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Definition: “Short Rotation Crops
“Short Rotation Crops” means woody crops such as Willows, Poplars, Robinia and Eucalyptus
with coppicing abilities as well as lignocellulosic crops such as Reed canary grass, Switchgrass
and Miscanthus.

Objective:
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Technical Review No. 3

Environmental benefits associated
with short-rotation woody crops

Introduction

Interest in short-rotation bioenergy crops centres mainly on their
ability to produce large amounts of lignocellulosic biomass that can
be used as fuel for heat or electricity production. In recent decades,
researchers in many geographical regions around the world have
selected the most productive varieties and clones and developed
appropriate cultivation techniques. The resulting renewable energy
sourceis neutral in terms of greenhouse gas emissions, and attention
has been drawn to other environmental benefits and impacts associated
with these systems that may have potential as a source of additional
income or serve other interests in the public good.

The International Poplar Commission of the Food and Agriculture
Organisation has set up aworking party to investigate the environmental
applications of poplars (Populus spp.) and willows (Salix spp.) grown
under short rotation. Information, including a number of case studies,
is available on their website: www.fao.org/forestry/site/26379/en/.

Thisreport provides an overview of potential environmental benefits
that can be derived from the cultivation of short-rotation crops. Some
examples of the effects of improper use or mismanagement on the
sustainability of the cropping system are included.
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Background

Short-rotation cropping systems rely on high-density planting and rapid growth of individuals. Maximum
growth is encouraged by the provision of adequate supplies of water and plant nutrients, the reduction
of competition from other plant species, and the minimization or complete prevention of mechanical,
pathological or insect damage (Christersson and Verma 2006). Intensive management techniques, usually
requiring a high degree of mechanisation, are needed at all stages of establishment, cultivation and harvesting.
Some species regenerate naturally from rhizomes or by coppicing (Mitchell 1995; Mitchell et al. 1999):
herbaceous crops such as miscanthus (Miscanthus x giganteus) and switchgrass (Panicum virgatum) and
some woody species (including poplars and willows) may be harvested annually, although most tree species
are harvested at intervals of 2 to 8 years. Plantations with rotation periods greater than 8 to 10 years will
not be considered here.

A serious lack of information about environmental impacts is likely to have hindered the large-scale
endorsement of short-rotation bioenergy cropping. During the last ten years, many studies have sought to
address this problem (Tolbert 2002) and the results to date have been encouraging. Significant environmental
benefits have been identified: greater yields of high-quality biomass contribute to the reduction of greenhouse
gases in the atmosphere (Hanegraaf et al. 1998) and perennial and very dense crops protect the soil from
erosion, increase organic matter accumulation and improve site fertility (Grigal and Berguson 1998; Thornton
et al. 1998; Borjesson 1999). Properly-designed and well-managed plantations reduce sediment and nutrient
inputs to waterways (Perttu 1995; Updegraff et al. 2004) and may actually become atool for the large-scale
improvement of water quality (Londo 2002). They can be used as vegetation filters for sources of contamination
such as noise, urban wastewater, food-industry aqueous waste, landfill leachate, sewage sludge,
wood ash and log-yard runoff (Sims and Riddell-Black 1998; Dimitriou and Aronsson 2005),
or astools for the phytoremediation of sites contaminated by heavy metals (Perttu 1999) and radioactive
elements (Vandenhove et al. 2002). Short-rotation bioenergy crops may improve the environment for many
birds and mammals that benefit the community (Christian et al. 1998) and may provide alternative income
to farmersif local regulations permit hunting on their property (Helby et al. 2006). Willows and other tree
species may act as a host for bees, and early flowering times can extend the honey-flow period (Reddersen
2001). Good planning and crop management may improve landscape value and lead to enhancement of rural
tourism opportunities (Tahvanainen 2004; Skarback and Becht 2005). Most of these benefits do not affect
yield, but contribute to a multiple-use system providing environmental services. The direct cash value of
these services may in some cases be greater than income derived from the biomass production itself (Borjesson
and Berndes 2002).
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The degree to which short rotation woody crops are considered to be environmentally-friendly and sustainable
(Abrahamson et al. 1998; Volk et al. 2004) varies greatly according to location, species and management
practice. As well, mismanagement within components of the short rotation bioenergy value-chain may have
amore deleterious effect on the environment than previous traditional land use (Cossalter and Pye-Smith
2003) on the same site.

