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Abstract

The emerging interest in cellulosic biofuel production has
led the call for alternative cropping systems that maximize
production along with the accompanying regulating, sup-
porting, and cultural ecosystem services. We evaluate the
potential for biomass harvested from invaded wetlands to
achievethese goals. The ecosystem service trade-offs associ-
ated with a wetland invader harvest are evaluated followed
by a case study estimating the energy production and
nutrient removal of harvesting Phalaris arundinacea from
invaded wetlands in Wisconsin, United States. Estimates
for energy production from this single species harvest
dwarf current renewable energy sources for the state of

Wisconsin and offer the potential to recapture approxi-
mately 50—200% of the excess nitrogen and phosphorus
annually applied as fertilizer. This restoration technique
would not only generate income from biomass sales to
subsidize the cost of restoration, but also has the potential
to shift the system toward more desirable environmen-
tal conditions by removing nutrients annually, reducing
downstream eutrophication, and enhancing the ability of
more desirable vegetation to establish by removing the
litter layer created by the invasive species.

Key words: invasive species, novel ecosystems, nutrient
management, Phalaris arundinacea, restoration.

Introduction

Although exotic invasive species continue to increase in abun-
dance and reduce diversity, the demand for biomass as an
energy feedstock isincreasing (Pimentel et al. 2000; Hill et al.
2006; Field et al. 2008). Initia attempts to convert food pro-
duction to biofuel production raised concerns over food short-
ages and increasing food prices (Pimentel & Patzek 2005).
As aresult of this concern, cellulosic biofuel production has
shifted toward the use of abandoned or degraded agricultural
lands that do not displace food production (Field et al. 2008;
Tilman et al. 2009). Cropping marginal landswill require alter-
native crops and cropping systems to be successful on lands
that are less productive, highly erodible, or difficult to man-
age (Robertson et al. 2008). However, there are aternatives to
marginal, degraded, and currently cropped agricultural lands.
Wetlands, although considered marginal for traditional agri-
culture, are ideal for the production of biomass, with wetlands
dominated by invasive species of particular interest. Invaded
wetlands produce a large amount of undesirable and unutil-
ized biomass that can be harvested annualy for cellulosic
biofuel production. With the growing support for an expansion
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in restoration goals that work to explicitly restore ecosystem
function and service in novel ecosystems, the combination of
wetland restoration and cellulosic biofuel harvest of invaded
wetlands is a promising method for restoring ecosystem ser-
vices (Hobbs & Harris 2001; Suding et a. 2004; Seastedt
et a. 2008).

Traditional restoration methods for invaded wetlands are
improving, but long-term success rates remain low (Choi
2004). These low success rates are probably the result of biotic
and abiotic influences of the surrounding uplands disrupting
wetland ecosystems and shifting the system toward highly
eutrophic, homogeneous, and disturbed conditions in which
invasive species can thrive (Pimentel et al. 1995q; Hobbset al.
2006). In wetlands that will continue to be disturbed because
of the effects of the surrounding landscape, traditiona his-
toric community restoration will rarely be effective (Seastedt
et a. 2008). However, emerging biomass markets for use as
cellulosic biofuel creates an economic incentive to perform
an ecosystem services-based restoration. This type of restora-
tion would not only generate biomass for fuel, but would aso
work toward shifting a site toward more desirable environ-
mental conditions by removing nutrients annually, reducing
downstream eutrophication, and enhancing the ability of more
desirable vegetation to establish by removing the litter layer
created by the invasive species.

The objectives of this article are to (1) present the potential
benefits of invasive plant biomass harvest to wetland restora-
tion and (2) present a case study estimating the production
and nutrient remova potential of a Phalaris arundinacea L.
harvest in Wisconsin, United States.
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Ecosystem Services-Based Restoration

Traditional restoration to remove undesirable species and
restore historic diverse communities has limited value in
highly altered environmental conditions (Hobbs et al. 2006).
In sites where it is unfeasible to restore the biotic commu-
nity, abiotic conditions, or both, a more constrained set of
restoration goals that focus explicitly on improving ecosystem
function may be more appropriate (Hobbs et al. 2009). An
ecosystem services-focused restoration narrative is promising
in wetlands where conditions have changed or where it is diffi-
cult or extremely expensive to ater the conditionsin a wetland
(i.e. a wetland surrounded by highly productive agricultural
lands).

