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Measuring changes in financial
and ecosystems service
outcomes with simulated
grassland restoration in a Corn
Belt watershed

Ellen Audia *, Lisa A. Schulte † and John Tyndall†

Department of Natural Resource Ecology and Management, Iowa State University, Ames, IA,

United States

While provisioning ecosystem services generated through agricultural

production are high, this often comes at the expense of other ecosystem

services. Approaches that support both farm income and a balanced array

of ecosystem services are needed. We employed a landscape modeling

approach to demonstrate the financial and ecosystem service outcomes

of strategically restoring grassland cover within a Corn Belt agricultural

watershed. We assessed potential changes associated with a “Baseline” land

use scenario and two alternative scenarios for the Grand River Basin (Iowa and

Missouri, USA). In a “Bu�ered” scenario we simulated the impacts of replacing

cropland within 20m of streams with restored native grassland cover. In a

“Productivity-based” scenario we simulated the replacement of annual row

crops on poorly performing croplands with native grassland cover. Grasslands

comprised 0.4% of the Baseline scenario. Grassland was expanded to 0.8%

of the watershed in the Bu�ered scenario, reducing annual nutrient and

sediment loss by 1.44%, increasing soil carbon sequestration by 0.12% over 10

years, and increasing pollinator abundance by 0.01%. The estimated annual

value of these enhancements was $1.7 million for nitrogen reduction, $0.1

million for phosphorus reduction, $0.5 million for sediment reduction, and

$1.3 million for soil carbon sequestration. Grassland comprised 4.9% of the

watershed in the Productivity-based scenario, reduced annual nutrient and

sediment loss by 11.50%, increased soil carbon sequestration by 1.13% over

10 years, and increased pollinator abundance by 0.42%. The estimated annual

value of enhancements was $18 million for nitrogen reduction, $1.4 million for

phosphorus reduction, $2.5 million for sediment reduction, and $14 million for

soil carbon sequestration. We also calculated the value of grassland biomass

for a potential energy market. The benefit of producing and selling grassland

biomass ranged -$445 to $1,291 ha−1 yr−1. Scaled to the watershed, annual

revenues ranged -$7.3 million to $21.1 million for the Bu�ered scenario and

-$44.2 million to $128.8 million for the Productivity-based scenario. This

study was the first to quantify changes in revenue and the value of ecosystem

services associated with grassland restoration in the Grand River Basin and

can help inform discussion among watershed stakeholders.
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Introduction

Ecosystem goods and services are the benefits humans

derive from nature, which include provisioning (e.g., food),

regulating (e.g., water purification), cultural (e.g., recreation

and spirituality), and supporting services (e.g., soil formation

and nutrient cycling) (MEA, 2005). Agroecosystems have been

traditionally designed to produce the provisioning ecosystem

goods of food, feed, forage, fiber, bioenergy, and pharmaceuticals

(Power, 2010). In the past 60 years, global cropland expansion

and green technologies such as high-yielding cultivars, fertilizers

and pesticides, and mechanization have enabled cereal yields

to increase by 280 percent (Ritchie and Roser, 2019). However,

the low diversity, high input agricultural systems that work to

maximize crop yields also tend to have negative environmental

impacts, including on soil health, water quality, and wildlife

habitat, among other impacts (Foley et al., 2005; Power, 2010;

Asbjornsen et al., 2014; Liebman and Schulte, 2015). For

instance, of the 585 impaired waterbodies in Iowa most are

related to bacteria, fish kills, and algal growth, all of which

are largely due to agricultural runoff (Iowa Department of

Natural Resources, 2020). Another example of this is the hypoxic

zone in the Gulf of Mexico, which is a result of nutrient loss

from agricultural lands within the Mississippi River Basin (Gulf

Hypoxia Action Plan, 2008), and impairs the Gulf region’s ability

to provide seafood and support tourism. Agriculture’s ability to

take advantage of emerging environmental markets, such as for

flood control, clean water, and carbon reduction can also be

limited as it is difficult to accuratelymeasure and value the effects

of agricultural conservation practices on ecosystem services and

facilitate payments to landowners (Reed, 2020).

To sustain agriculture’s traditional role, shore up its

unintended negative environmental impact, and support the

expansion into new roles, efforts are being made to strategically

restore native perennial grassland within the U.S. Corn Belt’s

annual crop matrix (e.g., Glover et al., 2010; DeLuca and

Zabinski, 2011; Hirsh et al., 2013; Schulte, 2014; Zhou et al.,

2014). There is a growing body of research supporting the

need to maintain continuous living cover in agroecosystems and

understand the economic feasibility of doing so (e.g., Schulte

et al., 2006, 2017; Meehan et al., 2013; Asbjornsen et al., 2014;

Bonner et al., 2014; Zilverberg et al., 2014; Zimmerman et al.,

2019).