Hanegraaf et al. (1998) devised a series of criteriafor the evaluation of energy crop sustainability, and these
will be used in our review of the current status of the short-rotation cropping industry. Mgjor factorsto be

considered in the assessment of bioenergy crop sustainability are:

1) Carbon balance — the net emission of gases associated with the greenhouse effect, measured in carbon
dioxide (COy) equivalents (CO.€). Thisis the difference between the amount emitted during biomass
production and the amount that would be emitted if fossil carbon were to be used as the source of energy.
2) Energy balance — the net amount of energy captured by the cropping systemi.e. the difference between
the amount of energy required for cultivation, agrochemical production, transport etc. and the final energy
output from the biomass product.

3) Soil erosion and fertility threats — cultivation and the movement of machinery may cause erosion, depletion
or compaction of soil. Biomass harvesting removes plant nutrients from the site and alters factors governing

the pattern and rate of nutrient cycling.

4) Emission of minerals and agrochemicalsto soil and water —intensive cultivation of plants often involves
the use of fertilisers, herbicides and pesticides. These substances, or derivatives from their interaction with
plants and soil, may be the source of point- or non-point pollution. When compared with agricultural crops,
short-rotation bioenergy systems may cause lower levels of pollution (or in some rare cases, equivalent or
higher).

5) Ground water use and protection —water consumption, catchment scale effects, and water quality.

6) Waste management — utilization of animal manure and human waste, which may contain undesirable

substances as well as beneficial components.

7) Contribution to biodiversity and landscape quality — identification of the effect of the cropping system
on the number and variety of organisms inhabiting the site. When properly managed, biomass crops can

contribute to landscape values, adding a variety of visually-attractive shapes, textures and colors.
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Carbon and energy balance

Many plant species grown in short rotations for energy purposes are efficient solar collectors. They convert
solar energy and atmospheric CO, into carbohydrates, which are used in metabolic processes or stored in
the biomass. Cultivation of these species may contribute to the reduction of greenhouse gas (GHG) emissions

in two ways:

1) By producing large quantities of carbon-rich biomass that can be harvested and used as an alternative to
fossil fuelsin the generation of heat and power. This has considerable potentia for the reduction of greenhouse

gas emissions because the carbon balance of short-rotation biomass crops can usually be regarded as neutral .

2) By transferring a proportion of the carbon-rich biomass to the soil through deposition of litter, roots and
root exudates (Figure 1). Use of perennial species means that soil tilling is only required once in the life
of the plantation, which can often exceed 20 years. This reduces disturbance of the soil which stimulates
decomposition of organic matter and resultsin the release of CO,. Sporadic deep tillage may be useful for

incorporation of carbon into deeper soil layers.

Energy ratios

Fossil fuels are used in many of the procedures associated with short-rotation bioenergy cropping systems.
Diesel or other fuel is consumed during ploughing, harrowing, planting, pest control, fertiliser application,
harvesting and the handling, including transportation, of the biomass. Fossil fuels are aso likely to have
been used in the production of required fertilisers and herbicides, if any. Subsequently, the growing of
virtually any bioenergy crop causes fossil carbon and other pollutants to be released into the atmosphere.
However, the amount of atmospheric carbon fixed in biomass and soil by a carefully-designed and well-
maintained system may be greater than the amount of carbon used during production processes. Choice of
species, cultivation techniques and energy conversion technology have alarge effect on energy and carbon
ratios (Berndes et al. 2002).

The greenhouse gas balance (at least for the three most important GHG's: carbon dioxide, methane and
nitrous oxide) in a short-rotation coppiced poplar plantation has been compared with that of atraditionally-
managed “fast-wood” plantation in the Po valley, Italy (Tedeschi et al. 2006). Coppiced trees were planted
at adensity of 10,000 stems ha-1, managed intensively and harvested in alternate years. The traditional crop,
grown for veneer, was planted at a density of 280 stems hal and harvested after 10 years. Although the
amount of above-ground biomass accumulated in the coppiced plantation was approximately 36% greater
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Figure 1. Black locust (Robinia pseudoacacia) grown as a short-rotation bioenergy crop, Italy. Note the
overall mass of leaves on the ground from litterfall; in the case of black locust, the compound leaves break
into stalks and leaf matter providing soil protection from autumnal rains and enhancing soil carbon enrichment.
The larger leaves scattered through the plantation came from an adjacent short-rotation Paulownia plantation,
indicating that litterfall effects are not necessarily restricted to the plantation site itself and may have larger,
landscape-level effects. (Photo: G. Picchi).

than that in the fast-wood system, the higher energy input (mostly due to the use of fertilisers) did not affect
the carbon balance. In both systems the energy input for cultivation was 5-7% of that accumulated in the
biomass. The ratio between CO,e emitted during cultivation and CO,e saved by substitution of biomass for
fossil fuel was approximately 1:17.

