Pulp and Paper Industry,
“TAPPI test methods T 257 cm-85: sampling and preparing
wood for analysis,” in TAPPI Standard Method, Cd-Rom,
Atlanta, Ga, USA, 2001.



8 International Journal of Forestry Research

[8] American Society for Testing and Materials. ASTM, “Standard
methods of evaluating properties of wood-base fiber and par-
ticles materials,” Philladelphia, Pa, USA, 1982.

[9] Brazilian Association of Technical Standards. ABNT, “NBR
11941: Wood: Determination of the basic density,” Rio de
Janeiro, Brazil, 2003.

[10] Brazilian Association of Technical Standards. ABNT, “NBR
8633: Charcoal: determination of the calorific value,” Rio de
Janeiro, Brazil, 1984.

[11] TAPPI-Technical Association of the Pulp and Paper Industry,
“TAPPI test methods T 204 om-88: solvent extractives of wood
and pulp,” in TAPPI Standard Method, Cd-Rom, Atlanta, Ga,
USA, 2001.

[12] J. L. Gomide and B. J. Demuner, “Determination of lignin in
woody material: modified Klason method,” O Papel, vol. 47,
no. 8, pp. 36–38, 1986.

[13] O. Goldschimid, “Ultraviolet spectra,” in Lignins, K. V. Sarka-
nen and C. H. Ludwing, Eds., pp. 241–266, Wiley Interscience,
New York, NY, USA, 1971.

[14] P. F. Trugilho, J. T. Lima, F. A. Mori, and A. L. Lino, “Evaluation
of Eucalyptus clones for charcoal production ,” Cerne, vol. 7,
no. 2, pp. 104–114, 2001.

[15] P. F. Trugilho, J. R. M. Silva, F. A. Mori, J. T. Lima, L. M.
Mendes, and L. F. B. Mendes, “Yield and charcoal charac-
teristics in relation of radial sampling position in Eucalyptus
clones,” Cerne, vol. 11, no. 2, pp. 178–186, 2005.
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The first organized Eucalyptus research in Florida was begun by the Florida Forests Foundation in 1959 in southern Florida.
This research was absorbed by the USDA Forest Service and the Florida Division of Forestry in 1968. In the early 1970s, the
Eucalyptus Research Cooperative formed to provide additional support emphasized E. grandis, E. robusta, E. camaldulensis, and E.
tereticornis and developed cultural practices for commercial plantations in southern Florida. In 1978, this cooperative united with
the Hardwood Research Cooperative at North Carolina State University until 1985 when the 14-year effort ended after three severe
freezes from 1983 to 1985. Eucalyptus planting and research were continued with a Florida-wide focus by the University of Florida
and collaborators starting in 1980. The collective accomplishments in terms of genetic resources and commercial planting are
summarized. For example, fast-growing, freeze-resilient E. grandis seedlings are produced by advanced generation seed orchards,
five E. grandis cultivars are commercially available, as are E. amplifolia and Corymbia torelliana seeds. Genetic improvement of these
and other species is ongoing due to beneficial collaborations. Short Rotation Woody Crop systems are promising for increasing
productivity and extending uses beyond conventional pulpwood to applications such as windbreaks, dendroremediation, and
energy wood.

1. Introduction

Eucalyptus species were introduced in the South as early
as 1878, but no significant commercial plantations were
established until the late 1960s [1]. Although forestry
organizations tested eucalypts in Florida in the 1950s and in
Texas in the 1960s, most plantings before 1970 were small
scale windbreaks, ornamentals, and shade trees in central and
southern Florida and Texas.

In 1959, the Florida Forests Foundation initiated research
on eucalypts as a potential source of hardwood pulpwood
on rangeland or other low quality sites in southern Florida.
The Foundation’s research was absorbed by the USDA Forest
Service and the Florida Division of Forestry in 1968. In the
early 1970s, a eucalyptus research cooperative was formed by
seven companies to provide financial and research support
to the Forest Service. This effort led to the selection of E.
grandis, E. robusta, E. camaldulensis, and E. tereticornis from
67 species tested and to the development of cultural practices

for raising seedlings and establishing commercial plantations
in southern Florida [1–13].

In 1971, the Hardwood Research Cooperative at North
Carolina State University (NCSU) began a systematic eval-
uation of species and sources to determine Eucalyptus
suitability primarily for the Lower Coastal Plain of the South.
By 1978, the industrial members of the Florida group joined
the Hardwood Cooperative to pursue the Eucalyptus dream
until 1985 when the 14-year effort ended as the result of
severe freezes in December 1983, January 1984, and January
1985.

In Florida, Eucalyptus planting and research that started
in south Florida in the 1960s were continued with a Florida-
wide focus by the University of Florida and collaborators
starting in 1980. The USDA Forest Service was a significant
and active collaborator until its Lehigh Acres unit closed in
1984.

This paper reviews the history and status of tree
improvement research activities with E. grandis, E. robusta,
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E. camaldulensis, E. tereticornis, E. amplifolia, and Corymbia
torelliana in Florida. In the process, this paper first recognizes
significant players in these activities and then highlights
accomplishments in terms of genetic resources and commer-
cial and potential uses. This paper also identifies continuing
research needs.

2. Significant Players

Numerous institutions, companies, and individuals have
contributed to the current status of eucalypts in Florida.
The Florida Forests Foundation that initiated research in
southern Florida benefitted from the efforts of George
F. Meskimen, whose exceptional dedication to Eucalyp-
tus research he jokingly once claimed came from being
“seduced” by the genus’ attributes. The USDA Forest Service
had a major role from 1968 to 1984, particularly through
the activities of Thomas F. Geary and notably again George
F. Meskimen. During this same time, the Florida Division
of Forestry, with primary “on the ground” participation by
Tim Pitman, facilitated eucalypt commercialization. Starting
in the 1960s and continuing to the present, Lykes Bros.,
through the efforts of Charley Lykes, Ben Swendsen, and
Jim Bryan, has been the major planter of eucalypts in
Florida and a consistent supporter of related research.
The six forestry companies in the Eucalyptus Research
Cooperative (Buckeye Cellulose Corporation, Container
Corporation of America, Hudson Pulp & Paper Corporation,
International Paper Company, ITT Rayonier, and St. Regis
Paper Company) provided essential support and impetus for
commercialization starting in 1971 [1]. These companies and
other members of the Hardwood Research Cooperative at
NCSU continued support of Eucalyptus research until 1985
[13]. NCSU scientists who made significant contributions
during this period included Carlyle Franklin and Bill Dvo-
rak.

The Florida-wide Eucalyptus research conducted by the
University of Florida (UF) since 1980 similarly has benefitted
from many collaborators. The Short Rotation Woody Crops
Program of the US Department of Energy funded research
from 1980 to 1988. The Gas Research Institute provided
support from 1981 to 1991. Other institutional supporters
included the USDA Forest Service, the Florida Institute of
Phosphate Research, Southeastern Regional Biomass Energy
Program, USDA-SARE, Sumter County, and the Center
for Biomass Energy Programs at UF. Buckeye Technology
Florida, Mosaic, and Evans Properties are among the
industries providing financial support, and many more
contributed in kind through research collaboration, site
preparation, and management. Among the numerous UF
scientists involved in the research were J. B. Huffman, D.
R. Dippon, H. Riekerk, G. R. Alker, D. R. Carter, L. Q. Ma,
M. P. Ozores-Hampton, P. J. Minogue, J. T. DeValerio, K. V.
Reddy, K. R. Roeder, E. I. Warrag, S. M. Pisano, B. Tamang,
B. Becker, and M. H. Langholtz.

Collectively, the investments of personnel and resources
in developing Eucalyptus for Florida are large. Scientist-years
associated with the research conservatively exceed 100. Direct

financial support to UF alone exceeded $3 million, and in-
kind support over nearly 50 years may equal the direct
funding.

3. Genetic Resources

A novel cost-efficient tree improvement strategy pioneered
for E. grandis in Florida was followed for developing seedling
seed orchards (SSOs) of all species [1, 4, 9, 14–21]. This
inexpensive but effective strategy utilized eucalypts’ short
generation time and rapid growth by combining provenance
and progeny testing in one place at one time with early selec-
tion, large infusions of new, primarily single-tree accessions,
and use of pedigrees to minimize inbreeding and achieve
steady and often great genetic gains.

Five generations of E. grandis SSOs in southern Florida
(Table 1) were started in 1961 by the Florida Forests Founda-
tion using block plots of a limited number of accessions. The
1st-generation genetic base population of 4,352 trees from
only 13 accessions was quickly thinned to an SSO of just
eight trees from three accessions, which in turn were carried
forward into the 2nd-generation genetic base population
planted in 1964. While this population had 11,000 trees from
18 accessions, the resulting SSO had only 33 trees from 12
accessions.

To expand this narrow genetic base, the 3rd- and 4th-
generation genetic base populations received major infusions
of new accessions, primarily individual tree seedlots. When
planted in 1973, over 13,000 trees from 285 accessions were
deployed as single-tree plots in a completely randomized
design. Based on 1.5-year tree size data, the 3rd-generation
SSO (GO73) was then created with 431 trees of 191
accessions unequally distributed across the SSO (Figure 1).

The 4th-generation genetic base population (GP77)
established nearby in 1977 with a worldwide representation
of E. grandis of over 31,000 trees from 529 accessions was
again completely randomized in single-tree plots across more
than 12 ha (Figure 1) [1, 7–9, 14, 16, 17]. At 1.5 years, nearly
half of the trees were felled to evaluate wood properties
and coppicing. From the resulting data, area selects (the
best tree in 4 rows of 5 trees) were made to constitute
the 4th-generation SSO (GO77) (Figure 1). The final GO77
composition created in 1985 also utilized individual tree
responses to severe freezes from 1983 to 1985. These 1,500
orchard trees have produced seed for many commercial
plantings in Florida and elsewhere.