Perennials can maintain ecosystem services while

contributing to existing and emerging markets such as

bioenergy, outdoor recreation (e.g., agritourism), hunting, and

nutrient and carbon crediting (Meehan et al., 2013; Zilverberg

et al., 2014; John and McIsaac, 2017; Powell et al., 2018; Ha and

Wu, 2022; Zimmerman et al., 2022).

Grassy feedstocks from restored perennial grassland are

being promoted for renewable fuel production. These grassy

feedstocks can be grown in areas where annual row crop

production is chronically less profitable and/or areas of high

conservation value (Gelfand et al., 2013; Meehan et al., 2013;

Brandes et al., 2016; Schulze et al., 2016; Mishra et al., 2019;

Khanna et al., 2021; Martinez-Feria et al., 2022). Converting

low-yielding cropland to grassland cover has the potential to

improve the overall profitability of farm fields (Bonner et al.,

2014; Brandes et al., 2018; Nair et al., 2018). The cost of grassland

establishment and management tends to be lower than for cash

crops, and depending on local or regional market development,

perennial systems may out compete annual systems in terms of

productivity and profitability (Tilman et al., 2006; Gelfand et al.,

2013; Manatt et al., 2013; Brandes et al., 2016). New markets for

bioenergy grassland crops could subsequently foster emerging

ecosystem and or commodity markets and the ecosystem

services associated with grassland systems provide widespread

public benefits, such as climate regulation, water purification,

and recreational services, some of which can be monetized

(Johnson et al., 2012; Meehan et al., 2013; Mishra et al., 2019).

Our goal with this research was to evaluate one method of

agroecosystem perennialization – strategically restoring and/or

reconstructing grassland composed of native species as a

biomass crop (hereafter referred to as bioenergy grassland) –

to jointly expand agricultural markets and enhance ecosystem

service outcomes in the Grand River Basin (GRB), located

in Iowa and Missouri, USA. The GRB was chosen for

this study because it represents an agriculturally dominated

watershed contributing to water quality impairments in the

Mississippi River Basin. While grasslands have a variety of

different uses (e.g., grazing land, hay, bedding), the GRB

and surrounding region has for decades hosted projects

that seek to simultaneously meet bioenergy production and

conservation goals through perennial grassland restoration (e.g.,

Shepherd, 2000; Austin, 2011; Butler, 2019; Prairie Lands,

2022). Our specific objectives for the GRB were to (1)

create alternative land use scenarios that meet both bioenergy

development and conservation goals; (2) assess the potential

ecosystem service outcomes associated with current land use and

alternative land use scenarios, specifically impacts to nutrient

and sediment retention, carbon sequestration, and pollinator

abundance; (3) determine potential private financial and public

economic outcomes associated with the current land use and

alternative scenarios; and (4) inform agricultural and natural

resource decision-making.

Methods

Study area

The Grand River Basin is located in southwest Iowa (38%)

and northwest Missouri (62%), USA. The entire watershed

has an area of 20,460 km2, most of which lies in Missouri
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and entirely within the Dissected Till Plains (Pitchford and

Kerns, 1999; NRCS, 2006). The topography of the basin is

mostly composed of rolling and undulating uplands dissected

by broad, flat stream valleys (Pitchford and Kerns, 1999).

Shales, sandstones, and limestones underlie the watershed and

the predominating soils are silt loams and silty clay loams

derived from glacial drift and loess (Pitchford and Kerns,

1999; NRCS, 2006). Based on a weather station in the central

area of the basin, Gentry County, average temperatures in the

GRB for the period 2000–2022 ranged from 5.3 to 17.6, and

annual precipitation ranged from 0 cm to 112 cm (http://agebb.

missouri.edu/weather/stations/).

Land use in the basin is estimated to be 30% cropland, 44%

pasture, 17% forest, 3.7% water/wetland, 4.2% urban, and 0.6%

grassland and shrubland (Figure 1). Over 200,000 hectares of

the watershed is enrolled in the USDA Conservation Reserve

Program (USDA FSA, 2020).