Matthews (2001) calculated the energy balance of short-rotation coppicing systems (poplar and willow),
including energy consumed during comminution (pulverization) of the biomass. He obtained an energy ratio
of 1:29 (1 unit of energy consumed during the production of 29 units), although energy expended in fertiliser
treatment was not clearly presented in his analysis. Heller et al. (2003) obtained an energy ratio of 1:55 for
awillow cropping system. fertiliser treatment accounted for approximately 40% of the total energy input.
Transportation of the biomass to a power plant and co-firing with coal having a combustion efficiency of
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about 20% caused reduction of the energy ratio to 1:11 (Heller et al. 2003). Substitution of sewage sludge
for chemical fertiliser resulted in a40% increase in the energy ratio.

Comparisons between bioener gy systems

Lettens et al. (2003) found that the carbon balance of atraditional coppicing system based on indigenous
European hardwood species was more favourable than that of short-rotation coppiced plantations of Miscanthus
or willow, due to lower cultivation inputs in the former. However, if land surface is used as the functional
unit, the energy yield from the intensively-managed bioenergy plantations was much higher, offsetting
almost 13 t CO,e ha! y-1 compared to the 9.5 t CO,e ha' y-! offset in the traditional system.

A similar result was obtained by Heaton et al. (2004) when comparing a 5 ha Miscanthus plantation with
local woodlots producing fuelwood for a 70 kW heating system. Energy inputs and greenhouse gas emissions
were both lower for the woodlots because more energy was required for the establishment and cultivation
of Miscanthus. Annual avoidance of greenhouse gas emissions was approximately 50 t CO,e for Miscanthus
and 55t CO,e for the woodlots.

The overall energy efficiency of short-rotation crop biomass can be compared with that of coal (Dubuisson
and Sintzoff 1998). Both short-rotation willow biomass and coal were estimated to have a 94% energy
efficiency (i.e. 6% of the total energy stored per unit fuel is spent on mining and transportation (coal) or
cultivation and transportation (biomass) when biomass was used to fuel a prototype generator at the plantation
site. However, use at a distance of 30 km reduced the energy yield to 86%. Coal emitted twice as much
carbon (2 kg C Gj-1 [coal] versus 1 kg C Gj-1 [biomass]of energy released) as the willow biomass system,
although emissions from biomass rose to 6 kg C Gj-1. (The coal figures include ‘ transportation carbon’
costs.) This suggests that local use (i.e. avoid transportation costs) of biofuelsin cogeneration systemsis
more efficient in terms of carbon emissions. Transport of biomass to centralized power plants accounts for
approximately 20% of the final cost in terms of the energy and carbon balance and therefore transporting
biomass over long distances should be avoided. In Ontario, Canada, for example, Picchi et al. (2006)
estimated the cost-effective distance to transport woody feed stock to be 75 to 100 km, unlessit is pelletized
at source, an unlikely scenario in Canada elsewhere (Clinch, 2008).

Soil carbon dynamics

Soil carbon content is fundamental to the consideration of soil fertility. Soil organic matter (humus) is made
up of two main components (Stulpanagel and Korschens 2004): oneisrelatively inert (resistant to minerdization
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processes) and strongly correlated with the clay content in the soil; the other isinvolved in decomposition
processes which are sensitive to soil and crop management practices. Decomposition of soil organic matter
is an important part of the global carbon cycle and contributes to soil fertility. A proportion of the
biomass grown in any cropping system must be allocated to the maintenance of soil organic matter quantity
and quality if ecologically- and economically-justifiable yields are to be obtained and environmental pol
lution avoided. From a series of studies carried out in Germany it has been estimated that on average,
10.8t ha'l y-1 of biomass are required to replace (vialitterfall, fine root turnover) soil organic matter lost
through cropping practices. Only the amount needed for replacement should be left on site; removal and
use as biofuel is preferable to unnecessary decomposition and emission of carbon dioxide by soil organisms
(Stulpnagel 2004; Stulpnagel and K orschens 2004).

Under short-rotation crops, soil carbon content will vary according to plantation characteristics, climate,
soil type and land use history. If carbon credits are offered for carbon sequestered in soil, longer rotation
periods and specific crops will become economically attractive. In biomass plantations, the main factors
influencing soil carbon stocks are soil type, land-use history, plantation productivity and harvesting interval
(Berndes et al. 2002).

