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Abstract: Short rotation woody crops (SRWC), fast growing tree species that are
harvested on short, repeated intervals, can augment traditional fiber sources. These crops
have economic and environmental benefits stemming from their capability of supplying
fiber on a reduced land base in close proximity to users and when sensitive sites cannot be
accessed. Eucalyptus and Populus appear to be genera with the greatest potential to provide
supplemental fiber in the U.S. Optimal productivity can be achieved through practices that
overcome site limitations and by choosing the most appropriate sites, species, and clones.
Some Eucalyptus species are potentially invasive, yet field studies across multiple
continents suggest they are slower to disperse than predicted by risk assessments. Some
studies have found lower plant and animal diversity in SRWC systems compared to
mature, native forests, but greater than some alterative land uses and strongly influenced by
stand management, land use history, and landscape context. Eucalyptus established in place
of grasslands, arable lands, and, in some cases, native forests can reduce streamflow and
lower water tables due to higher interception and transpiration rates but results vary widely,
are scale dependent, and are most evident in drier regions.
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1. Background
Short-rotation woody crops (SRWCs) can be highly productive sources of fiber and energy
feedstocks suitable for a variety of uses. SRWCs can be genetically diverse and can occupy a wide
variety of sites not suitable for other crops [1]. It has been estimated that SRWCs could be planted on
24 million ha of marginal cropland in the U.S., with Eucalyptus and Populus (largely hybrid poplar)
the two most widely planted genera with the greatest potential to contribute feedstocks for bioenergy
and bioproducts [2,3].
Eucalyptus has been widely planted in Australia, Asia, South America, and Africa, with plantations
established in the U.S. beginning in the mid-1800s [4]. Field trials in the 1970s in the South identified
at least 8 Eucalyptus species potentially adaptable to local climate: E. camaldulensis, E. benthamii,
E. viminalis, E. macarthurii, E. grandis, E. robusta, E. saligna, and the hybrid E. urograndis [5].
Additionally, E. amplifolia has been planted in Florida [6]. Many Eucalyptus species are highly
productive with wood properties desirable for multiple uses, and the development of cold-hardy
varieties may allow plantings across an expanded geographic range in the southeastern U.S. Hybrid
poplar is also planted across a wide geographic area and is commercially deployed on over 10,000 ha
in the North Central U.S., over 17,000 ha in the Pacific Northwest, and over 11,000 ha in the
Mississippi River Valley [1]. This paper synthesizes relevant literature on sustainable management of
SRWCs and the implications of their establishment in the U.S. for invasiveness, biological diversity,
and water use.
2. Sustainable Management and Site Productivity
Short-rotation woody crops generally have lower resource requirements and more favorable
environmental implications than intensive agricultural systems [7]. For example, converting annual
agricultural crops to perennial herbaceous or woody crops has been found in a number of studies to
enhance soil quality and C storage, and reduce erosion and nutrient losses via runoff and leaching [8–13].
Eucalyptus is adaptable to a wide range of soil conditions but, as with managed forests in general,
limitations related to nutrition, water, and drainage must be overcome for it to achieve optimal
growth [1,14]. Improved genetics and management have led to increases in productivity of up to three-fold
for Eucalyptus in Brazil [15]. Site selection, spacing, site preparation that includes competition control,
bedding and/or subsoiling on poorly drained sites, and alleviation of N, P, and micronutrient
deficiencies with fertilizer are common practices used to sustain productivity [1]. Soil texture is a
particularly important site factor influencing productivity due to its effect in regulating soil moisture [16].
Effects of genetic, site, and management factors on productivity of Eucalyptus tend to be additive,
meaning that there is little interaction among them [17,18]. One study across five sites in South Africa
found that practices such as stocking, fertilization, and weed control were more important for
productivity than improved genotypes and matching of species and site [17]. However, the fact that
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Eucalyptus species vary considerably in their suitability for planting in particular climates, regions, and
sites and only a small number of species and their hybrids dominate commercial plantations suggests
that correct selection of genotypes is also important [1,19].
Productivity of Populus varies widely across different climates and soil types [20]. As with
Eucalyptus, soil texture has been identified as a key factor affecting productivity [21,22]. Control of
competing vegetation, due to its influence on soil water and nutrients, and fertilization are particularly
important management practices for sustaining productivity [21,23]. By contrast to some studies of
Eucalyptus, highly significant site x clone interactions have been shown for hybrid poplar clones [24,25].
One study in the upper Midwest found both generalist genotypes with high productivity across the
region and specialist genotypes with high productivity on specific sites [24].
3. Invasiveness
Invasiveness is a concern for introduced commercial species. Once introduced species spread
beyond planting sites, control can be both expensive and ineffective [26]. Thus, assessment of
invasiveness is critical. One of the best indicators of invasive potential is evidence that a species is
invasive elsewhere. We review such evidence as it exists in this section for genera currently showing
the greatest potential for commercial scale plantings in the U.S.
Although there is significant variation among species, the biological characteristics of Eucalyptus
coupled with its high productivity under intensive management have raised questions about its
potential invasiveness. Eucalyptus characteristics that may increase its potential invasiveness include
rapid growth and maturation, adaptation to poor soil and variable conditions, evergreen character with
no dormant period, high seed production, and dispersal of seeds via water [27–29]. However, field
evidence suggests Eucalyptus species in general have been much slower to invade than would be
predicted by their rapid growth and climate tolerance. This evidence includes a general lack of success
as invaders in most circumstances, very slow rates of spread in its native range, and frequent
observations of high mortality following seeding and planting [27,30–32]. Characteristics of Eucalyptus
seeds, including the lack of dispersion through wind or animal vectors and protective capsules that
reduce seed release in the absence of fire, likely reduce the risk of significant invasion [27,28]. Studies in
Australia and South Africa have also shown that most seeds fall in close proximity to parent trees,
limiting its potential spread [27,29,33].
In South Africa, many planted Eucalyptus species have been slow to invade [33–35] and have failed
after planting [36]. Eucalyptus might be expected to spread easily in Australia, but this does not seem
to be the case. Meers et al. [37] report that Eucalyptus seedlings were absent from 35-year-old Pinus
radiata plantations adjacent to native Eucalyptus forest and that Eucalyptus seeds that could germinate
were virtually absent from soil seed banks (see also [38,39]). Meers et al. [37] also report that over a
45 year span, abandoned farmland in Western Australia has been poorly colonized by Eucalypts. This
inability to colonize even in Australia could be due to lack of mycorrhizal symbionts on abandoned
farmland and in pine plantations, combined with poor seed dispersal [30,36,37,40].
Data on invasiveness of individual Eucalyptus species are limited and sometimes contradictory.
E. camaldulensis is a widespread river course invader in South Africa, where it was planted along
rivers and spread by water [41–43] and is almost universally naturalized (i.e., having reproduction
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sufficient to maintain its population) where it has been planted [43], including Florida [6]. E.
amplifolia is not widely covered by surveys. Rockwood et al. [44] state that it is non-invasive in
Florida, and Gordon et al. [6] describe it as naturalized there. No information could be located on E.
benthamii or E. urograndis except for a study showing seeding failure of E. urograndis in Brazil [31].
E. grandis introduction to New Zealand failed [45], although Richardson and Rejmánek [46] list it
as invasive in Asia, South Africa, and South America. Rejmánek and Richardson [43] classify it as