The effectiveness of this tree improvement strategy was
evident in comparisons across generations in GP77 for tree
volume (Figure 2). The comparison of 1st-generation E.
grandis with E. saligna supported dropping E. saligna from
the research program. A near doubling of tree size in 2nd-
generation E. grandis demonstrated the payoff in selecting
for adaptability to the infertile soils and seasonal rainfall of
southern Florida. The 16% gains in tree volume in successive
generations illustrate the benefit of continued selection and
orchard establishment.

Including the genetic base populations that served as
large open-pollinated progeny tests, some 25 smaller progeny
tests of E. grandis in GO73 and GO77 were planted in



International Journal of Forestry Research 3

Table 1: Numbers of trees and accessions in Florida Eucalyptus grandis, E. robusta, E. camaldulensis/E. tereticornis, E. amplifolia, and
Corymbia torelliana genetic base populations and derived seedling or clonal (C) seed orchards by generation and year of establishment.

Generation Year
Base population Orchard

Trees Accessions Trees Accessions

E. grandis seedling seed orchards

1 1961 4,352 13 8 3

2 1964 11,000 18 33 12

3 1973 13,234 285 431 191

4 1977 31,725 529 1,500 260

5 2002 1,620 69 73 33

5 2010-11 1,300 26 ∼260 ∼20

5 2011-12 5,580 36 ∼480 ∼25

E. grandis clonal seed orchards

4C 1996 154 41

4C 2007 176 36

E. robusta seedling seed orchards

1 1961 2,304 9 119 ??

2 1967 6,275 64 94 39

3 1975 24,476 372 706 191

E. camaldulensis/E. tereticornis seedling seed orchards

1 19?? ? ?? ?? ??

2 1974 13,421 184 243 150

E. amplifolia seedling seed orchards

1 1992 1,685 109 139 106

2 1999 1,638 59 40 22

2 2003 216 22 33 12

C. torelliana seedling seed orchard

1 2008 960 29 69 25

(a) (b)

Figure 1: Aerial views of GO73 (front) and GP77 (back) in 1980 (a) and GO73 and GO77 in 1993 (b).

southern Florida since the 1970s [7, 12, 16, 17, 20–25]. GP77
and eight of these smaller tests with appropriate tree size
and freeze responses, in combination with the multigener-
ation pedigrees that have been maintained, have recently
contributed to the calculation of breeding values for 2,174
trees for stand basal area and/or freeze resilience (the ability
to reestablish vigorous vertical growth after freeze damage).

The severe freezes of the 1980s [11] afforded exceptional
opportunities to develop fast growing, freeze resilient clones
(Table 2), and several clone banks were established. Most
of the early emphasis was on E. grandis, with genetic tests
distributed widely across sites and climates in Florida. Based

on the resulting performance (Table 3), UF has patented
and released five cultivars: E.nergy series E. grandis cultivars
G1, G2, G3, G4, G5 [26], which grow well under many
circumstances (Figure 3).

Progeny test results, breeding values, convenience, and/or
security of multiple orchard locations led to the establish-
ment of additional E. grandis orchards (Table 1). Small clonal
seed orchards were established in 1996 and 2007 to be closer
to facilities and to protect against tree loss due to storms,
respectively. For similar reasons, 5th-generation seedling
seed orchards have also been developed using multiple-tree
row plots in randomized complete block designs.
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Figure 2: Genetic gains in 2.5-year-old family mean stem volume
(dm3) for 27 1st-generation E. saligna (1ES), 117 1st-, 211 2nd-, 126
3rd-, and 48 4th-generation E. grandis (1EG, 2EG, 3EG, and 4EG,
resp.) families in genetic base population GP77.

Table 2: Numbers of clones selected, tested, and commercialized by
species.

Species Selected Tested Commercialized

E. grandis 390 350 5

E. robusta 52 52 0

E. camaldulensis/tereticornis 28 4 4

E. amplifolia 115 35 0

C. torelliana 4 0 0

In the early species comparisons in southern Florida, E.
robusta appeared to be comparable to E. grandis, and hybrids
between the two species were promising [1]. Therefore,
similar emphasis was given to E. robusta seedling seed
orchards (Table 1). In 1975, the 3rd-generation orchard
RO75 was established using comparable techniques to GO77
[4], but after RO75 was rogued, the top E. grandis progenies
were interplanted to encourage production of spontaneous
hybrids. Following this unproductive effort, RO75 was
harvested and is no longer viable.

Some E. robusta candidates were selected and clonally
tested in the early 1980s (Table 2). However, the E. robusta
clones failed to perform well, and none were ever commer-
cialized.

Early species comparisons also showed promise for E.
camaldulensis and E. tereticornis, resulting in a 1st-generation
seedling seed orchard (Table 1). A considerable effort in 1974
expanded the genetic base population for these species, and
seedling seed orchard CT74 was eventually developed.

Because seed production was problematic, some E.
camaldulensis and E. tereticornis clones were selected
(Table 2). A few of these were commercially propagated for
use in California in the 1990s [27–29] but are no longer
available.

Reevaluation of a number of species [15, 18–20, 23, 25,
30–33] resulted in expanded tree improvement efforts with
two species that had been considered of limited potential. For
both E. amplifolia and C. torelliana (formerly E. torelliana),

the starting germplasm was derived from seed or trees
resulting from earlier screening efforts. The Florida Division
of Forestry had retained and grown small quantities of E.
amplifolia and C. torelliana because of their ornamental
properties.

Two generations of E. amplifolia orchards have been
established (Table 1) for producing seed for planting in
more freeze-frequent northern Florida and similar areas. The
1st-generation genetic base population included many new
accessions, particularly individual tree accessions from frost-
frequent portions of the species’ natural distribution. Most
of those accessions were retained in the SSO AO92. The
two 2nd-generation orchards (Figure 4) included seedlings
from AO92 but were mostly composed of additional new
accessions. Commercial seed is available from two of the
SSOs, and breeding values will be calculated from all 15
progeny tests that have been established since 1998.

Collectively, over 100 E. amplifolia cloning candidates
have been identified, with some 35 entered in tests. Since
rooting percent in E. amplifolia is highly variable but
typically half that of E. grandis (40% versus 80% [19]),
many more candidates may be needed before commercial-
ization.

The C. torelliana genetic base population planted in
2008 (Table 1) included seedlots from 29 trees in windbreaks
established from Division of Forestry and retained seed
of unknown source. Surprisingly, this tropical species has
demonstrated tolerance to temperatures as low −5◦C, and
all 69 orchard trees combine freeze tolerance with good
growth and tree form (Figure 5). New Australian accessions
have been acquired for inclusion in the 2nd-generation base
population.

A few C. torelliana cloning candidates have been identi-
fied (Table 2). Capture has been by tissue culture, with no
trees yet ready for field testing.

Other eucalypts are currently being tested for Florida
conditions. One company is testing E. benthamii, E.
macarthurii, and a genetically engineered hybrid of
E. grandis × E. urophylla with genes for cold tolerance,
lignin biosynthesis, and/or fertility [34]. Using more recent
and broader germplasm than what was represented in
earlier tests, NCSU and several collaborators started in
2010 assessing 149 species at 11 locations in the Southeast,
including two in Florida, with about 30 species per location
[35].

4. Uses

Matching Eucalyptus species to Florida’s diverse weather and
soils is challenging. Historically defined climatic regions
based on average low temperatures or numbers of freezes
provide some broad guidelines, but annual aberrations such
as the three 100-year freezes in the 1980s [11], extended
cold periods of the 2010-11 winter, and the abrupt freezes
of the “warm” winter of 2011-12 profoundly influence freeze
susceptibility of all young eucalypts. Rainfall patterns with
unpredictable, extended dry spells make Florida’s summer
rainfall climate highly variable and difficult for successful
planting and early growth. Within climatic regions, soils
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(a) (b)

Figure 3: 13.3-year-old G4 on dredge spoils (a) and 2-year-old G1, G2, G3 on phosphate mined land (b) in central Florida.

Table 3: Characteristics of E. nergy series E. grandis cultivars G1, G2, G3, G4, and G5.

Characteristic
Cultivar

G1 G2 G3 G4 G5

Growth Fast Fast Fast Fast Fast

Freeze resilience Average Good Excellent Excellent Average

Wind firmness Suscept. Average Average Resistant —

Coppice Good Good Good Good Good

Tissue culture propagation Readily Readily Readily Good Good

Pedigree (gen.) 4th 4th 2nd 2nd 3rd

Wood density (kg/m3) — 522 470 640 —

Wood moisture content (%, dry wt) 119 104–123 128-129 89 —

Chalcid resistant No Yes Yes Yes Yes

Plant in south FL Yes Yes Yes Yes Yes

Plant in central FL No Yes Yes Yes Yes

Plant in north FL No Yes Yes Yes No

available for planting eucalypts can range from sandy,
infertile to heavy clay to limestone to organic.

Still, broad climatic regions provide initial guidelines
for using the species (Figure 6). From southern into central
Florida, C. torelliana will tolerate typical winter conditions
and grow well across a range of sites, especially when
irrigated on deep sands. In peninsular Florida, E. grandis,
especially hardier cultivars (Table 3), will tolerate most
winters and sites even into northeast Florida. While typically
tolerant of the colder winters common to northern Florida
and similar regions, E. amplifolia requires good fertility with
pH > 5.6 unless appropriate amendments are added to the
infertile, poorly drained soils common to much of the region.