The overal effect of short-rotation biomass cropping on soil organic matter content is not clear. Some studies
report initial loss of organic matter during tillage and plant establishment, with a very slow return to original
soil carbon levels (Grigal and Berguson 1998). Others have observed accumulation of organic carbon in
the soil. For example, Zan et al. (2001) found that soil carbon accumulation after 4 years was higher under
a short rotation willow plantation (130 t hal) than under corn (Zea mays) and switchgrass (110 t ha'l).
Because the amount of root biomass was similar in switchgrass and willow plantations, part of the difference
in soil carbon level was attributed to litterfall. Willow leaves fall to the ground before the winter harvest
(January to March), but switchgrass harvesting involves removal of all above-ground material. Other
contributing factors identified were root turnover time (willow one year, due to dormancy; switchgrass 4
years), site fertility, and the higher nutrient content of willow residues. Soil carbon under willow was
estimated to increase by 9t hal y-1 and under switchgrass by 3t hal y-1. Zan et al. ( 2001) concluded that
perennial species grown on fertile soil have greater potential for increasing soil carbon levels than conventional
agricultural species or unmanaged systems.

Over time, conversion of agricultural land to short-rotation bioenergy plantations is likely to result in an
increase of soil organic matter via increased litterfall, fine root decay and reduction of the frequency of
tillage (Grigal and Berguson 1998; L edin 1998; Hamza and Anderson 2005). Jug et al. (1999) investigated
the effect of willow and poplar grown in short rotations on former arable soils. Soil at two sites showed no
difference, but carbon content at athird site increased by approximately 20%, due mainly to increased humus
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accumulation in the top soil layer. Absence of an overall increase was attributed to cessation of fertiliser
inputs required for food production. Jug et al. (1999) advised caution in assuming that replacement of annual
crops with treesis always associated with increase in soil carbon levels. The use of deep ploughing, which
increases the rate of decomposition of organic matter, islikely to make agreater difference than conventional
site preparation techniques (Facciotto 1998).

Soil erosion and fertility threats

Although overall environmental impacts of a short-rotation bioenergy crop may appear positive, threats may
still exist in terms of soil conservation. The most vulnerable stages in the cropping system cycle are
establishment, which may result in soil erosion, and harvesting, when machinery may cause soil compaction.

Soil erosion

Short-rotation forest management practices can lead to increased soil erosion and the contamination of
waterways with sediment (e.g. Heilman and Norby 1998). Problems are most likely to arise during the
establishment phase, before the tree canopy closes. Use of additional plant cover has been advocated by
Volk et al. (2004), who grew rye (Secale cereale) during the winter before planting a short-rotation woody
species. In spring the rye was treated with contact herbicide and then mowed. The residues protected the
soil against erosion and reduced weed development for 45 to 60 days. Use of cover crops during the
establishment phase may also result in an increase in soil carbon content over time (Tolbert et al. 2002).

Conflicting results have been obtained from studies comparing annual and perennial crop species, in terms
of soil erosion. Thornton et al. (1998) reported that, after the first year of establishment, the rate of nutrient
leaching from soil under perennia tree cropsis lower than from soil under annua agricultural crops. Other
workers (Tolbert and Wright 1998; Nyakatawa et al. 2006) found little difference in terms of erosion and
nutrient movement between annual row crops, switchgrass and trees grown on short rotations with or without
additional plant cover. Variability in site conditions, past and current management practices and assessment
methods could all account for discrepancies between observations, and there is a clear need for continued
monitoring and the reporting of changes in physical and chemical characteristics of the soil.

Soil compaction

The use of machinery in short-rotation woody crop plantationsis usualy less than that needed for traditional
forestry or agricultural crops as fewer passes are needed (Hamza and Anderson 2005). Established root
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systems are extensive and diffuse enough to support harvesting equipment when soils are dry (Mitchell
et al. 1999). Even so, the danger of soil compaction due to transit of heavy equipment is still present. Most
woody bioenergy crops are harvested during the winter dormancy period in order to reduce root stress that
may limit regeneration. Unfortunately, winter is the wet season in many temperate regions, and in lower
latitudes the soil does not freeze and become even temporarily firm. Compaction caused by movement of
heavy machinery in wet conditions can dramatically reduce soil fertility (Figure 2; Mitchell et al. 1999) and
introduce excessive variability into the growth and production process by unequally affecting a variety of
soil parameters.