naturalized in California, Florida, New Zealand, South Africa, and possibly Argentina and Nigeria, and
Rockwood et al. [44] describe it as non-invasive in Florida. In a seeding study in Brazil, all E. grandis
seeds that initially germinated in the field were gone by day 270 [31]. Gordon et al. [6] list it as
naturalized in Florida. The inconsistencies described above no doubt result from the lack of clear
criteria and absence of quantitative surveys until 2011.
E. macarthurii, E. robusta, E. saligna, and E. viminalis are generally considered non-invasive.
E. macarthurii is not listed as invasive by Richardson and Rejmánek [46] but is naturalized in
California, New Zealand, and possibly South Africa. E. robusta is listed as almost universally
naturalized by Rejmánek and Richardson [43] but only invasive in Africa (not South Africa).
E. saligna is one of the top three eucalypts planted in New Zealand [45] and is naturalized there, in
Western Australia, Florida, and Hawaii as well as possibly in South Africa, Sri Lanka and Uganda [43]
but is not listed as invasive by any of those sources. E. viminalis is listed as naturalized only in
California, Hawaii, New Zealand and possibly South Africa [43].
Weed risk assessment tools have been used to develop qualitative invasiveness potential scores for
individual species based on their biological properties. High scores from such tools indicate potential
for invasiveness and a need for further study in context of an overall assessment of a species’ potential
benefits and risks as a SRWC. One of the most widely tested tools is the Australian Weed Risk
Assessment (AWRA) system [47]. Other tools or processes also exist [48], but they are all similar and
the AWRA tool will be the focus of this discussion.
The AWRA tool consists of a questionnaire covering topics such as climate suitability, response of
the species to disturbance and fire, and whether the species is a pest elsewhere. Questions tend to focus
on agricultural weeds, so some questions (e.g., response to plowing, short generation time) are not
relevant to trees. Other questions relate to characteristics thought to enhance potential spread such as
wind dispersal of seeds. Multiple tests of the AWRA tool [48–51] show that it generally has a high
accuracy (>90%) in properly classifying current weeds or invasives. The tool poses a risk of circular
reasoning, however, as existing botanical information sources for the questionnaire often describe
species as weeds, pests, or invasives and, coupled with the knowledge of qualified botanists, invasion
risks are likely to be characterized with good accuracy without the tool [51]. For non-invaders, which
include species that are naturalized in a country but are not pests, typical AWRA classification
accuracy is about 85% [48]. Thus, some species are falsely identified as invasive and excluded from
introduction even when they may not cause economic or ecological damage. Smith et al. [49] conclude
that a species should only be excluded if its potential control or damage costs exceed eight times the
benefit of introducing it.
Based on application of the AWRA to Eucalyptus in Florida, Gordon et al. [6] predicted that
E. camaldulensis and E. grandis have a high probability of being invasive in that state. However, in a
field survey of existing Eucalyptus plantations of up to almost 40 years in age that included these two
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species, seedlings were found at only 4 of the 16 sites surveyed in Florida with only two seedlings
detected at distances >45 m from plantation boundaries [52]. In the same survey, no seedlings were
present at 3 plantation sites in South Carolina. Callaham et al. [52] concluded that results of their
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.‖
Unlike Eucalyptus, invasiveness of Populus has not been widely discussed and most attention has
been focused on indirect implications of potential hybridization between exotic and native Populus
species [53–58]. The dilution or alteration of native populations, potential pest and pathogen
outbreaks, and impacts on sensitive ecosystems have been cited as potential risks. Movement via wind
and water can facilitate long-distance Populus pollen transport, although its spread and biological
consequences are constrained by the overwhelming dilution by genes from wild and non-transgenic
trees, by their requirements for moist, disturbed sites, and by typically short rotation ages relative to
the onset of flowering [59,60]. Populus is also capable of vegetative propagation, but this likely
facilitates only local spread [60].
4. Biological Diversity
Short-rotation woody cropping systems have the potential to influence biological diversity.
Riffell et al. [61] recently reviewed literature related to biodiversity and SRWCs in the U.S. and
conducted a meta-analysis of bird and small mammal responses where sufficient data permitted.
They characterized their findings as ―tentative‖ due to the small number of studies; seven studies had data
sufficient to allow meta-analysis of bird responses and only two studies provided enough information to
allow meta-analysis of small mammal responses. Riffell et al. [61] addressed Populus plantations because
information about biodiversity response to other SRWC species in the U.S. was lacking.
Riffell et al. [61] found that, at the stand level, diversity and abundance of bird species tended to be
lower in SRWCs than reference forests while individual bird species responses were highly variable.
Species commonly associated with dense, shrubby habitat structure (e.g., yellow-breasted chat
(Icteria virens), eastern towhee (Pipilo erythrophthalmus)) often reached higher densities in SRWCs than
did mature forest associates and/or cavity nesters (e.g., redbellied woodpecker (Melanerpes carolinus),
brown thrasher (Toxostoma rufum)), likely due to the limited availability of large stems in SRWC
stands that provide cavities for cavity-nesting birds. Riffell et al. [61] concluded that bird communities
in SRWC plantations may be less diverse than in bottomland hardwoods yet more diverse than in
upland hardwoods or in agricultural land uses (e.g., row crops, pasture). They hypothesized that
differences in bird diversity between SRWCs and reference forests would decline as SRWCs age and
grow taller, become more structurally heterogeneous, and as the number of different nesting and
foraging substrates increases.
Riffell et al. [61] found that studies of small mammals in SRWCs in the U.S. have yielded mixed
results. Small mammal species diversity was higher in cottonwood plantations compared with
bottomland hardwoods in Mississippi [62], but lower in cottonwood plantations relative to surrounding
wooded habitat in the upper Midwest [63]. Total abundance of small mammals and species’
abundances were consistently lower in SWRC than in reference forests.
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The extent to which these findings apply to Eucalyptus plantations in the southeastern United States
is uncertain. Studies in countries where planted Eucalyptus is not native have also yielded mixed
results. Some studies have reported lower plant and animal diversity in Eucalyptus plantations relative
to mature, native forests and some other forest types or seral stages [64–69]. In Brazil, for example,
da Rocha et al. [70] found fewer species of lizards, anurans, and selected invertebrate taxa in
Eucalyptus plantations than in large remnants of primary Atlantic Forest. They concluded that
Eucalyptus plantations have a ―moderate capacity‖ to harbor species of the fauna associated with
primary Atlantic forest and noted the potential value of plantations for increasing connectivity among
patches of primary forest. In Tasmania, Bonham et al. [71] found that native land snails and millipedes
were less diverse in Eucalyptus plantations than in native forests, and introduced land snails were
several times more abundant in plantations. Many taxa, however, including a velvet worm previously
considered to be threatened by plantation development, and including almost half the taxa represented
by 10 or more specimens, were found at least as commonly in plantations as in native forests [71].
Other studies, including studies from Australia, have again provided contrasting results. Chey et al. [72]
found that moth diversity in Eucalyptus plantations in Malaysia was as high as that in natural
secondary forest, a finding attributed to the fact that Eucalyptus plantations had a very diverse
understory both in terms of structure and plant species composition. Yirdaw and Luukkanen [73]
reported high species richness of understory wood plants in Eucalyptus plantations in the Ethiopian
highlands. In Australia, Loyn et al. [74] found that mean abundance of forest and woodland birds was
higher in Eucalyptus plantations than in cleared farmland and only marginally lower than in native
forest. In Australia, Hobbs et al. [75] reported that amphibian, reptile, bird, and mammal use of