Eucalyptus planting is still largely done in southern
Florida. One large landowner maintains a plantation estate
of ∼8,000 ha of primarily E. grandis in southern Florida.
Two commercial plantations of ∼32 ha of E. amplifolia
have been established in northern Florida. No traditional
plantations of C. torelliana have yet been established, but
it is widely used for windbreaks in central and southern
Florida.

Market opportunities for Florida eucalypts are currently
limited but have huge potential. The hardwood pulpwood
market forecast for southern Florida grown eucalypts in the
1970s [1] that was made uneconomical by high transporta-
tion costs instead became a more local mulch wood market

(Figure 7) that supplies Eucalyptus mulch widely across the
US. As cypress availability decreases, more eucalypt wood
may replace it. In areas close to existing pulp mills in
northern Florida, specialty pulps may utilize eucalypts.

Other traditional wood markets for eucalypts elsewhere
are undeveloped or untapped in Florida. For solid wood
products such as lumber and flooring, E. grandis grown
in longer rotations would be suitable. As medium density
fiberboard, E. grandis and/or E. amplifolia are suitable, as well
as for wood-cement boards, plywood, and oriented strand
board [36–38].

Eucalyptus energy wood uses in Florida have been
demonstrated and are planned [22–24, 39–47]. For cofiring
in compatible coal-fired power plants, E. grandis is a suitable
feedstock. Eucalyptus is being considered as the feedstock for
energy generation at pulp mills in Florida. It has potential for
use in biorefineries even in association with pulp mills [48].
For several stand-alone biomass power plants in the state,
Eucalyptus is proposed as the primary feedstock [49].

Short Rotation Woody Crop (SRWC) systems can max-
imize eucalypt productivity for such uses [8, 23, 25, 30,
33, 50–66]. Due to their easy propagation, rapid growth,
tolerance to high stand density, response to intensive culture,
and coppicing, E. grandis (Figure 7) and E. amplifolia in
SRWCs can produce up to 67 green mt ha−1 yr−1 in multiple
rotations as short as three years in Florida. These species
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(a) (b)

Figure 4: E. amplifolia seedling seed orchards at 8 years (a) and five years (b).

(a) (b)

Figure 5: 3.4-year-old C. torelliana orchard (a) and a tree in the orchard (b).

are very responsive to intensive culture options such as soil
amendments, vegetation control, and irrigation.

Eucalyptus grandis, E. amplifolia, and C. torelliana also
have other uses in Florida. While each can be used in
windbreaks [33, 67–72], E. grandis (Figure 7) and especially
C. torelliana have been widely planted around citrus groves
and vegetable fields in central and southern Florida. For den-
droremediation (tree uptake of nutrients, reclaimed water,
contaminants, etc.), E. grandis (Figure 7) and E. amplifolia
can be very effective [73–79]. Eucalypts can serve as “bridge
crops” to convert lands infested with invasive species such as
cogon grass (Imperata cylindrica) to agricultural uses [80].

5. Research Needs

While genetic and silvicultural improvements to date pri-
marily with E. grandis, E. amplifolia, and C. torelliana have
dramatically improved Eucalyptus productivity in Florida,
considerable progress remains to be made through research
in several areas. Within the genus, more recently tested
species, such as E. benthamii, may demonstrate suitability for
Florida’s demanding climatic and site conditions.

Within the species suitable for Florida, progress is needed
in freeze resilience, growth rate, coppicing, pest resistance
(e.g., the blue gum chalcid [81]), and propagation. Advanced
generation breeding in combination with seedling and clonal
seed orchards can continue making gains in these traits, but
dramatic improvements are possible with clonal selection

and testing. For example, interspecific hybridization and
genetic modification, using gene mapping and genomic
selection, could produce cloning candidates [82].

With the advent of proven clones, economical and rapid
propagation becomes a need. Current vegetative propagules
are ∼33% more expensive than seedlings. Florida’s seasonal
planting schedule further necessitates the need for periodic
rapid buildups of propagules.

Silvicultural enhancements are needed. Because of the
infertility, low pH, and low organic matter of many sites
available for planting eucalypts in Florida, appropriate
organic fertilizers and water absorbing gels need study.
Environmentally friendly applications of inorganic fertilizers
need documentation. Weed control treatments are not well
developed for eucalypts in Florida. Application of available
wastewaters to plantations needs to be commercialized.
Growth and yield models reflecting genetic and silvicultural
improvements will be needed.

Market expansion for eucalypts in Florida depends on
energy project development and technology improvement.
The current market for eucalypt mulch wood is met by exist-
ing plantations, but the mulch wood market could expand
if cypress availability decreases. The number of wood pellet
plants and biomass-fueled utility plants currently under
construction and proposed for Florida could significantly
increase the demand for eucalypts. Improvements in biomass
conversion at pulp mills and stand-alone biorefineries would
also increase demand.
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(a) (b) (c)

Figure 6: Planting regions in Florida for C. torelliana (a), E. grandis (b), and E. amplifolia (c).

(a) (b)

(c) (d)

Figure 7: Uses of E. grandis in Florida—mulch wood (a), energy wood (b), dendroremediation (c), and windbreaks (d).

6. Conclusions

Fifty years of concerted effort by many players have
developed eucalypts of typically satisfactory growth, freeze
resilience, and site tolerance in most of peninsular Florida. In
southern and into central Florida, E. grandis seedlings from
advanced generation orchards may be successfully deployed
in most years. Five E. grandis cultivars (E. nergy G1, G2, G3,
G4, G5), resulting from freeze resilience screening afforded
by extreme winters, may extend the E. grandis planting zone
into northeast Florida. For southern and central Florida,
C. torelliana seed is now available from a 1st-generation
seedling seed orchard. For northern and into central Florida,
improved E. amplifolia seed is available. These species may
be used for multiple products. Mulch wood is the current
market for E. grandis and E. amplifolia, while E. grandis
and particularly C. torelliana are used for windbreaks. Using
SRWC systems, the productivities of these species are high

and will be required to meet feedstock demands when energy
wood markets develop.

Genetic improvement is ongoing to increase growth
and particularly to address freeze resilience and pest resis-
tance needs. Collaboration will be beneficial for continued
progress in realizing the attributes of Eucalyptus under
Florida conditions.

Acknowledgments

Thanks are due to the National Council for Air and Stream
Improvement, Inc. and the USDA Forest Service Southern
Research Station for their invitation and support in attending
and presenting at the Symposium on the Assessment and
Management of Environmental Issues Related to Eucalyptus
Culture in the Southern United States in Charleston, SC,
from February 22–24, 2012. This paper is based on that
presentation.



8 International Journal of Forestry Research

References

[1] T. F. Geary, G. F. Meskimen, and E. C. Franklin, “Growing
eucalypts in Florida for industrial wood production,” Tech.
Rep. SE-23, USDA Forest Service Southeastern Forest Exper-
iment Station General, 1983.

[2] G. Meskimen and E. C. Franklin, “Spacing Eucalyptus grandis
in southern Florida,” Southern Journal of Applied Forestry, vol.
1, no. 1, pp. 3–5, 1978.

[3] E. C. Franklin, “Yield and properties of pulp from eucalypt
wood grown in Florida,” TAPPI, vol. 60, no. 6, pp. 65–67, 1977.

[4] W. S. Dvorak, E. C. Franklin, and G. Meskimen, “Breeding
strategy for E. robusta in southern Florida,” in Proceedings
of the 16th Southern Forest Tree Improvement Conference, pp.
116–122, 1981.

[5] D. L. Rockwood and G. F. Meskimen, “Genetic, spacing, and
genotype x spacing influences on growth of Eucalyptus grandis
in south Florida,” in Proceedings of the 16th Southern Forest
Tree Improvement Conference, pp. 77–785, l98l.

[6] D. L. Rockwood, T. F. Geary, and P. S. Bourgeron, “Planting
density and genetic influences on seedling growth and cop-
picing of eucalypts in southern Florida,” in Proceedings of the
Southern Forest Biomass Working Group Workshop, pp. 95–102,
1982.

[7] D. L. Rockwood, R. C. Kellison, E. C. Franklin, and G. F.
Meskimen, “Operational advanced generation improvement
programs for minor species in the South,” Southern Cooper-
ative Series Bulletin, vol. 309, pp. 27–37, 1986.

[8] K. V. Reddy, D. L. Rockwood, C. W. Comer, and G. F. Meski-
men, “Genetic improvement of Eucalyptus grandis for biomass
production in Florida,” in Biomass Energy Development, pp.
103–1110, 1985.

[9] K. V. Reddy, D. L. Rockwood, C. W. Comer, and G. F.
Meskimen, “Predicted genetic gains adjusted for inbreeding
for an Eucalyptus grandis seed orchard,” in Proceedings of the
18th Southern Forest Tree Improvement Conference, pp. 283–
2289, 1985.

[10] O. J. Webley, T. F. Geary, D. L. Rockwood, C. W. Comer, and G.
F. Meskimen, “Seasonal coppicing variation for three eucalypts
in southern Florida,” Australian Forest Research, vol. 16, no. 3,
pp. 281–2290, 1986.

[11] G. F. Meskimen, D. L. Rockwood, and K. V. Reddy, “Develop-
ment of Eucalyptus clones for a summer rainfall environment
with periodic severe frosts,” New Forests, vol. 1, no. 3, pp. 197–
205, 1987.

[12] D. L. Rockwood and G. F. Meskimen, “Comparison of
Eucalyptus grandis provenances and seed orchards in a frost-
frequent environment,” South African Forestry Journal, vol.
159, pp. 51–59, 1991.

[13] R. Kellison, R. Lea, and P. Marsh, “The U. S. eucalyptus
story imports into the U. S. South and West,” in Proceedings
of the Symposium on the Assessment and Management of
Environmental Issues Related to Eucalyptus Culture in the
Southern United States, Charleston, SC, USA, February 2012.