Waetts et al. (2005) reported that the negative effect
of vehicle transit increasesin the following order:
crawler < light tractor < heavy tractor < laden
trailer. Harvesting under wet conditions (i.e. when
soil is wetter than the plastic limit) should be
avoided even if the economic viability of the
operation is reduced (Spinelli 2001). Use of
minimum recommended tire pressures can help
to decrease soil damage.

Nutrients and water balance

Compared to most natural systems, short-rotation
bioenergy crops have a high demand for plant
nutrients. Considerable amounts of nutrients are
removed from sites subject to repeated harvesting
(Berthelot et al. 2000, Heilman and Norby 1998).
Short-rotation bioenergy crops are often grown on

former agricultural land, and because they are more Figure 2. Compaction of wet soil caused by passage
of a bioenergy crop harvesting machine.

efficient than most food cropsin extracting nutrients 27 _ .
(Source: Spinelli (2001); used with permission).

from the soil, the need for fertiliser application is
much lower, with none normally required during
the first year of production. Lack of response by
both poplar and willow to the addition of nutrients
at this time is attributed to uptake of essential
elements accumulated in deeper soil layers under
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previous management. Withholding fertiliser in the first year reduces the risk of nutrient leaching (Adegbidi
et al. 2003) and discourages the development of fast-growing weed species that can compete for available
light and moisture.

Years of research and experience gained from commercial-scale operations indicate that willow can be
managed for biomass production without any detrimental effect on soil properties, including nutrient content
(Heilman and Norby 1998; Jug et al. 1999). After extraction and combustion of biomass, wood ash can be
returned to the site in order to maintain soil fertility, especially with respect to phosphorus.. Ash application
also has aliming effect which may be used to raise the pH of acid soils. However, ash aloneis not sufficient
for maintenance of productivity over time since its nitrogen content is lost during combustion and additional
application of nitrogen fertiliser is required if the balance of soil nutrients is to be preserved (Park et al.
2005). Ash is sometimes considered to be an undesirable waste product and proper certification may be
required beforeit is used for land treatment.

Nitrogen is usually applied at arate of 100 to 200 kg hal during each rotation although annual doses of as
little as 60 kg N hal y-1 have been found to be sufficient to maintain biomass production over time (Sharma
et al. 2004) under certain conditions. The nitrogen may be added as synthetic fertiliser or in organic material
that would otherwise be managed as waste. Use of this organic resource can improve economic feasibility
and increase environmental benefits from the cropping system, by lessening the reliance on costly fossil-
fuel. The material should be applied when the crop has fully occupied the site and is growing actively. This
promotes maximum utilisation of nutrients and minimises both loss from the site and uptake by weeds.
Leaching of nitrogen compounds from established willow systems is negligible when this practice is
employed, even when the recommended amount of applied nitrogen is exceeded (Mortensen et al. 1998;
Aronsson et al. 2000).

The greater water-use efficiency observed in woody bioenergy crops (poplar, sweetgum (Liquidambar
styraciflua)) has been found to reduce the movement of nutrients in surface water runoff when comparisons
were made with crops of corn and wheat (Triticum aestivum) or switchgrass. The reduction was even
more obvious when additional plant cover was present. Short-rotation woody crops therefore have
more potential for limiting the risk of water pollution (Perry et al. 2001; Nyakatawa et al. 2006).

These observations support the concept that a wider distribution of short-rotation woody crops in the
landscape (particularly along water courses) could reduce non-point-source contamination of water with
plant nutrients (Figure 3).
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Figure 3. Short-rotation willow (Clone SV1) biomass planting, Prince Edward Island, Canada. Note
ocean in background. When tree rows are oriented parallel to water courses, maximum benefits
accrue as a result of root system-runoff interactions belowground and surface water interactions with
mounded planting sites. (Photo: W. Schroeder, Agriculture and Agrifood Canada).