Eucalyptus plantations was lower than in adjacent remnant vegetation but greater than in open pasture.
They concluded that Eucalyptus plantations provide habitat for some species, including some of
conservation concern, and suggested managing for greater structural complexity would enhance habitat
quality for some species. Hsu et al. [76] compared avifauna richness, abundance and composition in
five broad habitat types in Australia—dryland native hardwood forests, riparian native hardwood
forests, dryland Eucalyptus plantations, riparian Eucalyptus plantations, and riparian pastures (strips of
riparian vegetation surrounded by pastures). Eucalyptus was a dominant species in both native forest
types. Species richness and abundance were comparable among all habitat types except dryland
Eucalyptus plantations, which supported fewer species and in lower numbers.
The studies described above indicate that plant and animal communities in Eucalyptus plantations
are strongly influenced by stand management, land use history, landscape context, and other factors.
Lindenmayer and Hobbs [77] reported that almost all research undertaken in Australian plantations,
both in conifers and eucalypts, highlighted the importance of landscape heterogeneity and stand
structural complexity for fauna conservation. They acknowledged, however, that management of
even-aged plantations to promote landscape heterogeneity and stand structural complexity will, in
many cases, involve trade-offs in wood production that may not be economically feasible. Research is
needed to determine plant and animal response to Eucalyptus plantations in the U.S. relative to other
forest types of comparable age or structure and to alternative land uses.
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5. Water Use
Forest plantations and SRWCs established on grasslands, arable lands, and native forests can reduce
streamflow and lower the water table in some situations due to a combination of higher transpiration rates
and, compared to grassland and cropland, higher interception and evaporation of precipitation [78–82].
Some studies in South America and South Africa have shown higher water use by Eucalyptus than by
the native grasslands and in some cases the agricultural croplands they replace [41,83–85]. High
transpiration rates associated with the rapid growth of Eucalyptus is a primary factor affecting water
use [78,80,86]. Effects on streamflow are most apparent in dry regions and years [80] and on sites with
coarse-textured soils [81,83].
Effects of SRWCs and forest plantations on streamflow and water tables vary widely and depend on
a host of factors, however. Some studies found that water use in Eucalyptus is similar to that in native
forest, due in part to lower interception of precipitation in Eucalyptus canopies offsetting their higher
transpiration rates [84,87]. One assessment concluded that total water loss from Eucalyptus stands in
the tropics is often no greater than from native hardwoods but is greater than from (non-irrigated)
agricultural crops [78]. Another study in southeastern China showed that Eucalyptus plantations had
no significant influence on water supply [88]. Across a Eucalyptus productivity gradient in Brazil,
Stape et al. [15] found that although more productive stands used more water at the stand level than
less productive stands, they also had higher water and nutrient use efficiencies and could produce the
same quantity of wood with about half the land area and water than required for less productive stands.
Model simulations of forests in Minnesota led investigators to conclude that SRWCs, including
hybrid poplar, could either reduce or have no effect on streamflow [79,89]. Investigators in Germany
concluded that establishing Populus plantations on a large scale would reduce groundwater recharge [11].
Water use, water use efficiency, and drought resistance vary substantially among hybrid poplar
clones [90–92], making clone selection an important strategy for minimizing impacts in areas where
water is limiting.
Although water use and water use efficiency vary substantially among Eucalyptus and Populus
species and clones, the scale of SRWC plantation establishment is probably the most important factor
influencing water use and water budgets across a catchment or landscape. For example, investigators
concluded from hydrological assessments that changes in vegetation, including Eucalyptus plantations,
that comprised less than 20% of catchment areas would not have a detectable effect on streamflow [93]
and that landscape mosaics that include native forest would be effective in regulating total water use [94].
Fallow periods between rotations can also reduce water use, and thinning and fertilization can reduce
water stress in some environments [95,96]. Potential impacts may also be less on sites and landscapes
of finer textured soils compared to those with coarse textured soils [81]. Busch [81] found that short
rotation Salix/Populus coppice systems in Germany used more water when managed on longer
rotations and suggested that rotations be kept at 2–4 years where water deficits occur. Monitoring key
physiological and hydrological indicators during and following plantation establishment could help
refine projections of water use by SRWCs.
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6. Environmental Standards and Criteria
Most environmental standards and criteria for managed forests focus on traditional plantations
rather than SRWCs. The Sustainable Forestry Initiative (SFI) and American Tree Farm System
(ATFS) are two Programmes for the Endorsement of Forest Certification (PEFC)-recognized
sustainable forestry certification standards that are widely applied in the U.S. South. The 2010–2014
SFI Standard [97] applies to both natural and plantation forests, but states that ―Short rotation woody
crop operations and other high-intensity forestry operations, while they may serve a role in the
production of bioenergy feedstocks, are beyond the scope‖ of that standard.
By contrast, the Forest Stewardship Council (FSC) addresses planted trees in two categories;
conventional plantations and ―Principle 10 plantations‖ [98]. Principle 10 Plantations, which include
exotic trees such as Eucalyptus, block plantings of cloned trees, and planted forests established on
native non-forest ecosystems such as native prairies or that do not exhibit traits of natural forests,
require special provisions of the landowner. Principle 10 Plantations also include species not native to
the area, short harvest cycles or ―ongoing, systematic application of chemical pesticides or mechanical
treatments (like tiling) that would prevent the establishment of a natural understory,‖ and the use of
management practices that promote single species on sites normally occupied by multiple-species
forests. Principle 10 Plantations are not eligible for FSC certification if they were established on lands
with natural or semi-natural stands more recently than November 1994. Owners of forest lands
containing Principle 10 Plantations are required to retain or restore a percentage (typically 10% to 20%
for family forests) of their forest land in/to natural forest. There are additional requirements as well
that include tree retention during harvests and opening size limits.
Other criteria and standards relevant to SRWCs focus specifically on exotic species. Described
below are some of these as they relate to invasiveness, biodiversity, and water use.
6.1. Invasiveness
Some forest management standards and certification systems contain general guidance related to
non-native species. The FSC-US Forest Management Standard [98] states that the use of non-native
species should be ―carefully controlled and actively monitored to avoid adverse environmental
impacts‖ and ―is contingent on the availability of credible scientific data indicating that any such
species is non-invasive and its application does not pose a risk to native biodiversity.‖ This standard
also states that non-natives should be used only when their provenance, location, and ecological
effects, including unusual mortality, disease, and insect outbreaks, are monitored and when their
performance is greater than that for native species. More specifically, this standard restricts the
planting of non-native species in the Mississippi Alluvial Valley and the Appalachian and Southeast
regions unless they are used for ―site remediation.‖ The Standard does not identify the technical basis
for this restriction but notes that state lists of invasive/non-native species, state plant councils, and
other state experts should be consulted to determine if a species is considered invasive.
The FSC also has standards specific to many other countries that contain indicators related to the
use of exotic species [99]. There is considerable variability across these country-specific standards but
indicators commonly require exotic species, when they are allowed, to be justified by greater