The potential benefits of harvesting wetland invaders from
an ecosystem services perspective are many. All four gen-
eral categories of ecosystem services can be addressed—
provisioning, regulating, cultural, and supporting.

Provisioning. The most tangible ecosystem service is the
provisioning service provided by the harvesting of the biomass
for use as cellulosic biofuel. Invaded wetlands have no
establishment cost for the producer, as all the vegetation is
established. This provisioning service creates the economic
incentive to enhance all other ecosystem services.

Regulating and Supporting. Wetlands and the vegetation
that grow in them act as sponges or filters on the landscape for
nutrients and water flowing from uplands (Zedler 2003). Nitro-
gen can be removed from the system through denitrification
under anaerobic conditions (Sirivedhin & Gray 2006) or tem-
porarily trapped via uptake by the plant community (Rogers
et a. 1991). Phosphorus can be taken up by the plant commu-
nity or physicaly trapped by vegetation within wetlands, but
inputs can accumulate and be flushed from the system during
senescence and flooding events (Jordan et al. 2003; Vymazal
2007). However, wetlands can become oversaturated and nutri-
ents may begin to leak into downstream aquatic ecosystems
(Oshorne & Kovacic 1993). The nutrient removal and reten-
tion services of wetlands can be enhanced by an additional
nutrient output from wetlands—biomass harvest. Harvesting
the biomass from these areas can act as the wringing out of
the sponge. Although the outputs of the system in the form of
denitrification, removal of biomass, and other reverse nutrient
pumps will not necessarily exceed the inputs into the sys-
tem, any increase in nutrient outputs reduces eutrophication
downstream. Any biomass harvest used for fuel aso reduces
carbon dioxide pollution, as this crop may be carbon neutral
or negative (Adler et a. 2007).

Cultural. If a biomass harvesting system is maintained for
a sufficient time (and ideally combined with improved man-
agement that reduces the disturbance caused by upstream sys-
tems), to the point where nutrient outputs exceed inputs, the
environmental conditions may resemble those of historic con-
ditions and will be more conducive to maintaining diverse
and functional wetlands (Suding et al. 2004). These diverse

wetlands may even be more productive than the current inva-
sive monoculture, further contributing to the desire to continue
the wetland harvest that is necessary to restore function and
services to the wetland (Tilman et a. 2006).

Case Study: Reed Canarygrass in Wisconsin

There are several species of wetland invaders that are ideal
for biomass harvest, with the specific species dependent on
the location of the study. Potentially useful invaders in the
central and eastern United States are Phalaris arundinacea
(reed canarygrass), Lythrum salicaria (purple loosestrife),
Phragmites australis (common reed), and Typha spp (cattail),
as al are capable of forming dense monocultures.

In this study, we use reed canarygrass as our model for two
reasons. The first is that the Wisconsin Department of Natural
Resources has mapped reed canarygrass wetland invasion us-
ing remote sensing imagery. In Wisconsin aone, reed canary-
grass has invaded more than 200,000 ha of wetlands (Hatch
& Bernthal 2008). This acreage exceeds the amount that is
currently enrolled in the Conservation Reserve Program in
Wisconsin (201,635 and 186,353 ha, respectively; United
States Department of Agriculture and Farm Service Agency
2009). Second, sufficient production and quality information
exists in the ecological and agronomic literature to allow the
development of reasonably accurate predictions for biomass
production and conversion of reed canarygrass biomass to
energy.