Water demand and water quality amelior ation

Most of the species used as biomass crops have a large demand for water, and their interaction with water
resources requires particular attention. Extensive bioenergy plantations can increase overall evapotranspiration
in watersheds, especially where tree crops replace shallow-rooted grasses, other herbaceous plants, or food
crops. Diversion of rainwater from runoff and soil leaching to evapotranspiration may also reduce downstream
water flow and in some low-rainfall regions this could be seen as aform of competition for alimited resource
(Berndes 2004). Elsewhere bioenergy crops could be used to stabilise and manage the hydrological cycle
(Weger and Syrovatka 2004) and under certain conditions, substitution of perennial woody crops for annual
species could reduce the risk and the magnitude of floods (Perry et al. 2001).
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Plantations of bioenergy crops should be planned carefully in order to optimize the use of available resources.
High water use by crops such as willow and poplar can be regarded as a beneficial environmental service
sincethey act as“ vegetativefilters’ by trapping nutrients (Ledin 1998) and can contribute to the enhancement
of water quality. This has been demonstrated for short-rotation bioenergy crops planted on arable soilsin
former wetlands (Paine et al. 1996) and in strategic water basins designed for production of potable water
(Londo 2002).

Non-point-source pollution isamajor contributor to the poor water quality of minor streamsin the northeastern
United States. Here, riparian buffer strips are expected to become an essential feature of areas in which
agriculture isthe major land-use. Short-rotation bioenergy crop systems would be ideal for this purpose due
to their perennial nature, extensive root systems, rapid growth and nutrient uptake, reduced requirement for
soil tillage and potential for inclusion of additional plant cover. Incorporation of short-rotation woody crops
as buffer strips would address some of the environmental and economic concerns regarded by farmers as
the main constraint to adoption of bioenergy production systems (Abrahamson et al. 1998) (cf. Figure 3).
Potential damage to sensitive riparian sites can be mitigated using ‘ soft’ silvicultural techniques and modified
harvest equipment that minimizes soil compaction and other damage.

The deep and extensive rooting systems of short-
rotation woody crops have been used as a filter
during treatment of wastewater that has an excessive
biological oxygen demand (BOD) and nutrient
content. Irrigation of densely-planted energy crops
(Figure 4) has produced outflow conforming to
legislated requirements for entry into streams.
Similarly the use of short-rotation woody cropsin
buffer strips has proven to be a successful and
inexpensive way of reducing Escherichia coli
contamination and BOD in streamwater (Perttu and
Kowalik 1997). Use of these cropping systems for
wastewater treatment can reduce the nutrient content
of watercourses while increasing farmer income;
direct payment for the serviceis received from the
community and crop yield is enhanced by the
fertilization effect of the wastewater (Rosenqvist

etal. 1997). Figure 4. Irrigation of a short-rotation woody
crop (Poplar) plantation (Photo: G. Picchi).
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The balance of water and nutrients in municipal wastewater is usually considered to beideal for promoting
growth in bioenergy plantations. Sewage sludge, on the other hand, is likely to contain concentrations of
plant nutrients, heavy metals and other chemicals that are excessive for optimal plant growth (Perttu and
Kowalik 1997). The spreading of sewage sludge in plantations as a source of nutrients may incur the risk
of importing undesirable substances to the site. Heavy metals such as cadmium, and recalcitrant organic
substances such as pesticides are bio-accumulated, and can cause serious problems if they enter the food
chain. To be acceptable, sewage sludge must be classified according to its type and chemical content in
almost al jurisdictions where bioenergy crops are grown. Adherence to strict regulatory systemsisrequired
if sewage sludge isto be used as a nutrient source on agricultural land.

The use of willow crops as vegetative filters and their effect on the leaching of nitrogen compounds from
the soil has been investigated in lysimeter experiments in Sweden (Aronsson and Bergstrom 2001). In the
first year when root systems were developing from the plant cuttings, large amounts of nitrogen (140 kg
hal) were leached from the sandy soil. In the second and third years nitrogen leaching losses were negligible,
even though a high nitrogen loading (244 kg ha'l) was maintained. The rate of nitrogen leaching did not
increase with harvesting, probably because the root systems were well-devel oped and recovery of photosynthesis
and transpiration rates was rapid. Similar results have been obtained in an open willow plantation, where
fertiliser was applied at therate of 75 kg N ha'l y-1 and nitrogen leaching became negligible in the third year
(Mortensen et al. 1998).

Short-rotation willow crops are currently Municipal
used as wastewater filtersin ten Swedish wastewater
- . .y . 4—
municipalities, where reduction of up to
. Pre-treated -
0,

95% of the nitrogen and phosphorous wastewater and co, THeat/electncuty
content has been recorded (Berndes and sewage sludge —
Borjesson 2004). Such systems can aso
provide many benefits other than those _Biomass
associated with waste water irrigation Treated ash
(Figure5). It isimportant to ensure that / \
added nutrients are used by the crop, thus Treated water

- L . Cadmium Cadmium to
avoiding accumulation in the soil and the in soil depostion or
risk of increased leaching into other uses

watercourses (Ledin 1998).