Forests 2014, 5

909

performance than native species and carefully controlled and actively monitored. Some FSC standards
also require managers to provide evidence of no invasiveness risk, introduction of pests or diseases, or
other adverse ecological impacts associated with the introduction of exotics.
The PEFC International Standard [100] states, ―Only those introduced species, provenances or
varieties shall be used whose impacts on the ecosystem and on the genetic integrity of native species
and local provenances have been evaluated, and if negative impacts can be avoided or minimized.‖
This Standard also states that the impact of introduced species, provenances, and varieties need to be
evaluated during the planning and management stages of the production cycle.
The 2010–2014 SFI Standard states that managers using non-native species outside the context of
SRWCs are asked to minimize plantings and provide research-based documentation that exotic tree
species, planted operationally, pose environmental minimal risk. Program participants are encouraged
to limit the introduction, impact and spread of invasive exotic plants and animals that directly threaten
or are likely to threaten native plant and animal communities. The ATFS 2011–2015 Standards of
Sustainability [101] requires managers to monitor for changes (e.g., due to presence of invasive
species) that could interfere with objectives in the management plan and to take reasonable actions
when problems are found.
The Roundtable on Sustainable Biomaterials (RSB) [102] states, ―If the species is recorded as
highly invasive under similar conditions (similar climate, similar local ecosystems, and similar soil
types), this species shall not be used.‖ It also states that operators shall conduct a weed risk assessment
during feedstock selection and development to identify the risk of invasion and that species deemed to be
highly invasive not be used. It recommends that invasion be minimized, escape be monitored and
immediately mitigated, and the potential presence of pests and pathogens be addressed in
management plans.
The North Carolina Department of Agriculture and Consumer Services, North Carolina Cooperative
Extension, and the Biofuels Center of North Carolina recently developed gbest management practices
to help bioenergy feedstock growers and processors reduce the risk of unintentional escape and spread
of potentially invasive species [103]. Although the guidance appears designed for horticultural
production of bioenergy crops, portions of it may be relevant to SRWCs. Examples include:
(1) avoid locating production fields directly adjacent to major dispersal corridors such as streams or
irrigation canals; (2) if viable seeds are produced, choose late-flowering cultivars or harvest prior to
seed maturation to minimize risk of dispersal; (3) establish a buffer area around plantings that is
maintained with perennial cover; (4) inspect field boundaries, buffer areas, and adjacent areas regularly
for propagules/seedlings; and (5) prepare an eradication plan for potential use should escapes
be documented.
6.2. Biodiversity
Sustainability standards developed by the Council on Sustainable Biomass Production [104], the
FSC [98], the PEFC [100], the RSB [102], and the Sustainable Biodiesel Alliance [105] include
criteria and indicators related to biological diversity. Some criteria and indicators apply at the stand
scale while others apply to the management unit. Examples include the following:


Identify, protect, and/or conserve ecologically important forest areas and old growth forest;
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Assess and protect rare species and communities and species legally designated as threatened
or endangered;
Establish or protect corridors to minimize impacts of habitat fragmentation;
Do not allow newly established plantations to replace existing natural ecosystems or diminish
their ecological integrity;
Retain some habitat components and associated stand structures (e.g., dominant green trees,
snags, down woody debris) in harvested stands, particularly in larger stands (e.g., >32 ha);
Allow adjacent stands to reach a minimum age (e.g., 5 years), height (e.g., 10 feet), or degree of
canopy closure before a plantation is harvested;
Conserve plant and animal habitats in riparian management zones and representative samples of
existing ecosystems within managed landscapes;
Where natural ecosystems were previously converted to plantations, maintain and/or restore a
percentage of the total management area to natural or semi-natural cover.

6.3. Water Use
Organizations that include the FSC [98], the PEFC [100], the RSB [102], the Council on
Sustainable Biomass Production [104], and the Sustainable Biodiesel Alliance [105] have developed
standards and criteria related to water resources. Common objectives, elements, and provisions for
water use standards and criteria include the following:










Recognize the importance, value, and vulnerability of water supply and quality;
Biomass production should not contribute to depletion of ground or surface water supplies;
Biomass and bioenergy production maintains or improves water resources;
Identify and define measures to maintain or enhance water resources (and other forest services);
Use results of credible scientific analysis, best available information, and local knowledge and
experience to assess short- and long-term impacts on water resources and associated riparian
habitats and hydrologic functions;
Include a water management plan which aims to use water efficiently and to maintain or
enhance the quality of the water resources that are used for biofuel operations;
Demonstrate commitment to the improvement of water efficiency over time through the
implementation of water-saving practices;
Establish buffer zones between the operation site and surface or ground water resources.

7. Conclusions
Eucalyptus, Populus, and other SRWCs are highly productive woody crops that can help meet
demands for fiber and energy feedstocks on a smaller land base and in closer proximity to processing
facilities than many forest or agricultural alternatives. Forest products companies and agencies are
committed to sustainable forestry practices associated with both traditional fiber sources and
non-traditional sources such as SRWCs. Although characteristics of some Eucalyptus species may
increase their invasiveness risk, strong and consistent field evidence for significant invasiveness is
lacking. Scientists recommend monitoring regeneration and spread to minimize risks, particularly as
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the scale of plantation establishment increases in a landscape or regional context [27,29,106]. Current
standards and guidelines emphasize that selection of species and practices be based on best scientific
evidence to minimize invasiveness and that escape and the presence of pests and pathogens be
monitored and mitigated.
Studies in the U.S. suggest that the relationship between SRWCs and biodiversity likely depend
upon what type of ecosystem occupied the site prior to plantation establishment, how the SRWC
plantation is managed, landscape context, and scale of analysis [107]. Populus and other SRWCs that
replace cropland are likely to increase bird diversity at the stand scale while SRWCs that replace
mature native forests or other high-diversity plant communities may decrease local diversity [61].
SRWC plantations, regardless of the dominant tree species, likely will not provide stand-level habitat
for the full complement of species found in mature, native forests because of their simpler structural
characteristics. However, SRWC plantations typically represent only one component of a landscape
and diversity response is best understood when multiple spatial and temporal scales are considered.
Implications of Eucalyptus plantations for biological diversity have not been investigated in the
United States. Research from elsewhere suggests that Eucalyptus plantations may have lower
stand-level diversity than in native forests, particularly relative to mature seral stages, but greater
diversity when compared to some alternative land uses. Based on a review of the literature,
Brockerhoff et al. [108] concluded that Eucalyptus plantations provide important habitat resources for
wildlife species, including many birds and mammals. In forested landscapes, SRWCs have the
potential to provide habitat conditions that complement those found in native forest retained as buffers
along streams, in inoperable areas, and in other locations or on other ownerships. More broadly, some
investigators have suggested that planted forests contribute to the conservation of natural forests by way of
their relatively greater productivity (i.e., planted forests serve as an alternative source of wood) [109–111].
Eucalyptus water use can be higher than non-irrigated agricultural crops, pasture, and, in some
cases, native forests due to its rapid growth and high evapotranspiration rates. Significant impacts on
water are most apparent in dry environments and when plantations comprise a large proportion of the
landscape. Effects of Eucalyptus establishment on water resources is sometimes offset by its high
water use efficiency and smaller land base required to produce an equivalent amount of wood. Hybrid
poplar water use and effects of its establishment on water resources varies substantially among clones
and site environmental conditions. Potential effects of SRWCs on water use, streamflow, and
groundwater recharge in vulnerable environments can be reduced by limiting the proportion of the
landscapes or watersheds on which they are established and by selecting species and clones with lower
transpiration rates. Standards and guidelines state that SRWCs should not deplete ground or surface
water supplies, that buffers be placed between operations and water sources, and that management
plans and practices be based on best available scientific information.
Author Contributions
All co-authors contributed to the research and writing for this paper.
Conflicts of Interest
The authors declare no conflict of interest.