Methods

Estimates of potential biomass harvest, energy, and nutrient
removal in Wisconsin were derived using estimates of the area
of wetland invasion, the average production of aboveground
biomass in an invaded wetland, and average energy and nutri-
ent quality values of reed canarygrass biomass. Hatch and
Bernthal (2008) developed an inventory of reed canarygrass
invasion of Wisconsin using late-season Landsat imagery.
Reed canarygrass is conducive to mapping using remote sens-
ing imagery because of its late senescence in relation to other
wetland species. The maps were created using the following
process: the authors masked uplands in their analysis, devel-
oped a supervised classification of wetland invasion with two
classifications (invaded having >50% cover of reed canary-
grass in each 30-m? pixel and uninvaded having <50% cover)
using mid-October images, and ground-truthed their classifica-
tion at over 250 pixels to determine their accuracy. The overall
accuracy of the classification exceeded 80%.

The aboveground production values used in the estimate
were obtained by averaging values from six publications
of wetlands in North America (Table 1). Only fall, single-
cut harvest estimates were used for the estimate, athough
there are several possible harvest regimes determined by
harvesting time and frequency such as a winter harvest or
a harvest in spring and fal (Burvall 1997; Cherney et a.
2003). Aboveground biomass concentrations of nitrogen and
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Table 1. Peak standing biomass values of Phalaris arundinacea growing
in invaded wetlands and pastures in North America.

Biomass
Reference (g/m?) Location Habitat
Lawrence and 1,134  Saskatchewan  Wet pasture

Ashford (1969) 681  Saskatchewan  Wet pasture

Klopatek and 1,353 Wisconsin Marsh
Stearns (1978)

Wedin and Helsel 1,370 New York Wetland
(2977)

Marten et al. 1,216 Minnesota Treatment wetland
(2979) 1,242 Minnesota Treatment wetland

Bernard and Lauve 1,408 New York Treatment wetland
(1995) 1,713 New York Treatment wetland

Jelinski et al. 937 Wisconsin Invaded wet prairie
(2009)

Mean 1,228

Multiple values under a single reference indicate data collection at multiple sites or
multiple years at the same site. All studies used a single-cut fall harvest regime.

Table 2. Nitrogen and phosphorus concentration values (as a percentage
of dried biomass) of Phalaris arundinacea.

Nitrogen Phosphorus
Concentration Concentration
Reference (% DM) (% DM) Location Habitat
Cherney et a. 1.45 0.37 New York  Pasture
(2003) 155 0.29 New York  Pasture
1.58 0.33 New York Pasture
1.78 0.35 New York  Pasture
1.45 0.34 New York Pasture
Kao et al. 1.57 0.19 New York  Wetland
(2003)
McJannet 1.20 0.23 Ottawa Mesocosms
et al.
(1995)
Mean 151 0.30

Multiple values under a single reference indicate data collection for multiple years
at the same site.

phosphorus were averaged from three publications (Table 2).
Energy content values (J/g dry mass) were obtained from two
publications (Burvall 1997; Paulrud & Nilsson 2001). The
equations used for the energy and nutrient estimates were the
following:
Potential Energy (J) = Area (m?) x Production (g/m?)
x Energy Coefficient (J/g)
Potential N Removal (g) = Area (m?) x Production (g/m?)
x N Coefficient (g N/g biomass)
Potential P Removal (g) = Area (m?) x Production (g/m?)
x P Coefficient (g P/g biomass)
Estimates for Wisconsin used the estimate of the total area

of reed canarygrass-invaded wetlands as the area parameter.
Estimates at the 1:24,000-scale watershed and county scale

were developed by defining the area parameter as the area of
the invaded wetlands within the specified geographic unit. The
estimates were developed using R 2.9.1 (R Development Core
Team 2009). Energy-use statistics for Wisconsin were based
on 2007 energy-use data in Wisconsin (Wisconsin Department
of Energy Independence 2008). Estimates of fertilizer loss to
aquatic systems were developed from Wisconsin Department
of Agriculture, Trade, and Consumer Protection records of fer-
tilizer purchase in Wisconsin in 2008 (Wisconsin Department
of Agriculture Trade and Consumer Protection 2008) and low
(10% nitrogen loss and 3% phosphorus loss) and high (40%
nitrogen loss and 20% phosphorus loss) estimates for fertilizer
loss to aquatic systems developed from Howarth et a. (1996)
and Caraco (1995).