Figure 5: The potential for the multifunctional use of short-rotation
woody crop systems. (Source: Berndes (2004); used with
permission).



Page 14

Soil remediation

Production of biomass for energy conversion permits use of the plantation estate for a variety of additional
purposes. High rates of evapotranspiration, the development of extensive root systems reaching to lower
soil layers, and in some cases the potential to breakdown or absorb of undesirable substances, make short-
rotation bioenergy crops suitable for the phytoremediation of contaminated sites. Willows and poplars have
been shown to accumulate heavy metals in plant tissues (Nissen and Lepp 1997; Scholz and Ellerbrock
2002), and the use of clonal material derived from individuals with well-developed accumulation potential
can provide for the removal of heavy metals from the soil. During combustion of the biomass for heating
or power, the metals can be recovered through scrubbing of exhaust gases or careful handling of ash;
management and disposal of the reduced volume of contaminated material is then relatively easy, and a
variety of protocols exist globally.

Cadmium can be removed from ash using thermal methods (Perttu and Kowalik 1997) and this procedure
has wide application. In Sweden, arable soils often have a high cadmium content (> often 600 ghal) asa
result of the use of phosphate fertilisers and from atmospheric deposition. A content of approximately
20 g cadmium per 10 to 12t of dry harvested material suggeststhat short-rotation willow crops can be used
as arelatively cheap remediation tool. The cadmium content of willow tissues (0.5-4 mg kg1) is much higher
than that of straw (0.1 mg kg1) or winter wheat (0.5 mg/kg). Due to the high rate of willow biomass
production, cadmium extraction from the soil is very effective. During energy conversion, non-combustible
components of the biomass, including heavy metals, become concentrated in furnace ash. Cadmium can be
separated from the ash, which is then returned to the field. Phytoextraction is an excellent use of short-
rotation willow crops for environmental purposes. It can provide additional income, the economic benefit
from this procedure being approximately 8 to 9 % of the cultivation costs. This adds to the competitiveness
of biomass as a source of fuel (Fredrikson et al. 2002).

Some further examples of the use of short-rotation woody crops for soil remediation include:

1) the establishment of bioenergy plantations on the spoil banks of opencast lignite mines to enhance
landscape values while protecting and regenerating the soil (Bungart and Huttl 2002; Drazic et al. 2004),

2) the planting of bioenergy crops on land contaminated by radioactivity. In the Belarus area affected by
the Chernoby! disaster, crops could be used for energy production via gasification (Veryuzhskyy et al. 2002)
and could have a slight remediation effect (Vandenhove et al. 2002), and

3) plantations can be used to cover urban landfill areas (Verwijst 2001) and to filter leachate from these sites,
even if thisresultsin variable response from the crop plants (Nixon et al. 2001; Dimitriou et al. 2006; Jones
et al. 2006).
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Contribution to biodiversity and landscape quality

Figure 6. A willow in flower during harvesting of a short-rotation poplar plantation in Italy. Subtle benefits
to populations of pollinators result from a general increase in biodiversity and habitat factors at the landscape
level as a result of short-rotation woody plantations (Photo: G. Picchi).

Short-rotation woody crops can enhance biodiversity by providing and sustaining conditions that favour
colonization and habitat utilization by micro-organisms, invertebrates, mammals and birds (Figure 6), The
suitability for this purpose depends on the crop species selected, and plantation position. Exotic tree plantations
(e.g. Eucalyptus planted in Europe) are likely to reduce biodiversity to levels even lower than those found
in traditional native food crops such as wheat. This has been raised as a major concern in relation to the
establishment of bioenergy crops (Tullus et al. 2004); species grown within their native range are more
likely to increase biodiversity.

As dense plantations of a single species or even of a single clone, bioenergy crops resemble conventional
agricultural crops. They differ in that harvesting and replanting intervals are longer, reducing the frequency
of disturbance of adventive species and wildlife requiring shelter or structures for nesting. According to
Berndes and Borjesson (2004), short-rotation willow crops improve the habitat for game (Figure 7), and
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the browsing of willow shoots by deer has no serious effect on biomass productivity. Species already present
in other biotopes outside the plantation area will not increase in variety, but their range of distribution and
numbers of individuals can be increased.

Figure 7. A short-rotation willow bioenergy system in Ireland. In the older stages of a rotation, a variety of
habitats are provided for a number of small game species. Habitat shifts across the landscape as different
ages of the woody crop are harvested and essentially returned to earlier successional stages.