Forests 2014, 5

912

References
1.

2.

3.

4.
5.

6.

7.
8.
9.

10.
11.
12.

13.

14.

Zalesny, R.S., Jr.; Cunningham, M.W.; Hall, R.B.; Mirck, J.; Rockwood, D.L.; Stanturf, J.A.;
Volk, T.A. Woody biomass from short rotation energy crops. In Sustainable Production of Fuels,
Chemicals, and Fibers from Forest Biomass; ACS Symposium Series; Xu, J.Y., Pang, X.J., Eds.;
American Chemical Society: Washington, DC, USA, 2011; pp. 27–63.
U.S. Department of Energy. Biomass as Feedstock for a Bioenergy and Bioproducts Industry:
The Technical Feasibility of a Billion-Ton Annual Supply; ORNL/TM-2005/66; Perlack, R.D.,
Wright, L.L., Turhollow, A.F., Graham, R.L., Stokes, B.J., Erbach, D.C., Eds.; Oak Ridge
National Laboratory: Oak Ridge, TN, USA, 2005; p. 3.
U.S. Department of Energy. U.S. Billion-Ton Update: Biomass Supply for a Bioenergy and
Bioproducts Industry; ORNL/TM-2011/224; Perlack, R.D., Stokes, B.J., Eds.; Oak Ridge
National Laboratory: Oak Ridge, TN, USA, 2011; p. 227.
Jacobs, M.R. Eucalypts for Planting; FAO Forestry Series No. 11; Food and Agriculture
Organization of the United Nations: Rome, Italy, 1979; p. 677.
Gonzalez, R.; Treasure, T.; Wright, J.; Saloni, D.; Phillips, R.; Jameel, R.A.H. Exploring the
potential of Eucalyptus for energy production in the Southern United States: Financial analysis of
delivered biomass. Part I. Biomass Bioenergy 2011, 35, 755–766.
Gordon, D.R.; Tancig, K.J.; Onderdonk, D.A.; Gantz, C.A. Assessing the invasive potential of
biofuel species proposed for Florida and the United States using the Australian weed risk
assessment. Biomass Bioenergy 2011, 35, 74–79.
Rosch, C.; Jorissen, J. Pinning hopes on short rotation coppice? Reviewing perspectives and
challenges. GAIA: Ecol. Perspect. Sci. Soc. 2012, 21, 194–201.
Mann, L.; Tolbert, V. Soil sustainability in renewable biomass plantings. Ambio 2000, 29,
492–498.
Tolbert, V.R.; Todd, D.E., Jr.; Mann, L.K.; Jawdy, C.M.; Mays, D.A.; Malik, R.;
Bandaranayake, W.; Houston, A.; Tyler, D.; Pettry, D.E. Changes in soil quality and below-ground
carbon storage with conversion of traditional agricultural crop lands to bioenergy crop
production. Environ. Pollut. 2002, 116, S97–S106.
Blanco-Canqui, H. Energy crops and their implications on soil and environment. Agron. J. 2010,
102, 403–419.
Petzold, R.; Schwarzel, K.; Feger, K.H. Transpiration of a hybrid poplar plantation in Saxony
(Germany) in response to climate and soil conditions. Eur. J. For. Res. 2011, 130, 695–706.
Langeveld, H.; Quist-Wessel, F.; Dimitriou, I.; Aronsson, P.; Baum, C.; Schulz, U.; Bolte, A.;
Baum, S.; Kohn, J.; Weih, M.; et al. Assessing environmental impacts of short rotation coppice
(SRC) expansion: Model definition and preliminary results. Bioenergy Res. 2012, 5, 621–635.
Syswerda, S.P.; Basso, B.; Hamilton, S.K.; Tausig, J.B.; Robertson, G.P. Long-term nitrate loss
along an agricultural intensity gradient in the Upper Midwest USA. Agric. Ecosyst. Environ.
2012, 149, 10–19.
Kline, K.L.; Coleman, M.D. Woody energy crops in the southeastern United States: Two
centuries of practitioner experience. Biomass Bioenergy 2010, 34, 1655–1666.

Forests 2014, 5
15.

16.
17.
18.

19.

20.
21.
22.

23.

24.

25.

26.

27.
28.

29.

30.

913

Stape, J.L.; Binkley, D.; Ryan, M.G. Eucalyptus production and the supply, use and efficiency of
use of water, light, and nitrogen across a geographic gradient in Brazil. For. Ecol. Manag. 2004,
193, 17–31.
Henri, C.J. Soil-site productivity of Gmelina arborea, Eucalyptusurophulla and Eucalyptus
grandis forest plantations in western Venezuela. For. Ecol. Manag. 2001, 144, 255–264.
Pallett, R.N.; Sale, G. The relative productivity of tree improvement and cultural practice toward
productivity gains in Eucalyptus pulpwood stands. For. Ecol. Manag. 2004, 193, 33–43.
Du Toit, B.; Smith, C.W.; Little, K.M.; Boreham, G.; Pallett, R.N. Intensive, site-specific
silviculture: Manipulating resource availability at establishment for improved stand productivity.
A review of South African research. For. Ecol. Manag. 2010, 259, 1836–1845.
Harwood, C. New introductions—Doing it right. In Developing a Eucalypt Resource: Learning
from Australia and Elsewhere; Wood Technology Research Centre: Christchurch, New Zealand,
2011; pp. 125–136.
Wang, D.; LeBauer, D.; Dietze, M. Predicting yields of short-rotation hybrid (Populus spp.) for
the United States through model-data synthesis. Ecol. Appl. 2013, 23, 944–958.
Pinno, B.D.; Bélanger, N. Competition control in juvenile hybrid poplar plantations across a
range of site productivities in central Saskatchewan. New For. 2009, 37, 213–225.
Pinno, B.D.; Thomas, B.R.; Bélanger, N. Predicting the productivity of a young hybrid poplar
clone under intensive plantation management in northern Alberta, Canada using soil and site
characteristics. New For. 2010, 39, 89–103.
Coleman, M.; Tolsted, D.; Nichols, T.; Johnson, W.D.; Wene, E.G.; Houghtaling, T.
Post-establishment fertilization of Minnesota hybrid poplar plantations. Biomass Bioenergy
2006, 30, 740–749.
Zalesny, R.S.; Hall, R.B.; Zalesny, J.A.; McMahon, B.G.; Berguson, W.E.; Stanosz, G.R.
Biomass and genotype × environment interactions of Populus energy crops in the Midwestern
United States. Bioenergy Res. 2009, 2, 106–122.
Truax, B.; Gagnon, D.; Fortier, J.; Lambert, F. Yield in 8 year-old hybrid poplar plantations on
abandoned farmland along climatic and soil fertility gradients. For. Ecol. Manag. 2012, 267,
228–239.
Van Wilgen, B.W.; Forsyth, G.G.; le Maitre, D.C.; Wannenburgh, A.; Kotzé, J.D.F.;
van den Berg, E.; Henderson, L. An assessment of the effectiveness of a large, national-scale
invasive alien plant control strategy in South Africa. Biol. Conserv. 2012, 148, 28–38.
Booth, T.H. Eucalypts and their potential for invasiveness particularly in frost-prone regions.
Int. J. For. Res. 2012, 2012, 1–7.
Gordon, D.R.; Flory, S.L.; Cooper, A.L.; Morris, S.K. Assessing the invasion risk of Eucalyptus
in the United States using the Australian Weed Risk Assessment. Int. J. For. Res. 2012, 2012,
1–7.
Larcombe, M.J.; Silva, J.S.; Vaillancourt, R.E.; Potts, B.M. Assessing the invasive potential of
Eucalyptus globulus in Australia: Quantification of wildling establishment from plantations.
Biol. Invasions 2013, 15, 2763–2781; doi:10.1007/s10530-013-0492-1.
Richardson, D.M. Forestry trees as invasive aliens. Conserv. Biol. 1998, 12, 18–26.