Results

The annual dry matter production estimate of the model for
the state of Wisconsin was 2,406 Gg of biomass, and averaged
33.4 and 7.2 Gg per county and 1:24,000-scale watershed,
respectively (Fig. 1). Energy production from this harvest
would dwarf al renewable energy sources in Wisconsin, with
the exception of the burning of wood, with the total poten-
tial harvestable energy equaling 43.1 petajoules (Fig. 2). This
energy production would be sufficient to supply electricity for
approximately 1.25 million Wisconsin households. Alterna
tively, as a heating fuel, the biomass could heat approximately
450,000 homes in Wisconsin, as approximately 0.45 ha of wet-
land would be needed to meet the heating needs of the average
Wisconsin customer.

The nutrient removal accompanying this harvest was esti-
mated to be 36.3 Gg of nitrogen removal and 7.2 Gg of phos-
phorus—approximately 191 and 225% of low estimates and

Dry Matter
Production Estimate (Gg)
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Figure 1. The annua production potential of reed canarygrass harvest in
1:24,000-scale watersheds in Wisconsin.
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Figure 2. Current renewable energy sources used in Wisconsin
(Wisconsin Office of Energy Independence 2008) contrasted against
estimates of potentially available reed canarygrass harvest in Wisconsin.
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Figure 3. Potentia nitrogen and phosphorus removal by reed canarygrass
harvest in Wisconsin contrasted against estimates for fertilizer mineral
component loss to aquatic systems. Estimates of fertilizer loss were
developed from Wisconsin Department of Agriculture, Trade, and
Consumer Protection records of fertilizer purchase in Wisconsin in 2008
and low (10% nitrogen loss and 3% phosphorus loss) and high (40%
nitrogen loss and 20% phosphorus loss) estimates for fertilizer loss to
aquatic systems from Howarth et al. (1996) and Caraco (1995).

48 and 57% of high estimates of fertilizer lost to aguatic sys-
tems in Wisconsin annually (Fig. 3). These nutrient removal
values average 110 Mg of nitrogen and 20 Mg of phosphorus
per watershed.

Discussion

History of Wetland Harvesting

The harvesting of wetlands for biomass is not a new idea.
Marshes in North America have been harvested for hay since
at least 1630, with the peak of harvesting occurring during the
nineteenth century (Smith et al. 1989). The harvest of wetland
biomass for use as energy dates back at least to the late 1970s
when the U.S. Department of Energy established the National
Renewable Energy Laboratory and the Aquatic Species Pro-
gram (Sheehan et al. 1998). Historicaly, the focus of using
wetlands for energy production has focused on establishing
crops in wetlands to utilize these lands in agriculture. How-
ever, many ideal biofuel crops have invaded wetlands and are
simply waiting for harvest. Pratt (1981) evaluated several wet-
land species and identified Typha x glauca, the hybrid cattail,
as the ideal cropping system. The estimated annua above-
ground production for this species was 1,806 g/m?—47%
greater average aboveground production than the reed canary-
grass production parameter used in our analysis.

Difficulties and Logistics

Although it is not feasible to harvest 100% of invaded
wetlands, even a 25-50% harvest would yield impressive
energy and nutrient removal across the state. Our goal in this
article is to provide awhat if value for using invasive species
as a biofuel, and we do not discount the difficulties associated
with harvesting wetlands for biomass. Special equipment is
necessary to harvest in wetlands and surrounding topology or
bodies of water prohibit the access of harvesting equipment
to many wetlands. In addition, many invaded wetlands still
serve as important wildlife habitat and any harvesting program
would need to balance trade-offs between these values. Given
these issues, we are unable to provide an estimate for the
percentage of wetlands that could be feasibly harvested.
However, we believe that many wetlands can be harvested
and the harvest could provide an immediate boost to cellulosic
biofuel production systems while simultaneously enhancing
the ecosystem services provided by invaded wetlands and
providing an economic incentive to promote restoration.