[14] K. V. Reddy and D. L. Rockwood, “Breeding strategies for
coppice production in an Eucalyptus grandis base population
with four generations of selection,” Silvae Genetica, vol. 38, no.
3-4, pp. 148–151, 1989.

[15] D. L. Rockwood, K. V. Reddy, E. I. Warrag, and C. W. Comer,
“Development of Eucalyptus amplifolia for woody biomass
production,” Australian Forest Research, vol. 17, no. 2, pp. 173–
1178, 1987.

[16] D. L. Rockwood, “Eucalyptus genetic resources in Florida

USA,” Tech. Rep. 16, FAO Rom, FAO Forest Genetic Resources
Information, 1988.

[17] D. L. Rockwood, E. E. Warrag, K. Javanshir, and K. Kratz,
“Genetic improvement of Eucalyptus grandis for southern
Florida,” in Proceedings 20th Southern Forest Tree Improvement
Conference, pp. 403–410, Charleston, SC, USA, June 1989.

[18] D. L. Rockwood, N. N. Pathak, P. C. Satapathy, and E. E.
Warrag, “Genetic improvement of Eucalyptus amplifolia for
frost-frequent areas,” Australian Forestry, vol. 54, no. 4, pp.
212–218, 1991.

[19] D. L. Rockwood, R. J. Dinus, J. M. Kramer et al., “Genetic
variation for rooting, growth, frost hardiness, and wood, fiber,
and pulping properties in Florida-grown Eucalyptus ampli-
folia,” in Proceedings 22nd Southern Forest Tree Improvement
Conference, pp. 81–88, Atlanta, Ga, USA, June 1993.

[20] D. L. Rockwood, R. J. Dinus, J. M. Kramer, and T. J.
McDonough, “Genetic variation in wood, pulping, and paper
properties of Eucalyptus amplifolia and E. grandis grown in
Florida USA,” in Proceedings of the CRC-IUFRO Conference
Eucalypt Plantations: Improving Fibre Yield and Quality, pp.
53–59, Hobart, Australia, February1995.

[21] D. L. Rockwood, G. F. Peter, M. H. Langholtz, B. Becker, A.
Clark III, and J. Bryan, “Genetically improved eucalypts for
novel applications and sites in Florida,” in Proceedings of the
28th Southern Forest Tree Improvement Conference, pp. 64–75,
Raleigh, NC, USA, June 2005.

[22] S. C. Wang, J. B. Huffman, and D. L. Rockwood, “Qualitative
evaluation of fuelwood in Florida—a summary report,”
Economic Botany, vol. 36, no. 4, pp. 381–388, 1982.

[23] D. L. Rockwood, C. W. Comer, L. F. Conde et al., “Final report:
energy and chemicals from woody species in florida,” Tech.
Rep. ORNL/Sub/81 9050/1, Oak Ridge National Laboratory,
1983.

[24] S. Wang, R. C. Littell, and D. L. Rockwood, “Variation in
density and moisture content of wood and bark among twenty
Eucalyptus grandis progenies,” Economic Botany, vol. 36, no. 4,
pp. 381–388, l982.

[25] D. L. Rockwood, D. R. Dippon, and M. S. Lesney, “Woody
Species for Biomass Production in Florida,” Final Report
ORNL/Sub/81 9050/7, 1988.

[26] D. L. Rockwood and B. Tamang, “Description and perfor-
mance of four Eucalyptus grandis cultivars released by IFAS/UF
in 2009,” in Proceedings Florida State Horticultural Society, pp.
330–332, Crystal River, FL, USA, June 2010.

[27] D. L. Rockwood, G. H. Snyder, and R. R. Sprinkle, “Woody
biomass production in wastewater recycling systems,” Tech.
Rep. 91327, TVA, Southeastern Regional Biomass Energy
Program Publication, Muscle Shoals, Ala, USA, 1995.

[28] D. L. Rockwood, G. H. Snyder, and R. R. Sprinkle, “Woody
biomass production in waste recycling systems,” in Proceed-
ings of the 6th National Bioenergy Conference, pp. 351–358,
Reno/Sparks, Nev, USA, October 1994.

[29] D. L. Rockwood, S. M. Pisano, R. R. Sprinkle, and A.
Leavell, “Stormwater remediation by tree crops in Florida,” in
Proceedings of the 4th Biennial Stormwater Research Conference,
pp. 309–319, Southwest Florida Water Management District,
Clearwater, FL, USA, October 1995.

[30] D. L. Rockwood, C. W. Comer, D. R. Dippon, J. B. Huffman,
H. Riekerk, and S. Wang, “Current status of woody biomass
production research in Florida,” Soil and Crop Science Society
of Florida, vol. 42, pp. 19–127, 1983.

[31] D. L. Rockwood and J. T. De Valerio, “Promising species for
woody biomass production in warm-humid environments,”
Biomass, vol. 11, no. 1, pp. 1–17, 1986.



International Journal of Forestry Research 9

[32] D. L. Rockwood and T. F. Geary, “Growth of 19 exotic and
two native tree species on organic soils in Southern Florida,”
in Proceedings of the Symposium on Exotic Pest Plants, chapter
20, pp. 283–302, Miami, Fla, USA, November 1988, USDI,
National Park Service, Rpt. NPS/NREVER/NRTR-91/06.

[33] D. L. Rockwood and G. F. Peter, Eucalyptus and Corymbia
Species for Pulpwood, Mulchwood, Energywood, Windbreaks,
and/or Phytoremediation, Florida Cooperative Extension Ser-
vice Circular, 2011.

[34] R. S. Zalesny Jr., M. W. Cunningham, R. B. Hall et al., “Woody
biomass from short rotation energy crops,” in Sustainable
Production of Fuels, Chemicals, and Fibers from Forest Biomass,
J. Zhu et al., Ed., ACS Symposium Series, chapter 2, pp. 27–63,
American Chemical Society, Washington, DC, USA, 2011.

[35] J. L. Stape, T. Fox, T. Albaugh, J. Alvarez, and R. Rubilar,
“Recent developments in Eucalyptus culture in the SE US,”
in Symposium on the Assessment and Management of Envi-
ronmental Issues Related to Eucalyptus Culture in the Southern
United States, Charleston, SC, USA, February 2012.

[36] I. Setsuo, L. M. Mendes, L. K. Saldanha, and J. C. dos Santos,
“Use of Eucalyptus wood for oriented strand board (OSB)
manufacturing,” Cerne, vol. 10, no. 1, pp. 46–52, 2004.

[37] C. I. Campos and F. A. R. Lahr, “Production and character-
ization of MDF using eucalyptus fibers and castor oil-based
polyurethane resin,” Journal of Materials Research, vol. 7, no.
3, pp. 421–425, 2004.

[38] A. Ashori, T. Tabarsa, K. Azizi, and R. Mirzabeygi, “Wood-
wool cement board using mixture of eucalypt and poplar,”
Industrial Crops and Products, vol. 34, no. 1, pp. 1146–1149,
2011.

[39] K. R. Roeder and D. L. Rockwood, “Potential stem biomass
and energy content yields of Eucalyptus grandis and Eucalyptus
robusta in south Florida,” Florida Agricultural Experiment
Stations Technical Bulletin, vol. 831, p. 6, 1983.

[40] D. L. Rockwood and D. R. Dippon, “Prospects for commer-
cialization of Eucalyptus biomass plantations in Florida,” in
Proceedings of Energy from Biomass and Wastes X, D. L. Klass,
Ed., pp. 233–249, Gas Technology Institute, Chicago, Ill, USA,
1987.

[41] A. Green, J. Wagner, B. Green et al., “Co-combustion of waste,
biomass and natural gas,” Biomass, vol. 20, no. 3-4, pp. 249–
262, 1989.

[42] S. A. Segrest, D. L. Rockwood, J. A. Stricker, and A. E. S. Green,
“Biomass cofiring with coal at Lakeland Utilities, Southeastern
Regional Biomass Energy Program Publication,” Tech. Rep.
219287-1, TVA, Muscle Shoals, Ala, USA, 1998.

[43] D. L. Rockwood, A. W. Rudie, S. A. Ralph, J. Y. Zhu, and J.
E. Winandy, “Energy product options for Eucalyptus species
grown as short rotation woody crops,” International Journal of
Molecular Sciences, vol. 9, no. 8, pp. 1361–1378, 2008.

[44] D. L. Rockwood, M. Kirst, J. G. Isebrands, and J. Y. Zhu,
“Forest Trees,” in Handbook of Bioenergy Crop Plants, C. Kole,
C. P. Joshi, and D. R. Shonnard, Eds., chapter 15, pp. 351–403,
Taylor & Francis, 2012.

[45] W. H. Smith and D. L. Rockwood, Feedstocks for Biofuels—
Encyclopedia of Energy Engineering and Technology, Taylor and
Francis, 2010.

[46] G. S. Wang, X. J. Pan, J. Y. Zhu, R. Gleisner, and D.
Rockwood, “Sulfite pretreatment to overcome recalcitrance of
lignocellulose (SPORL) for robust enzymatic saccharification
of hardwoods,” Biotechnology Progress, vol. 25, no. 4, pp. 1086–
1093, 2009.

[47] J. Y. Zhu, S. P. Verrill, H. Liu, V. L. Herian, X. Pan,
and D. L. Rockwood, “On polydispersity of plant biomass

recalcitrance and its effects on pretreatment optimization for
sugar production,” Bioenergy Research, vol. 4, no. 3, pp. 201–
210, 2011.

[48] R. Martin-Sampedro, M. E. Eugenio, R. Revilla, J. A. Martin,
and J. C. Villar, “Integration of Kraft pulping on a forest
biorefinery by the addition of steam explosion pretreatment,”
BioResources, vol. 6, no. 1, pp. 513–528, 2011.