Forests 2014, 5
31.
32.
33.
34.
35.

36.
37.

38.
39.
40.

41.

42.

43.

44.

45.
46.
47.
48.

914

Da Silva, P.H.M.; Poggiani, F.; Sebbenn, A.M.; Mori, E.S. Can Eucalyptus invade native forest
fragments close to commercial stands? For. Ecol. Manag. 2011, 261, 2075–2080.
Emer, C.; Fonseca, C.R. Araucaria Forest conversion: Mechanisms providing resistance to
invasion by exotic timber species. Biol. Invasions 2011, 13, 189–202.
Moll, E.J.; Trinder-Smith, T. Invasion and control of alien woody plants on the Cape Peninsula
Mountains, South Africa—30 years on. Biol. Conserv. 1992, 60, 135–143.
Taylor, H.C.; Macdonald, S.A. Invasive alien woody plants in the Cape of Good Hope Nature
Reserve; I. Results of a first survey in 1966. S. Afr. J. Bot. 1985, 51, 14–20.
Taylor, H.C.; Macdonald, S.A.; Macdonald, I.A.W. Invasive alien woody plants in the Cape of
Good Hope Nature Reserve; II. Results of a second survey from 1976 to 1980. S. Afr. J. Bot.
1985, 51, 21–29.
Bennett, B.M. A global history of Australian trees. J. Hist. Biol. 2011, 44, 125–145.
Meers, T.L.; Enright, N.J.; Bell, T.L.; Kasel, S. Deforestation strongly affects soil seed banks
in eucalypt forests: Generalisations in functional traits and implications for restoration.
For. Ecol. Manag. 2012, 266, 94–107.
Hill, S.J.; French, K. Response of the soil seed-bank of Cumberland Plain Woodland to heating.
Austral Ecol. 2003, 28, 14–22.
Wellington, A.B.; Noble, I.R. Seed dynamics and factors limiting recruitment of the Mallee
Eucalyptus incrassata in semi-arid south-eastern Australia. J. Ecol. 1985, 73, 657–666.
Booth, T.H. Modern tree colonisers from Australia into the rest of the world. In Invasion Biology
and Ecological Theory; Prins, H.H.T., Gordon, I.J., Eds.; Cambridge University Press:
Cambridge, UK, 2014; pp. 304–323.
Le Maitre, D.C.; van Wilgen, B.W.; Gelderblom, C.M.; Bailey, C.; Chapman, R.A.; Nel, J.A.
Invasive alien trees and water resources in South Africa: Case studies of the costs and benefits of
management. For. Ecol. Manag. 2002, 160, 143–159.
Forsyth, G.G.; Richardson, D.M.; Brown, P.J.; van Wilgen, B.W. A rapid assessment of the
invasive status of Eucalyptus species in two South African provinces. S. Afr. J. Sci. 2004, 100,
75–77.
Rejmánek, M.; Richardson, D.M. Eucalypts. In Encyclopedia of Biological Invasions;
Simberloff, D., Rejmánek, M., Eds.; University of California Press: Berkeley/Los Angeles, CA,
USA, 2011.
Rockwood, D.L.; Carter, D.R.; Langholtz, M.H.; Stricker, J.A. Eucalyptus and Populus short
rotation woody crops for phosphate mined lands in Florida USA. Biomass Bioenergy 2006, 30,
728–734.
Fry, G. Eucalypts in New Zealand: A position report. N. Z. J. For. 1983, 28, 394–411.
Richardson, D.M.; Rejmánek, M. Trees and shrubs as invasive alien species—A global review.
Divers. Distrib. 2011, 17, 788–809.
Pheloung, P.C.; Williams, P.A.; Halloy, S.R. A weed risk assessment model for use as a
biosecurity tool evaluating plant introductions. J. Environ. Manag. 1999, 57, 239–251.
Auld, B. An overview of pre-border weed risk assessment and post-border weed risk
management protocols. Plant Prot. Q. 2012, 27, 105–111.

Forests 2014, 5
49.
50.
51.
52.

53.

54.

55.

56.

57.

58.

59.

60.
61.
62.
63.
64.