Adaptive Restoration Goals

In addition to the physical and technical limitations to har-
vesting biomass from wetlands, there are other limitations to
wetland harvest related to the goals of wetland restoration.
Although traditional ecological community-based restoration
is often an important and admirable goal, landscape- and
ecosystem-level biotic and abiotic changes often make it
unfeasible to achieve the restoration of historic communi-
ties (Hobbs et a. 2006; Seastedt et a. 2008). Yet, many
restorations takes place at the site-specific scale, not because
practitioners are oblivious to the effects of the surrounding
landscape, but because the costs and political constraints are
too great to restore the landscape in any way that could sup-
port and maintain the historic community (Lindenmayer et al.
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2008). By using an ecosystem services framework to develop
and evaluate goals for restoration, even disturbed sites set in a
disturbed landscape can be managed to improve the services
that they provide. Although one can argue that this activity
does not constitute restoration in its strictest sense, our goal
is to complement traditional restoration, not replace it. We
believe this pragmatic restoration style offers the potential to
enhance ecosystem function and services in highly altered or
disturbed sites where traditional methods are unlikely to be
successful.

We are not suggesting that all degraded wetlands be
harvested or that a wetland that is presently degraded be
harvested indefinitely. Rather, we are suggesting an adaptive
restoration plan that continually evaluates the restoration
and ecosystem service goals for a site and the restoration
techniques to be used at that site based on the landscape
context, community dynamics, ecosystem dynamics, and social
goals for the site (Zedler 2000). This holistic approach alows
restoration plans to define what goals are achievable for a site
and objectively evaluate the trade-offs in ecosystem services
provided by different types of restoration.

The Importance of Good Policy

Developing policy to regulate wetland harvest will be essential
to achieve conservation goals and avoid wetland exploitation.
It is not difficult to imagine a perverse scenario where
landowners are intentionally fertilizing or introducing invasive
species to uninvaded wetlands in an attempt to expand their
harvest area or increase production. We offer two reasonable
policy options to avoid thisissue. The first is the devel opment
of a biomass sales permit that would be required of anyone
interested in selling biomass for use as biofuel. This permit
would outline rulesfor harvest and sale and could be combined
with existing noxious weed laws that prohibit the sale and
establishment of listed species. Violators of these guidelines
would be subject to a fine or suspension of their biomass sale
permit.

A more stringent policy would require producers to com-
plete a certification process prior to being alowed to sell
biomass. This certification process would require the producer
to undergo a site evauation, agree to follow best manage-
ment practices and act in accordance with biomass harvesting
rules, and develop a management plan that protects wildlife
and works to reduce invasive species cover on their property.
Again, violators would be subject to fines or suspension of
their certification. Although this type of policy would alow
for much greater control of what and how wetlands are har-
vested, the cost of the certification process and enforcement
would be much greater than a simple permitting process.

Recapturing Nutrients Lost from Agriculture by Reversing
the Pump

The current system of nutrient addition to the landscape

via fertilization has overwhelmed the ability of wetlands to
remove nutrients via denitrification, plant uptake, physical

entrapment, or movement of consumers from wetlands to
uplands (Pimentel et al. 1995h; Gende et al. 2004; Gibbons
et al. 2006; Gratton et al. 2008; Quinn et a. 2009). To
counteract this increase in fertilizer use, additional means
of removing or redistributing nutrients from lowlands to
uplands are necessary. The harvesting of wetland biomass
has the potential to recapture some of the nutrients lost to
overland flow and to help prevent these nutrients from flowing
downstream. Much of the nitrogen in the biomass will be
volatilized through combustion, although some nitrogen will
be released to the atmosphere (Lobert et al. 1990). Nonvolatile
nutrients such as phosphorus, potassium, magnesium, and
sodium are recovered in the ash following combustion of the
biomass (Obernberger et al. 1997). This ash can be collected
and utilized as a fertilizer (Prochnow et a. 2009), helping
to enhance the nutrient link between uplands and lowlands
and increase the nutrient use efficiency of agriculture (Tilman
et a. 2002).