[49] M. Soberg, “U.S. EcoGen plans 60 MW Florida biomass power
plant,” Biomass Power & Thermal, http://biomass-maga-
zine.com/articles/5828/u-s-ecogen-plans-60-mw-florida-bio-
masspower-plant, 2011.

[50] D. L. Rockwood, D. R. Dippon, and C. W. Comer, “Potential
of Eucalyptus grandis for biomass production in Florida,”
Bioenergy, vol. 842, pp. 86–93, 1984.

[51] D. L. Rockwood, “Genetic improvement potential for biomass
quality and quantity,” Biomass, vol. 6, no. 1-2, pp. 37–45, 1984.

[52] D. R. Dippon, D. L. Rockwood, and C. W. Comer, “Cost
sensitivity analyses of Eucalyptus woody biomass systems,” in
Biomass Energy Development, pp. 143–156, 1985.

[53] D. L. Rockwood, C. W. Comer, D. R. Dippon, and J. B.
Huffman, “Woody biomass production options for Florida,”
Florida Agricultural Experiment Station Technical Bulletin, vol.
856, 29 pages, 1985.

[54] D. L. Rockwood, “Development of woody biomass cultural
systems for Florida,” in Biomass Energy Development, pp. 85–
94, 1985.

[55] D. L. Rockwood and D. R. Dippon, “Biological and economic
potentials of Eucalyptus grandis and slash pine as biomass
energy crops,” Biomass, vol. 20, no. 3-4, pp. 155–165, 1989.

[56] E. E. I. Warrag, M. S. Lesney, and D. L. Rockwood,
“Micropropagation of field tested superior Eucalyptus grandis
hybrids,” New Forests, vol. 4, no. 2, pp. 67–79, 1990.

[57] E. E. I. Warrag, M. S. Lesney, and D. L. Rockwood, “Compara-
tive greenhouse study of Eucalyptus grandis in vitro plantlets
and half-sib seedlings, I. Net photosynthesis,” Plant Cell
Reports, vol. 8, no. 8, pp. 497–499, 1989.

[58] E. E. I. Warrag, M. S. Lesney, and D. L. Rockwood, “Com-
parative greenhouse study of Eucalyptus grandis in vitro
plantlets and half-sib seedlings, II. Dry matter accumulation
and relative distribution,” Plant Cell Reports, vol. 8, no. 8, pp.
500–503, 1989.

[59] E. E. I. Warrag, M. S. Lesney, and D. J. Rockwood, “Nodule
culture and regeneration of Eucalyptus grandis hybrids,” Plant
Cell Reports, vol. 9, no. 10, pp. 586–589, 1991.

[60] D. L. Rockwood, N. N. Pathak, and P. C. Satapathy, “Woody
biomass production systems for Florida,” Biomass and Bioen-
ergy, vol. 5, no. 1, pp. 23–34, 1993.

[61] D. L. Rockwood and E. I. Warrag, “Field performance
of micropropagated, macropropagated, and seed-derived
propagules of three Eucalyptus grandis ortets,” Plant Cell
Reports, vol. 13, no. 11, pp. 628–631, 1994.

[62] D. L. Rockwood, S. M. Pisano, and W. V. McConnell,
“Superior cottonwood and Eucalyptus clones for biomass
production in waste bioremediation systems,” in Proceedings of
the 7th National Bioenergy Conference, pp. 254–261, Nashville,
Tenn, USA, September 1996.

[63] D. L. Rockwood, D. R. Carter, M. H. Langholtz, and J. A.
Stricker, “Eucalyptus and Populus short rotation woody crops
for phosphate mined lands in Florida USA,” Biomass and
Bioenergy, vol. 30, no. 8-9, pp. 728–734, 2006.

[64] M. Langholtz, D. R. Carter, D. L. Rockwood, and J. R. R.
Alavalapati, “The economic feasibility of reclaiming phos-
phate mined lands with short-rotation woody crops in



10 International Journal of Forestry Research

Florida,” Journal of Forest Economics, vol. 12, no. 4, pp. 237–
249, 2007.

[65] D. L. Rockwood, D. R. Carter, and J. A. Stricker, Commercial
Tree Crops on Phosphate Mined Lands, Florida Institute of
Phosphate Research, FIPR Publication, 2008.

[66] M. Langholtz, D. R. Carter, D. L. Rockwood, and J. R. R.
Alavalapati, “The economic feasibility of reclaiming phos-
phate mined lands with short-rotation woody crops in
Florida,” Journal of Forest Economics, vol. 12, no. 4, pp. 237–
249, 2007.

[67] B. Tamang, M. G. Andreu, and D. L. Rockwood, “Sustaining
farm productivity through windbreaks,” APA News, vol. 33,
pp. 7–9, 2008.

[68] M. G. Andreu, B. Tamang, M. H. Friedman, and D. L.
Rockwood, “The benefits of windbreaks for Florida growers,”
Tech. Rep. FOR192, Florida Cooperative Extension Service
Circular, 2008.

[69] M. G. Andreu, B. Tamang, D. L. Rockwood, and M. H.
Friedman, “Potential woody species and species attributes
for windbreaks in Florida,” Tech. Rep. FOR224, Florida
Cooperative Extension Service Circular, 2009.

[70] B. Tamang, M. G. Andreu, M. H. Friedman, and D. L.
Rockwood, “Windbreak designs and planting for Florida
agricultural fields,” Tech. Rep. FOR227, Florida Cooperative
Extension Service Circular, 2009.

[71] B. Tamang, M. G. Andreu, M. H. Friedman, and D. L.
Rockwood, “Management of field windbreaks,” Tech. Rep.
FOR288, Florida Cooperative Extension Service Circular,
2009.

[72] B. Tamang, M. G. Andreu, and D. L. Rockwood, “Microcli-
mate patterns on the leeside of single-row tree windbreaks
during different weather conditions in Florida farms: impli-
cations for improved crop production,” Agroforestry Systems,
vol. 79, no. 1, pp. 111–122, 2010.

[73] D. L. Rockwood, C. V. Naidu, D. R. Carter et al., “Short-
rotation woody crops and phytoremediation: opportunities
for agroforestry?” in New Vistas in Agroforestry, a Compendium
for the 1st World Congress of Agroforestry, P. K. R. Nair, M.
R. Rao, and L. E. Buck, Eds., pp. 51–63, Kluwer Academic
Publishers, Dordrecht, The Netherlands, 2004.

[74] D. L. Rockwood, L. Q. Ma, G. R. Alker, C. Tu, and R. W.
Cardellino, “Phytoremediation of contaminated sites using
woody biomass,” Tech. Rep., The Florida Center for Solid and
Hazardous Waste Management, 2001.

[75] M. Langholtz, D. R. Carter, D. L. Rockwood, J. R. R. Alavala-
pati, and A. Green, “Effect of dendroremediation incentives
on the profitability of short-rotation woody cropping of
Eucalyptus grandis,” Forest Policy and Economics, vol. 7, no. 5,
pp. 806–817, 2005.

[76] T. Abichou, J. Musagasa, L. Yuan et al., “Field peformance
of alternative landfill covers vegetated with cottonwood and
eucalyptus trees,” International Journal of Phytoremediation,
vol. 14, no. S1, pp. 47–60, 2012.

[77] D. L. Rockwood, B. Becker, and M. P. Ozores-Hampton,
“Municipal solid waste compost benefits short rotation woody
crops,” Compost Science and Utilization, vol. 20, no. 2, pp. 67–
72, 2012.

[78] D. L. Rockwood, P. J. Minogue, and J. G. Isebrands, “Phytore-
mediation trees for biofuel,” in Biofuel Crops, B. Singh, Ed.,
chapter 22, CABI, 2012.

[79] P. J. Minogue, M. Miwa, D. L. Rockwood, and C. L.
Mackowiak, “Removal of nitrogen and phosphorus by Euca-
lyptus and Populus at a tertiary treated municipal wastewater

sprayfield,” International Journal of Phytoremediation, vol. 14,
pp. 1–14, 2012.

[80] B. Tamang, D. L. Rockwood, M. Langholtz, E. Maehr, B.
Becker, and S. Segrest, “Fast-growing trees for cogongrass
(Imperata cylindrica) suppression and enhanced colonization
of understory plant species on a phosphate-mine clay settling
area,” Ecological Engineering, vol. 32, no. 4, pp. 329–336, 2008.

[81] D. R. Gaskill, E. Hung, and T. Smith, “2009 Florida
CAPS blue gum chalcid (Leptocybe invasa),” Tech. Rep.
2009-03-BGCW-01, Florida Cooperative Agriculture Pest
Survey Program, 2010, http://www.freshfromflorida.com/pi/
caps/images/pdf 2009 caps blue gum chalcid survey report
02-04-2010.pdf.

[82] A. A. Myburg, B. Potts, C. M. Marques et al., “Eucalyptus,” in
Genome Mapping & Molecular Breeding in Plants, C. Kole, Ed.,
vol. 7 of Forest Trees, pp. 115–160, Springer, New York, NY,
USA, 2007.