(Photo: N. Thevathasan).

Woody and herbaceous short-rotation crops contain less structural variety and fewer plant species than
natural forest. In this they show greater similarity to shrubland, traditional coppice, successional habitats
(e.g. abandoned fields, second-growth forest, regenerating clearcuts) and woodlands (Sage 1998) than to
annual agricultural crops (Weih 2004) and may enhance the environment for nesting birds (Tolbert and
Wright 1998). When grown as an intercrop with longer-lived tree species (Figure 8) they can contribute
to the diversity of habitat provided by establishment of a so-called ‘third’ dimension (height) not normally
found in traditional agricultural production systems.
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Figure 8. Short-rotation willow (25,000 stems ha') intercropped with longer-lived hardwood tree species
(110 stems ha') at the Guelph Agroforestry Research Station, Guelph, Canada. The combination of short
and long rotation species in the same system provides an ongoing and unique suite of environmental benefits
(Photo: N. Thevathasan).

The reduced requirement for pest and disease control is an additional contribution to the quality of the
environment and biodiversity. Dense stands of a single species/clone provide optimal conditions for the
development of pests and fungi. Even if the chosen species/clone shows a degree of resistance to pest attack
itislikely that some treatment with agrochemicals will be needed to protect the plantation. It has been shown
that pesticide requirements for short-rotation woody crops are 10 t015% of those used in traditional agricultural
cropping systems (Volk et al. 2004). If biofuel crops are intercropped (cf. Figure 8), pesticide requirements
may be even less as aresult of habitat for ‘beneficial’ insects that prey on crop predators (Howell, 2001).

The risk of productivity decline in crop plantations due to disease and pest attack can be reduced by the
planting of a mixture of clones and/or species (Bungart and Huttl 2002; McCracken 2004). The resulting
uneven inter-plant competition can lead to increased mortality of slower-growing individuals (Ramstedt
1999; Berthelot 2001). A mosaic of monaoclonal or single-species blocks could offer the benefits of variety
while helping to reduce the spread of pests and disease. It would also provide visual improvement of the
landscape and increased genetic diversity (Figure 8).
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Conclusions

Compared with traditional annual agricultural crops, short-rotation woody crops grown for bioenergy purposes
have considerable potential for the provision of environmental benefits. Greenhouse gas emissions are lower,
and greater amounts of organic carbon are added to the soil. Species suitable for woody biomass production
can act as a phytoextraction/phytoremediation tool for heavy metals and possibly radioactive compounds.
They can reduce soil erosion and protect watercourses by diversion of runoff and accumulation of chemical
elements needed for plant nutrition. In some systems the production of biomass may in fact be a secondary
reason for plantation establishment. Environmental benefits are seen to have great value for society, but may
have limited economic attraction for individual farmers. |mplementation of well-designed multiple-use short-
rotation woody cropping systems can offer opportunities for farmers to be recompensed for the provision
of environmental service to the community e.g. filtering of urban wastewater or property improvement
through phytoremediation (Lewandowski et al. 2004). The economic benefit (direct or indirect) due to
improvement of the environment could in fact be greater than that derived from sale of biomass. In some
cases, biomass production can be increased by use of plantations for environmental purposes e.g. fertigation
with wastewater.

Concern has been expressed about the possible negative impacts that short-rotation bioenergy crops can
have on the environment. Careful planning and good management can minimize or eliminate problems such
as soil erosion, soil compaction, reduced biodiversity and visual deterioration of the landscape. Strategic
positioning of plantations can allow simultaneous production of biomass for energy and resolution of
environmental issues. In Sweden it has been estimated that cultivation of short-rotation willow crops on
15% of the land currently used for arable crops (including them in riparian buffer strips wherever possible)
would reduce nutrient leaching from soils into waterways by 10 to 20% (Borjesson 2002). Further, extensive
use of perennial bioenergy plantations for municipal waste water treatment could reduce nitrogen discharge
into watercourses by 40%. Up to 5 tonnes y-1 of cadmium (approximately five times the annual input in
phosphate fertilisers) could be removed from arable land through willow cultivation (Borjesson and Berndes
2002).

Short-rotation woody crops can deliver areliable income to growers and in addition provide numerous
environmental benefits to landowners and society as a whole. Many applications of the cropping system
are already acknowledged to be economically attractive; there is no doubt that others will be suggested in
the future in response to the myriad of environmental threats associated with human activity.
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