Assessing the Potential for Biomass Harvest to Enhance
Ecosystem Diversity

An annua biomass harvest of wetlands offers the potential
to restore diversity to invaded wetlands for several reasons.
The first is the annual removal of nutrients from the wet-
land system. This harvest utilizes the ability of the undesirable
plant species to mine the soil for nutrients and translocate
them into aboveground tissue (Nichols 1983). Repeated har-
vests combined with improved nutrient management upstream
offer the potential for nutrient outputs to exceed inputs in
a wetland. Over time, biomass harvest may create a more
nutrient-limited environment where diverse ecosystems are
more likely to thrive (Tilman 1987, 1996; Huenneke et al.
1990). In addition, biomass harvest can eliminate the lit-
ter layer from a wetland that limits light availability to the
seed bank and suppresses the establishment of native species
(Gordon 1998). Biomass removal reduces the advantage pre-
viously established vegetation has over seedling establishment
(Callaway & Walker 1997). Biomass harvest may serve as a
form of passive restoration of the ecological community that
works to alter the environmental conditions that facilitated the
establishment and persistence of undesirable species in place
of the desirable community.

Incentivizing Restoration to Provide Multiple Ecosystem
Services

Although the ecosystem services framework is useful to
ecologists in identifying the benefits of restoration, scientists
and policy makers continue to struggle to assess and fund
projects designed to improve ecosystem services (Carpenter
et a. 2009). Yet, provisioning ecosystem services (biomass
production) already have a commodity price associated with
them. Therefore, when a provisioning service is accompanied
by the enhancement of other ecosystem services, there is
economic incentive to enhance regulating, supporting, and
cultural ecosystem services. This incentive exists without the
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need for any subsidies. Thus, biomass harvest has the potential
to be an economic driver for restoration activity, while
capturing the nutrients flowing downstream from agricultural
fields to reduce the eutrophication of wetlands and water
bodies downstream of the harvested wetland.

Conclusion

The harvesting of invaded wetlands for use as cellulosic
biofuel provides a means to enhance the ecosystem services
provided by highly disturbed wetlands. Although there are
technical limitations to harvesting in wetlands, there are few
establishment and opportunity costs associated with wetland
harvest. The biomass harvested from these lands is ideal for
cellulosic biofuel production, as the biomass production does
not displace food production or rely on marginal lands for
production. We estimate the production of reed canarygrass,
but there are several species of wetland invaders ideal for
harvest. This harvest has the potential to provide an enormous
boost to both the cellulosic biofuel and restoration industries
by providing a large supply of biomass that is immediately
available for harvest and sale. The potential amount of
renewable energy from this harvest would more than double
the current sources of renewable energy in Wisconsin (when
excluding wood burning). The nutrients that accompany the
biomass harvest help to recapture nutrients lost to erosion from
uplands and reduce eutrophication downstream. If the harvest
of a wetland is continued over a sufficiently long period and
nutrient outputs exceed nutrient inputs, the wetland may be
able to shift to environmental conditions that favor a diverse,
desirable, and functional plant community and ecosystem. We
suggest that the technical and economic feasibility of degraded
wetland harvest for cellulosic biofuel be explored further, as
the ecological process could greatly enhance the ecosystem
services provided by degraded wetlands.

Implications for Practice

e Emerging biomass markets for use as cellulosic biofuels
will create an opportunity for land managers to utilize
the sale of harvested invasive species biomass as an
economic driver for restoration.

e Inhighly altered sites, biomass harvest is another tool for
land managers to reduce invasive species cover, reduce
eutrophication, and enhance diversity.

o Effective policy will be essential to assure that the
harvesting of wetland biomass will be used to achieve
restoration goals, not to meet an increasing demand for
invasive biomass.
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