Hindawi Publishing Corporation
International Journal of Forestry Research
Volume 2012, Article ID 837165, 7 pages
doi:10.1155/2012/837165

Review Article

Eucalypts and Their Potential for Invasiveness Particularly in
Frost-Prone Regions

Trevor H. Booth

CSIRO Ecosystem Sciences and CSIRO Climate Adaptation Flagship, GPO Box 1700, Canberra, ACT 2601, Australia

Correspondence should be addressed to Trevor H. Booth, trevor.booth@csiro.au

Received 20 March 2012; Accepted 10 May 2012

Academic Editor: Matias Kirst

Copyright © 2012 Trevor H. Booth. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Eucalypts are being considered for biofuel production in the Lower Coastal Plain of the United States. The evolution of eucalypts
in Australia has equipped some species to be successful in plantations and has also influenced their potential as invasive species.
More than 200 eucalypt species have been evaluated in many countries around the world. Generally eucalypts have proved to
have limited invasive potential for a number of reasons, including their poor dispersal capabilities. Two regions with climates
similar to the Lower Coastal Plain of the United States are identified in Argentina and China. Frosts, particularly sudden frosts,
are an important limitation for eucalypts in these regions, so existing plantations are very limited. However, invasive eucalypts do
not appear to be a major problem in other regions of either country. The use of carefully selected frost-tolerant species and the
development of genetically modified eucalypts may now open up more frost-affected areas for eucalypt plantations. Some control
actions may be necessary and research needs are outlined, but it is concluded that experience in other regions around the world
suggests that eucalypts are likely to be a relatively low risk as invasive species in the Lower Coastal Plain.

1. Introduction

There is increasing interest in establishing short rotation
eucalypt plantations in the Lower Coastal Plain of the United
States to meet biofuel needs. Gonzalez et al. [1] iden-
tified Eucalyptus camaldulensis, E. benthamii, E. viminalis,
E. macarthurii, E. grandis, E. robusta, E. saligna, and the
hybrid “E. urograndis” (E. urophylla x E. grandis) as taxa that
have shown promise for the region in past trials. Current field
trials are providing more information on suitable species [2],
but before committing to major developments there is a need
to consider potential environmental issues.

Loehle et al. [3] have reviewed the potential invasiveness
of the nine prospective species identified by Gonzalez
et al. [1], while this paper takes a somewhat different but
complementary approach. First, the evolution of eucalypts in
Australia is considered briefly to help understand the factors
that have made the genus successful in plantations in many
countries, as well as influencing the degree to which they
may, or may not, be a major problem as invasive species. Sec-
ond, the general experience with introduction of eucalypts
around the world and the extent to which they have proved

invasive is described. Third, locations around the world
with similar climatic conditions to the Lower Coastal Plain
are identified and experiences with eucalypt plantations
and invasiveness problems in these particular regions are
described. Finally, the discussion and conclusion sections
assess the general level of risk of eucalypts becoming invasive
in the Lower Coastal Plain, control actions that may be
necessary, and research needs to reduce risk.

Before considering eucalypts and invasiveness, it is worth
considering the difference between weeds and invasive spe-
cies. As defined by Simberloff and Rejmánek [4] a weed
is “an unwanted plant, usually perceived as detrimental to
human interests.” They provide two definitions for invasive
species. The first usually used by ecologists is “a naturalized
species that produces reproductive offspring, often in large
numbers and that spreads over large areas.” The second
definition, equivalent to “non-native pest species” often used
by managers particularly in the United States, is “a non-
indigenous species that spreads rapidly, causing environmen-
tal or economic damage.” In some cases eucalypts may be
considered to be unwanted plants, but this paper focuses on
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how strong or weak are their capabilities to escape from exist-
ing plantation areas and invade adjacent areas.

2. Eucalypts and Their Characteristics

The story of eucalypts in Australia begins some 45 million
years ago with the appearance of fossil evidence from rocks
near Lake Eyre [5]. At about this time the Australian land-
mass was drifting north with the climate becoming drier,
fires being more frequent, and the soil conditions becoming
poorer. It took more than 35 million years for eucalypt pollen
to move from being merely present in the fossil pollen record
to being abundant [6]. However, in the long term eucalypts
proved to be remarkably successful in adapting to the
changing conditions across the Australian continent, with
a few species also extending to parts of Indonesia, Papua
New Guinea, and the Philippines, and two species only being
found in regions outside of Australia.

The group of species commonly known as “eucalypts”
includes more than 700 species in the genera Eucalyptus and
Corymbia, with another ten or so species in the closely related
Angophora genus. The exact number of species is somewhat
fluid, as taxonomists debate whether particular distinctive
forms should be recognised as separate species. There is even
debate about whether about 110 species should be included
in the genus Eucalyptus, as they were in the Flora of Australia
[7], or in the separate genus Corymbia. For the purposes of
this paper, species in the genus Corymbia are included as
eucalypts.

What are some of the key characteristics of Australia
to which eucalypts have had to adapt? Australia is the
sixth largest country in the world and has an area of
7,682,300 km2, not far short of the 8,080,464 km2 of the
contiguous United States. Climatic conditions across the vast
Australian continent range from temperate to tropical. Low
precipitation levels are characteristic of most of the continent
with about 80 percent of the landmass receiving less than
650 mm, about 50 percent less than 350 mm and over 33
percent less than 250 mm per annum. However, these mean
values are somewhat misleading as Australia has unusually
variable rainfall. For example, many locations in the State
of Victoria in southeastern Australia received less than
average rainfall for twelve consecutive years in the 1997–2008
drought. Conversely, long dry periods are often followed by
flooding rains, such as those in western and central parts
of the State of Victoria between 12–14 January 2011, with
Jeparit (average annual rainfall 362 mm) receiving 161 mm
in one day.

Fire occurs regularly over the northern part of the con-
tinent as a result of lightning strikes, and fire was also widely
used as part of land management by the Aboriginal popu-
lation, that arrived more than 50,000 years ago. In present
times, long dry periods followed by high temperatures
and strong winds still create conditions very favorable for
bushfires [8]. Climate is one of the important factors, which
along with organisms, relief, parent material, and time affects
soil formation. In relation to most Northern Hemisphere
soils, Australian soils are generally old in origin and poor in
quality, being low in nutrients particularly phosphorus with

very limited organic matter often overlying impermeable clay
close to the surface [9].

What are the characteristics that have helped eucalypts
become so ubiquitous across Australia? The ecology of
eucalypts, including their evolutionary biogeography, has
been described in detail by Williams and Woinarski [10].
In comparison to some groups, such as casuarinas, which
millions of years ago used to be more prominent in the
Australian flora, eucalypts are well adapted to withstand
and/or reestablish after bushfires (wildfires). One adaptation
particularly relevant to their fire resistance, as well as their
relatively weak invasive potential, is that seed are held on
the tree in protective capsules. Some seed is released as it
matures, but some fruits are late in opening, and will open
following fire, which can result in massive seed falls after
bushfires. The capsules, which provide some protection from
fires, are not generally attractive to animal vectors. The seed
also tend to be very small and usually lack any aerodynamic
aids that could assist wind dispersal. So, the area of seed
dispersal is related to tree height, crown diameter, wind
velocity, mass, and terminal velocity of seed and has been
estimated at about 39 m for 30 m tall E. marginata trees
[11, 12]. Once the seeds are released from the capsule and on
the ground, they are readily eaten by insects, and in one study
half the seeds were eaten within five days [13]. The small
seeds require bare soil to germinate and cannot establish
in a grass sward or on organic mulch layers. They are light
demanding and will not grow successfully under closed forest
or understory canopies, and only remain viable in soil for
less than a year [14]. Records of invasiveness of nonlocal
eucalypts in Australia suggest spread rates of only about one
meter per year [15].

An additional point that follows from the short life of
eucalypt seeds is that it is relatively easy to eradicate eucalypts
as weeds. As sexual maturity is usually only after several years
and the soil seed store is short lived, removal of mature trees
followed up by removal of any seedling germinants before
sexual maturity is reached (i.e., within the next few years)
results in eradication. This is not the case with acacias where
seeds will keep germinating for many years.

In addition to their adaptations to fire, of which seed
capsules are just one, eucalypts have adapted to grow on poor
soils under very variable climatic conditions. Eucalypts have
no dormant growth period and remain ready to grow when
favorable conditions occur. Being evergreen allows eucalypts
to take advantage of highly variable climatic conditions.
The leaves of many exotic species wilt under the extremely
hot and dry conditions that are experienced in Australia.
In contrast the sclerophyllous leaves (i.e., hard leaves with
well-developed sclerenchymatous tissue) of eucalypts allow
them to withstand very dry conditions [16] and may also be
an adaptation to low nutrient conditions [17]. The ability
to grow whenever conditions are favorable is an important
factor in the success of eucalypts as plantation species.

3. Global Eucalypt Plantations and Invasiveness

Two books, a map, and a recent scientific paper together
provide a good introduction to the success of eucalypts as
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plantation species outside Australia. The book Eucalypts for
Planting [18] summarises results of eucalypt introductions
into 92 countries as well as describing the characteristics
of 110 species. Species elimination trials were a major part
of these early introductions. Provenances (i.e., unimproved
seed collected from specific locations in the wild) of
particular species were evaluated. Eucalypts proved to be
particularly successful in tropical and subtropical regions.
They were also successful in some temperate regions, but
problems with sudden and severe frosts were a limitation
in regions such as northern Florida, Georgia (in the then
USSR), and parts of China. Such information is relevant to
invasiveness, as a prerequisite for invasiveness is that a species
has to be capable of growing in a particular region.

As successful species and provenances were identified
from species elimination trials the focus turned to tree
improvement of a much reduced group of species. Eldridge
et al. [19] described how tree productivity could be improved
by careful selection and breeding of first and second
generations following collections from native stands. Current
plantations around the world are dominated by the “big
nine” species identified in a paper by Harwood [20] as
E. camaldulensis, E. grandis, E. tereticornis, E. globulus,
E. nitens, E. urophylla, E. saligna, E. dunnii, and E. pellita
and their hybrids, which together account for more than
90% of the major eucalypt plantations. Much of current
tree improvement efforts focus on the use of hybrids and
clones, and development of genetically modified eucalypts
is already underway [21]. A USDA/APHIS Environmental
Assessment [22] relating to an ArborGen LLC proposal to
establish 28 trial sites within the Lower Coastal Plain for
“field testing of genetically engineered Eucalyptus grandis x
Eucalyptus urophylla” considered invasive potential in some
detail and found “no significant impact” was likely.