915

Smith, C.S.; Lonsdale, W.M.; Fortune, J. When to ignore advice: Invasion predictions and
decision theory. Biol. Invasions 1999, 1, 89–96.
Daehler, C.C.; Denslow, J.S.; Ansari, S.; Kuo, H.-C. A risk-assessment system for screening out
invasive pest plants from Hawaii and other Pacific islands. Conserv. Biol. 2004, 18, 360–368.
Hulme, P.E. Weed risk assessment: A way forward or a waste of time? J. Appl. Ecol. 2011, 49,
10–19.
Callaham, M.A.; Stanturf, J.A.; Hammon, W.J.; Rockwood, D.L.; Wenk, E.S.; O’Brien, J.J.
Survey to evaluate escape of Eucalyptus spp. Seedlings from plantations in southeastern USA.
Int. J. For. Res. 2013, doi:10.1155/2013/946374.
Vanden-Broeck, A.; Villar, M.; van Brockstaele, E.; van Slycken, J. Natural hybridization
between cultivated poplars and their wild relatives: Evidence and consequences for native poplar
populations. Ann. For. Sci. 2005, 62, 601–613.
Ziegenhagen, B.; Gneuss, S.; Rathmacher, G.; Leyer, I.; Bialozyt, R.; Heinze, B.; Liepelt, S. A
fast and simple genetic survey reveals the spread of poplar hybrids at natural Elbe river site.
Conserv. Genet. 2008, 9, 373–379.
Meirmans, P.G.; Lamothe, M.; Gros-Louis, M.-C.; Khasa, D.; Perinet, P.; Bousquet, J.; Isabel, N.
Complex patterns of hybridization between exotic and native North American poplar species.
Am. J. Bot. 2010, 97, 1688–1697.
Talbot, P.; Schroeder, W.R.; Bousquet, J.; Isabel, N. When exotic poplars and native Populus
balsamifera L. meet on the Canadian Prairies: Spontaneous hybridization and establishment of
interspecific hybrids. For. Ecol. Manag. 2012, 285, 142–152.
Vanden-Broeck, A.; Cox, K.; Michiels, B.; Verschelde, P.; Villar, M. With a little help from my
friends: Hybrid fertility of exotic Populus × Canadensis enhanced by related native Populus
nigra. Biol. Invasions 2012, 14, 1683–1696.
Felton, A.; Boberg, J.; Bjorkman, C.; Widenfalk, O. Identifying and managing the ecological
risks of using introduced tree species in Sweden’s production forestry. For. Ecol. Manag. 2013,
307, 165–177.
DiFazio, S.P.; Slavov, G.T.; Burczyk, J.; Leonardi, S.; Strauss, S.H. Gene flow from tree
plantations and implications for transgenic risk assessment. In Plantation Forest Biotechnology
for the 21st Century; Walter, C., Carson, M., Eds.; Research Signpost: Kerala, India, 2004;
pp. 405–422.
Strauss, S.H.; Brunner, A.M.; Busov, V.B.; Ma, C.; Meilan, R. Ten lessons from 15 years of
transgenic Populus research. Forestry 2004, 77, 455–465.
Riffell, S.; Verschuyl, J.; Miller, D.; Wigley, T.B. A meta-analysis of bird and mammal response
to short-rotation woody crops. GCB Bioenergy 2011, 3, 313–321.
Staten, C.H. The Effects of a Cottonwood Monoculture on Small Mammals and Rabbits in the
Mississippi Delta. Master Thesis, Mississippi State University, Mississippi, MS, USA, 1977.
Christian, D.P.; Collins, P.T.; Hanowski, J.M.; Neimi, G.J. Bird and small mammal use of
short-rotation hybrid poplar plantations. J. Wildl. Manag. 1997, 61, 171–182.
Basanta, M.; Vizcaino, E.D.; Casal, M.; Morey, M. Diversity measurements in shrubland
communities of Galicia (NW Spain). Vegetatio 1989, 82, 105–112.

Forests 2014, 5
65.

66.
67.
68.
69.
70.

71.

72.
73.
74.
75.

76.
77.
78.
79.
80.
81.
82.

916

Marsden, S.J.; Whiffin, M.; Galetti, M. Bird diversity and abundance in forest fragments and
Eucalyptus plantations around an Atlantic forest reserve, Brazil. Biodivers. Conserv. 2001, 10,
737–751.
Proença, V.M.; Pereira, H.M.; Guilherme, J.; Vicente, L. Plant and bird diversity in natural
forests and in native and exotic plantations in NW Portugal. Acta Oecol. 2010, 36, 219–226.
John, J.R.M.; Kabigumila, J.D.L. The use of bird species richness and abundance indices to
assess the conservation value of exotic Eucalyptus plantations. Ostrich 2011, 82, 27–37.
Calviño-Cancela, M.; Rubido-Bará, M.; van Etten, E.J.B. Do eucalypt plantations provide habitat
for native forest biodiversity? For. Ecol. Manag. 2012, 270, 153–162.
Calviño-Cancela, M.; de Silanes, M.E.L.; Rubido-Bará, M.; Uribarri, J. The potential role of tree
plantations in providing habitat for lichen epiphytes. For. Ecol. Manag. 2013, 291, 386–395.
da Rocha, P.L.B.; Viana, B.F.; Cardoso, M.Z.; de Melo, A.M.C.; Costa, M.G.C.;
de Vasconcelos, R.N.; Dantas, T.B. What is the value of eucalyptus monocultures for the
biodiversity of the Atlantic forest? A multitaxa study in southern Bahia, Brazil. J. For. Res.
2013, 24, 263–272.
Bonham, K.J.; Mesibov, R.; Bashford, R. Diversity and abundance of some ground-dwelling
invertebrates in plantation vs. native forests in Tasmania, Australia. For. Ecol. Manag. 2002,
158, 237–247.
Chey, V.K.; Holloway, J.D.; Speight, M.R. Diversity of moths in forest plantations and natural
forests in Sabah. Bull. Entomol. Res. 1997, 87, 371–385.
Yirdaw, E.; Luukkanen, O. Indigenous woody species diversity in Eucalyptus globulus Labill.
ssp. globulus plantations in the Ethiopian highlands. Biodivers. Conserv. 2003, 12, 567–582.
Loyn, R.H.; McNabb, E.G.; Macak, P.; Noble, P. Eucalypt plantations as habitat for birds on
previously cleared farmland in south-eastern Australia. Biol. Conserv. 2007, 137, 533–548.
Hobbs, R.; Catling, P.C.; Wombey, J.C.; Clayton, M.; Atkins, L.; Reid, A. Faunal use of
bluegum (Eucalyptus globulus) plantations in southwestern Australia. Agrofor. Ecosyst. 2003,
58, 195–212.
Hsu, T.; French, K.; Major, R. Avian assemblages in eucalypt forests, plantations, and pastures in
northern NSW, Australia. For. Ecol. Manag. 2010, 260, 1036–1046.
Lindenmayer, D.B.; Hobbs, R.J. Fauna conservation in Australian plantation forests—A review.
Biol. Conserv. 2004, 119, 151–168.
Cannell, M.G.R. Environmental impacts of forest monocultures: Water use, acidification,
wildlife conservation, and carbon storage. New For. 1999, 17, 239–262.
Updegraff, K.; Baughman, M.J.; Taff, S.J. Environmental benefits of cropland conversion to
hybrid poplar: Economic and policy considerations. Biomass Bioenergy 2004, 27, 411–428.
Scott, D.F. On the hydrology of industrial timber plantations. Hydrol. Process. 2005, 19,
4203–4206.
Busch, G. The impact of short rotation coppice on groundwater recharge—A spatial (planning)
perspective. Agric. For. Res. 2009, 59, 207–222.
Rodríguez-Suárez, J.A.; Soto, B.; Perez, R.; Diaz-Fierros, F. Influence of Eucalyptus globules
plantation growth on water table levels and low flows in a small catchment. J. Hyrol. 2011, 396,
321–326.

Forests 2014, 5
83.

84.
85.
86.

87.

88.
89.
90.
91.

92.

93.

94.
95.

96.

97.
98.