Total eucalypt plantations around the world are now
more than 20 million hectares, and a map produced by GIT
Consulting [23] illustrates the countries where these plan-
tations are located. Major centers include Brazil (4.2 m ha),
India (3.9 m ha), and China (2.6 m ha).

Considering that so many eucalypt species have been
grown so widely around the world invasiveness problems
have been generally limited. Haysom and Murphy [24]
and Richardson and Rejmánek [25] have reviewed the
invasiveness of forest tree species around the world. Haysom
and Murphy [24] noted Eucalyptus globulus as an invasive
species in California and Hawaii. No eucalypts were listed
as invasives in Europe. Eucalypt species considered invasive
in southern Africa included Corymbia citriodora, E. camal-
dulensis, E. cladocalyx, E. diversicolor, E. globulus, E. grandis,
E. lehmannii, E. microcorys, E. paniculata, E. robusta, E. sid-
eroxylon, and E. tereticornis. For New Zealand, E. botryoides,
E. globulus, and E. saligna were listed as invasive. E. camald-
ulensis and E. robusta were listed as invasives in South Amer-
ica. Richardson and Rejmánek [25] considered only eight
eucalypt species to be invasive including Corymbia maculata,
E. camaldulensis, E. cinerea, E. cladocalyx, E. conferruminata,
E. globulus, E. grandis, and E. robusta. Southern Africa
was a particular problem area with Corymbia maculata,
E. camaldulensis, E. cinerea, E. cladocalyx, E. conferruminata,

and E. grandis being considered invasive. E. conferruminata
is sometimes mistaken for E. lehmannii, but the natural-
ized and sometimes invasive species is E. conferruminata.
In contrast to Haysom and Murphy, they identified invasive
eucalypts in Europe, considering E. camaldulensis invasive in
Spain and E. globulus in Portugal. However, they commented
that as eucalypts have been “exceptionally well disseminated
and widely planted for well over a century in many parts of
the world. . .surprisingly few species are listed as invasive. . .”.

Why do eucalypts appear to be more of a problem in
southern Africa than elsewhere? In comparison to some
other major eucalypt growing areas such as Brazil and China,
eucalypts were introduced into southern Africa relatively
early, initially about 1828. They were widely planted in South
Africa from about 1850, more than 50 years before the intro-
duction of eucalypts into Brazil, and their establishment was
closely associated with European colonialism. Many species
were planted on farms and they were also widely planted
in forestry trials. For example, Poynton’s [26] 882 page Tree
Planting in Southern Africa Volume 2 The Eucalypts describes
trials of 88 species at 271 sites. Eucalypts were widely planted
not only for timber production, but also to provide fuel for
steam trains, so there were many small plantings. There is
a weak, but significant correlation between the number of
plantations of 57 eucalypt species plantations in southern
Africa included in Poynton [26] and the numbers of records
of spontaneous occurrence outside plantations [27]. In other
words, the more commonly cultivated a species is, the
more likely it is to become invasive. E. camaldulensis is a
particularly serious problem in southern Africa as it has
spread down watercourses as it does naturally in Australia,
establishing on silt banks after flooding and being able to
survive subsequent floods (C. Harwood, pers. comm.). In
contrast, E. nitens that grows well in South Africa and is
widely used in plantations is not a problem as an invasive
species. Interestingly, it is grown under conditions that are
somewhat warmer than those within its natural distribution
and does not flower, so it does not produce seed (T. Swain,
pers. comm.).

Even where eucalypts are a known problem as weeds,
such as E. globulus in California, it is debatable as to
whether they can be considered a severe problem as invasives.
For example, CAB International [28] commented “though
E. globulus does not produce root suckers and does not nat-
urally reproduce vegetatively, it still may have the potential
to become a weed when seed escapes from plantations or
amenity plantings. This has occurred in California, partic-
ularly around Los Angeles and San Francisco. The seed is
not easily dispersed over large distances and the spread is
likely to be relatively slow and hence should be easy to
contain.” For example, a US National Park Service [29]
booklet on Eucalyptus—A transcontinental legacy describes
the expansion of a grove of eucalypts on Angel Island in San
Francisco Bay. This grew from an original 0.24 ha woodlot
in 1915 to 0.89 ha in 1988, expanding on average by only
about 0.3 m per year. As expansions of isolated trees in
the worst direction were only about one meter per year,
this could hardly be considered rapid expansion. Though
the US National Park Service do consider E. globulus to be
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“invasive” in California, the US Department of Agriculture
do not. Eucalypt seed generally requires bare soil in order
to germinate, and the species is therefore not considered
to be an aggressive colonizer. The California Invasive Plant
Inventory [30] concluded that “effects are not lasting in the
sense that tree removal can ameliorate impacts on ecological
processes, effects are generally restricted to within stands.”

4. Regions Climatically Similar to
Lower Coastal Plain

In order to be a successful plantation species or an invasive
species, any tree species must be able to grow in the
target area. Beginning more than 25 years ago, methods of
climatic analysis were developed in Australia to assist the
conservation and use of Australian species in Australia as well
as their introduction overseas (see, e.g., [31, 32]). Part of this
work involved the development of a global climatic mapping
program [33], and this has been used to identify locations
with similar climatic conditions to the Lower Coastal Plain.
The climatic environment of the Lower Coastal Plain was
determined in terms of ranges of six simple climatic factors
that have proved useful for selecting trees worth evaluating
in particular regions. The description was as follows: mean
annual rainfall 1200–1650 mm, rainfall seasonality: uniform
or summer, dry season length 0-1 months, mean maximum
temperature of the hottest month 32–36◦C, mean minimum
temperature of the coldest month 0–8◦C, and mean annual
temperature 17–20◦C. The regions that satisfy these require-
ments are shown in Figure 1. Climatically similar regions
outside the US include a small region in Argentina around
31.33◦S and 58.00◦W and a much larger region in China.
The climatically similar region in China is within the general
region bounded by 29.33◦N 112.00◦E, 29.33◦N 116.67◦E,
26.00◦N 111.33◦E, and 25.33◦N 115.33◦E, with a couple of
outliers at 28.00◦N 118.67◦E and 26.00◦N 119.33◦E.

A Google search on “Argentina eucalypt∗ invasive∗” pro-
vided a few comments that E. camaldulensis, one of the
species that has been suggested as worth considering for
the Lower Coastal Plain by Gonzalez et al. [1], has been
reported to be an invasive species in Argentina. However, the
same search on the ISI scientific database provided only five
references, which all refer to invasive pests of eucalypt plan-
tations rather than eucalypts as invasive species. At around
330 000 ha the area of eucalypt plantations in Argentina
is relatively modest, so it is probably more interesting to
consider the much larger climatically similar area in China.

China is the world’s third largest grower of eucalypts [23]
and more than 200 eucalypt species were assessed there, but
only ten species are now widely grown [34, 35]. As eucalypts
were introduced into temperate regions of the northern
hemisphere, it became obvious that in several locations, such
as southern parts of the USA, the then USSR, and China,
they could grow well for several years, but would then be
very severely damaged or completely killed by sudden frost
events. Some eucalypts grow in quite cold conditions in
Australia, indeed some are known as “snow gums” (e.g.,
E. pauciflora). However, Australia is surrounded by ocean

Figure 1: Climatically similar areas to the Lower Coastal Plain are
shown in black.

to the south, so cold winds blowing from the south are
moderated by the relative warmth of the ocean. Eucalypts
have the opportunity to “harden” (i.e., increase their frost
resistance) as temperatures gradually fall in the autumn. In
contrast, temperate regions of the USA, USSR, and China
have large land masses to their north. Every few years winds
from the north cause temperatures to drop very rapidly and
severely damage or kill eucalypts.

As part of Australia’s aid program, a Chinese scientist
studied for his Ph.D. in Australia on the topic “Frost
prediction for Australian tree species in China” [36]. The
approach he used is relevant to the selection of eucalypts for
the Lower Coastal Plain as well as any consideration of where
eucalypts may become invasive in frost-prone regions. Part
of the study involved time series analyses for southern China
for spring, winter, and autumn periods based on a dataset
for the 1977–97 period. The spatial distribution of frost was
described in terms of the statistical probability of different
frost intensities. This provides a useful overview of frost risk
across the whole region.

However, the impact of frost on eucalypts is a dynamic
process, and a tree hardiness model was developed for two
important Australian species, E. grandis and Acacia mearnsii.
This was based on the frost hardening model that King
and Ball [37] developed for E. pauciflora. The model was
validated using data for E. pauciflora growing at Toulouse,
France using data described by B. M. Potts and W. C.
Potts [38]. Figure 2 shows how the model simulates plant
hardening, that is, developing the ability to withstand frost
damage as temperatures fall. If the actual daily minimum
temperature falls below the simulated hardening line as it
does in Figure 2, then frost damage is expected for that
particular species at that particular location given the con-
ditions for that particular year. Yan [36] ran the model for 10
locations across southern China to show how E. grandis and
A. mearnsii might be subject to different levels of frost risk
in different locations. With the introduction of genetically
modified eucalypts and progress with identifying more frost-
resistant taxa the detailed results of this risk analysis are
no longer relevant, but the approach of using interpolation
surfaces and dynamically modelling frost resistance could
well be applied in the Lower Coastal Plain to help understand
both plantation potential and invasiveness risks.

Again a search was made on Google and ISI this time
using the key terms “China eucalypt∗ and invasive∗”. The
Google search did not produce any useful detailed reports.
Most of the ten references to papers in the ISI scientific
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Figure 2: Simulation of frost hardiness and injury for E. pauciflora
at Toulouse, France. The frost hardiness line shows how frost toler-
ance develops as daily minimum temperatures fall in winter and is
lost as they rise in spring. Frost damage is expected if the minimum
temperature falls below the frost hardiness line (Figure from [36]).

database were again to invasive species affecting euca-
lypt plantations rather than eucalypts as invasive species.
However, there was one paper that considered allelopathic
mediated invasions of eucalypt species in general as well as 13
other species. Another looked at how successfully three plant
species, including Eucalyptus urophylla, Acacia auriculiformis,
and a native species Schima superba, established themselves
in plots where aboveground and belowground competition
had been removed [39]. However, the experiment was some-
what artificial as the “invading” plants were planted in the
plots as seedlings. The lack of information about eucalypts
as invasive species in China in both the general and scientific
literature suggests they are not a serious problem there.

Risk assessment for the Lower Coastal Plain should take
into account changing conditions. Climate change is already
reducing the severity of frosts and analyses should take into
account trends in minimum temperatures [40]. However,
it should not be simply assumed that climate change and
milder minimum temperatures will necessarily reduce
frost risks in a simple manner. Climate change is being
driven by atmospheric changes, particularly rising levels of
atmospheric carbon dioxide. Barker et al. [41] reported
a surprising result that E. pauciflora (snow gum) seedlings
when raised in open topped chambers at 2x ambient CO2

suffered ten-times as much frost damage as those grown
in similar chambers under ambient conditions. So, some
similar experiments may be required on taxa that may be
used in the Lower Coastal Plain.

5. Discussion

The adaptations of eucalypts, which allow many species to
grow successfully under often difficult conditions of poor
soils and highly variable rainfall, have provided some of the

characteristics that make a small number of eucalypt species
particularly successful in plantations. However, the adapta-
tions of eucalypts to fire, particularly the use of protective
seed capsules has made them relatively poor as invasive
species. The dispersal of seed over comparatively short dis-
tances, the small size of seed, and its limited viability under
natural conditions make eucalypts not very effective as
invasive species [42].

Some eucalypt species are a particular problem in south-
ern Africa. Their early introduction and wide use outside of
major plantations may have been factors in them becoming
more of a problem in southern Africa than elsewhere. They
appear to be less of a problem in China, possibly due to
its high population density and intensive land use, so that
the few unwanted seedlings that do successfully establish are
quickly removed. In the United States, E. globulus is certainly
a weed problem in California, but it was widely planted there
in the past. The poor dispersal capabilities of the species
suggest it is a problem that can be contained.

The Southern Coastal Plain is climatically most similar
to regions in Argentina and China. Occasional sudden frosts
are a limitation for eucalypts to grow in these regions, but
interpolated climatic data can help to assess the spatial nature
of these risks, while dynamic models can be used for selected
locations to assess the temporal risks. One of the species
being considered for planting in the Southern Coastal Plain,
E. camaldulensis, is reported to be an invasive species in
Argentina, but there appears to be little evidence that invasive
eucalypt species are a problem in China.

Both the general experience of eucalypts around the
world and the experience from regions similar to the Lower
Coastal Plain suggest that the establishment of eucalypt
plantations in the region should not create a great problem
with eucalypts being invasive. This is not to say there is no
risk. One obvious way to reduce the risk dramatically would
be to plant taxa that do not produce seed. Though it is not
always the case, there is a tendency for short rotation (i.e., six-
seven year) clonal stands of eucalypts, such as those in Brazil,
to seldom produce flowers (A, Almeida, pers. comm.). Part
of the ArborGen trials [22] are concerned with producing
sterile genotypes, so that any genetically modified eucalypts
that entered general use would not be capable of producing
viable seed.

6. Conclusions

Assessing whether particular taxa can grow in particular
regions is as important for assessing invasiveness risks as it
is for selecting suitable taxa for commercial production. It
would be useful to carry out similar climatic analyses for
the Lower Coastal Plain to those already carried out for
southern China [36]. The development of both interpolated
frost risk data (probably at a 1 km or finer resolution) and
running frost risk simulation models for particular taxa at
selected locations (possibly for a coarser grid) would help to
select suitable taxa for planting and assess the risks associated
with occasionally severe frosts. Loehle et al. [3] provide an
example of interpolated minimum temperature data for the
Lower Coastal Plain.
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Eucalypts have been used in the United States for many
years [43], but biofuel production provides new oppor-
tunities. Experience from around the world suggests that
eucalypts are unlikely to cause a major problem as invasive
species in the Lower Coastal Plain. Simple management prac-
tices, such as avoiding planting trees near watercourses
and maintaining clear firebreaks, will reduce the chances
of eucalypts spontaneously occurring outside plantations.
Any potential risk could be greatly reduced by planting
sterile genotypes, whether genetically modified organisms or
clones. Even if nonsterile trees are grown the use of short
rotations should reduce the chance of any trees flowering and
producing seed. But whatever genotypes are grown (whether
GMOs, clones, or otherwise) new plantations should be
carefully monitored to check on seed production and to
ensure that the trees are not invasive.
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[4] D. Simberloff and M. Rejmánek, Eds., Encyclopedia of Biolog-
ical Invasions, University of California, Berkeley, Calif, USA,
2011.

[5] J. Wrigley and M. Fagg, Eucalypts—A Celebration, Allen &
Unwin, Crows Nest, Australia, 2010.

[6] M. E. White, The Greening of Gondwana, Reed, Frenchs Forest,
Australia, 1986.

[7] G. M. Chippendale, Eucalyptus, Angophora (Myrtaceae), Flora
of Australia, Commonwealth of Australia, Canberra, Australia,
1988.

[8] T. H. Booth, Ed., “Climate Change and the 2009 Bushfires,”
CSIRO Submission 09/345 prepared for the 2009 Victorian
Bushfires Royal Commission, 2009, http://www.royalcom-
mission.vic.gov.au/Submissions.

[9] A. G. Brown, J. W. Turnbull, and T. H. Booth, “The Aus-
tralian environment,” in Australian Trees and Shrubs: Species

for Land Rehabilitation and Farm Planting in the Tropics, D.
C. Doran and J. W. Turnbull, Eds., ACIAR Monograph no.
24, Australian Centre for International Agricultural Research,
Canberra, Australia, 1997.

[10] J. Williams and J. C. Z. Woinarski, Eds., Eucalypt Ecology:
Individuals to Ecosystems, Cambridge University, 1997.

[11] K. W. Cremer, “Distance of seed dispersal in eucalypts esti-
mated from seed weights,” Australian Forest Research, vol. 7,
no. 4, pp. 225–228, 1997.

[12] I. Abbott and O. Loneragan, Ecology of Jarrah (Eucalyptus
marginata) in the Northern Jarrah forest of Western Australia,
Bulletin No. 1, Department of Conservation and Lanad Man-
agement, Perth, Australia, 1986.

[13] A. B. Wellington and I. R. Noble, “Seed dynamics and factors
limiting recruitment of the mallee Eucalyptus incrassata, in
semi-arid, south-eastern Australia,” Journal of Ecology, vol. 73,
no. 2, pp. 657–666, 1985.

[14] R. J. Grose, “Effective seed supply for the natural regeneration
of Eucalyptus delegatensis R.T. Baker, syn. Eucalyptus gigantean
Hook. F.,” Journal of the Australian Pulp and Paper Industry
Association, vol. 13, no. 4, pp. 131–147, 1960.

[15] K. X. Ruthrof, W. A. Loneragan, and C. J. Yates, “Comparative
population dynamics of Eucalyptus cladocalyx in its native
habitat and as an invasive species in an urban bushland in
south-western Australia,” Diversity and Distributions, vol. 9,
no. 6, pp. 469–483, 2003.

[16] L. D. Pryor, The Biology of Eucalypts, Edward Arnold, South-
ampton, UK, 1976.

[17] N. C. W. Beadle, “Some aspects of ecology and physiology of
Australian xeromorphic plants,” Australian Journal of Science,
vol. 30, no. 9, pp. 348–355, 1968.

[18] M. R. Jacobs, Eucalypts for Planting, FAO, Rome, Italy, 2nd
edition, 1981.

[19] K. Eldridge, J. Davidson, C. Harwood, and G. van Wyk, Euca-
lypt Domestication and Breeding, Cambridge University, 1994.

[20] C. Harwood, “Introductions: doing it right,” in Developing a
Eucalypt Resource: Learning from Australia and Elsewhere, J.
Walker, Ed., pp. 43–54, Wood Technology Research Centre,
University of Canterbury, Christchurch, New Zealand, 2011.

[21] A. G. Bassa, M. Hinchee, W. Rottman, B. Kwan, and M. Cun-
ningham, “Transgenic technologies of Eucalyptus,” in Proceed-
ings of the IUFRO Conference on Improvement and Culture of
Eucalypts, J. L. M. Goncalves, Ed., p. 82, ESALQ, Piracicaba,
Brazil, 2011.

[22] USDA/APHIS, Environmental Assessment on ‘Field testing of
genetically engineered Eucalyptus grandis X Eucalyptus uro-
phylla, United States Department of Agriculture, Animal and
Plant Health Inspection Service, Biotechnology Regulatory
Services, Washington, 2010, http://www.aphis.usda.gov/brs/
aphisdocs/08 014101r ea.pdf.

[23] GIT Consulting, Eucalyptus Universalis—Cultivated Eucalypt
Forests Global Map, 2010, http://git-forestry.com/download
git eucalyptus map.htm.

[24] K. A. Haysom and S. T. Murphy, “The status of invasiveness of
forest tree species outside their natural habitat: a global review
and discussion paper,” Forest Health and Biosecurity Working
Paper FBS/3E, FAO, Rome, Italy, 2003.

[25] D. M. Richardson and M. Rejmánek, “Trees and shrubs as
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