917

Nosetto, M.D.; Jobbagy, E.G.; Paruelo, J.M. Land-use change and water losses: The case of
grassland afforestation across a soil textural gradient in central Argentina. Glob. Chang. Biol.
2005, 11, 1101–1117.
Nosetto, M.D.; Jobbagy, E.G.; Brizuela, A.B.; Jackson, R.B. The hydrologic consequences of
land cover change in central Argentina. Agric. Ecosyst. Environ. 2012, 154, 2–11.
Dye, P. A review of changing perspectives on Eucalyptus water-use in South Africa.
For. Ecol. Manag. 2013, 301, 51–57.
Hubbard, R.M.; Stape, J.; Ryan, M.G.; Almeida, A.C.; Rojas, J. Effects of irrigation on water use
and water use efficiency in two fast growing Eucalyptus plantations. For. Ecol. Manag. 2010,
259, 1714–1721.
Salemi, L.F.; Groppo, J.D.; Trevisan, R.; de Moraes, J.M.; Ferraz, S.F.d.; Villani, J.P.;
Duarte-Neto, P.J.; Martinelli, L.A. Land-use change in the Atlantic rainforest region:
Consequences for the hydrology of small catchments. J. Hydrol. 2013, 499, 100–109.
Lane, P.N.J.; Morris, J.; Ningnan, Z.; Guangyi, Z.; Guoyi, Z.; Daping, X. Water balance of
tropical eucalypt plantations in south-eastern China. Agric. For. Meteorol. 2004, 124, 253–267.
Perry, C.H.; Miller, R.C.; Brooks, K.N. Impacts of short-rotation hybrid poplar plantations on
regional water yield. For. Ecol. Manag. 2001, 143, 143–151.
Souch, C.A.; Stephens, W. Growth, productivity, and water use in three hybrid poplar clones.
Tree Physiol. 1998, 18, 829–835.
Monclus, R.; Villar, M.; Barbaroux, C.; Bastien, C.; Fichot, R.; Delmotte, F.M.; Delay, D.;
Petit, J.-M.; Brechet, C.; Dreyer, E.; et al. Productivity, water-use efficiency and tolerance to
moderate water deficit correlate in 33 poplar genotypes from a Populus deltoides × Populus
trichocarpa F1 progeny. Tree Physiol. 2009, 29, 1329–1339.
Toillon, J.; Rollin, B.; Dalle, E.; Feinard-Duranceau, M.; Bastien, J.C.; Brignolas, F.; Marron, N.
Variability and plasticity of productivity, water-use efficiency, and nitrogen exportation rate in
Salix short rotation coppice. Biomass Bioenergy 2013, 56, 392–404.
Brown, A.E.; Zhang, L.; McMahon, T.A.; Western, A.W.; Vertessy, R.A. A review of paired
catchment studies for determining changes in water yield resulting from alterations in vegetation.
J. Hydrol. 2005, 310, 28–61.
Ferraz, S.F.B.; Lima, W.D.; Rodrigues, C.B. Managing forest plantation landscapes for water
conservation. For. Ecol. Manag. 2013, 301, 58–66.
White, D.A.; Crombie, D.S.; Kinal, J.; Battaglia, M.; McGrath, J.F.; Mendharn, D.S.;
Walker, S.N. Managing forest productivity and drought risk in Eucalyptus globules plantations in
south-western Australia. For. Ecol. Manag. 2009, 259, 33–44.
Mendham, D.S.; White, D.A.; Battaglia, M.; McGrath, J.F.; Short, T.M.; Ogden, G.N.; Kinal, J.
Soil water depletion and replenishment during first- and early second-rotation Eucalyptus
globules plantations with deep soil profiles. Agric. For. Meteorol. 2011, 151, 1568–1579.
Sustainable Forestry Initiative. SFI Standard. Available online: http://www.sfiprogram.org/
sfi-standard/ (accessed on 12 May 2014).
Forest Stewardship Council. FSC-US Forest Management Standard (v1.0); Complete with FF
Indicators and Guidance, 2010. Available online: https://us.fsc.org/download.fsc-us-forestmanagement-standard-with-family-forest-indicators.96.pdf (accessed on 12 May 2014).

Forests 2014, 5
99.
100.

101.
102.

103.

104.

105.

106.
107.

108.

109.
110.
111.

918

Forest Stewardship Council. National Standards. Available online: https://ic.fsc.org/nationalstandards.247.htm (accessed on 12 May 2014).
Programme for the Endorsement of Forest Certification. Sustainable Forest Management—
Requirements; PEFC ST 1003:2010; 2010. Available online: http://www.pefc.org/images/
documents/PEFC_ST_1003_2010_SFM__Requirements_2010_11_26.pdf (accessed on 12 May
2014).
American Tree Farm System. Standards for Certification. Available online: https://www.
treefarmsystem.org/certification-american-tree-farm-standards (accessed on 12 May 2014).
Roundtable on Sustainable Biomaterials. RSB Principles & Criteria for Sustainable Biofuel
Production; BEFSCI: 2010. Available online: http://rsb.org/pdfs/standards/11-03-08-RSB-PCsVersion-2.pdf (accessed on 12 May 2014).
North Carolina Department of Agriculture and Consumer Services, North Carolina Cooperative
Extension Service, North Carolina Biofuels Center. Voluntary Best Management Practices for
Energy Crops Minimizing the Risk of Invasiveness; North Carolina Department of Agriculture
and Consumer Services, Plant Industry Division: Raleigh, NC, USA, 2011; p. 4.
Council on Sustainable Biomass Production. CSBP Standard for Sustainable Production of
Agricultural Biomass, Version 1.0; 2012. Available online: http://web.ornl.gov/sci/ees/cbes/
News/Final%20CSBP%20Standard%2020120612.pdf (accessed on 12 May 2014).
Sustainable Biodiesel Alliance. Principles and Baseline Practices for Sustainability; 2009.
Available online: http://sustainablebiodieselalliance.com/dev/BPS%20V.1.pdf (accessed on 12
May 2014).
Stanturf, J.A.; Vance, E.D.; Fox, T.R.; Kirst, M. Eucalyptus beyond its native range:
Environmental issues in exotic bioenergy plantations. Int. J. For. Res. 2013, 2013, 1–5.
Dale, V.H.; Kline, K.L.; Wiens, J.; Fargione, J. Biofuels: Implications for Land Use and
Biodiversity; Ecological Society of American: Washington, DC, USA, 2010. Available online:
http://www.esa.org/biofuelsreports/files/ESA%20Biofuels%20Report_VH%20Dale%20et%20al.pdf
(accessed on 12 May 2014).
Brockerhoff, E.G.; Jactel, H.; Parrotta, J.A.; Ferraz, S.F.B. Role of eucalypt and other planted
forests in biodiversity conservation and the provision of biodiversity-related ecosystem services.
For. Ecol. Manag. 2013, 301, 43–50.
Sedjo, R.A.; Botkin, D. Using forest plantations to spare natural forests. Environment 1997, 39,
14–20.
Brockerhoff, E.G.; Jactel, H.; Parrotta, J.A.; Quine, C.P.; Sayer, J. Plantation forests and
biodiversity: Oxymoron or opportunity? Biodivers. Conserv. 2008, 17, 925–951.
Paquette, A.; Messier, C. The role of plantations in managing the world’s forest in the
Anthropocene. Front. Ecol. Environ. 2010, 8, 27–34.

© 2014 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article
distributed under the terms and conditions of the Creative Commons Attribution license
(http://creativecommons.org/licenses/by/3.0/).