Major environmental impairments within the GRB include

water quality degradation and habitat loss (Pitchford and Kerns,

1999). The Section 303 (d) list of impaired waters (category

5) in Iowa includes 585 impairments, six of which occur in

the GRB and are bacterial and biological in character (Iowa

Department of Natural Resources, 2020). The list in Missouri

includes 481 impairments, 11 of which occur in the GRB, with

bacteria, dissolved oxygen, mercury in fish, and heavy metals

being the reasons for impairment (MoDNR, 2020). Excess

nitrogen and phosphorus are also listed as impairments, and

20% of all pollutants come from non-point sources (MoDNR,

2020). Missouri and Iowa are major contributors to nutrient

loading in the Mississippi/Atchafalaya River Basin (MARB)

(Alexander et al., 2008), with agricultural land contributing

between 50–60% of the nutrients (MoDNR, 2014). Iowa and

Missouri have both pledged to reduce nutrient loading in

response to the 2008 Gulf Hypoxia Action Plan (MoDNR, 2014;

Iowa Nutrient Reduction Strategy (INRS), 2017), to shrink the

hypoxic dead zone that occurs there (Gulf Hypoxia Action

Plan, 2008). Various agricultural best management practices and

green infrastructure have been encouraged and implemented to

help control nutrient and sediment loss (MoDNR, 2014; Iowa

Nutrient Reduction Strategy (INRS), 2017).

Habitat quality and loss are also of concern in the

GRB. Native Midwestern landscapes are considered critically

endangered as >50% of the native vegetation in the region has

been converted to other vegetation types (Hoekstra et al., 2005).

Loss of vegetation richness and simplification of landscapes

can negatively influence soil formation, erosion control, water

retention, nutrient cycling, and habitat quality all of which

impact plant and animal biodiversity (Schulte et al., 2006; Power,

2010). In Iowa and Missouri, native prairie has been replaced

mainly by agricultural and urban land (Iowa Department of

Natural Resources, 2015; Missouri Department of Conservation,

2015). Such land use change is the primary threat to plant

and animal biodiversity within grasslands (Hirsh et al.,

2013; Iowa Department of Natural Resources, 2015; Missouri

Department of Conservation, 2015). This landscape conversion

in Iowa and Missouri has led to very low numbers or even

extirpation of many native wildlife species (Iowa Department of

Natural Resources, 2015; Missouri Department of Conservation,

2015). Sedimentation, and nutrient loading from runoff, and

channelization and levee construction in streams cause aquatic

and riparian habitat degradation throughout Iowa and Missouri

as well (Iowa Department of Natural Resources, 2015; Missouri

Department of Conservation, 2015).

Modeling framework

We employed a five-step methodological approach. We first

identified two contrasting land use scenarios – a “Buffered” and

a “Productivity-based” scenario – to compare with current land

use in the GRB, based on the 2016 National Land Cover Dataset

(Multi-Resolution Land Characteristic Consortium (MRLCC),

2018). Descriptions of each NLCD land cover type can be

found in the Supplementary material (Supplementary Table S1).

For the Buffered scenario, we identified all row-cropped areas

within 20m of a perennial stream and shifted them to

bioenergy grassland. For the Productivity scenario, we shifted

land use from row crops to bioenergy grassland in areas

that have low corn and soybean yield potential based on the

National Commodity Crop Productivity Index (NCCPI; Dobos

et al., 2012), which we obtained from the gSSURGO database

(gSSURGO Database, 2020). Cropland with a NCCPI value

of < 0.5 was shifted to bioenergy grassland. We chose 0.5

as the cutoff point because those soils would likely have a

history of chronic economic loss. Dobos et al. (2008) present

a bivariate fit regression of corn yield from 35 different states

and NCCPI and indicate that expected corn yield ranged from

40 bushels per acre to about 160 bushels per acre with an

average of about 110 bushels per acre. For context, from 2016

to 2022 the average breakeven corn yield in six Iowa counties

(Black Hawk, Fremont, Hamilton, Mills, Tama, and Wright)

was 190 bushels per acre (Iowa State University Extension

and Outreach (ISUEO), 2022). Furthermore, Li et al. (2016)

used crop insurance data from Midwestern states including

Iowa and Missouri to indicate that crop insurance losses

increase at low to medium NCCPI value ranges and begins

to decrease after the 0.65 NCCPI value. Bioenergy grassland

was defined as a planted system based on a conservation-

oriented prairie seed mix suitable for the region. Specifically,

average seed mix costs were based on regional prices for mesic

pollinator 10/30 (10 grasses/30 forbs) plantings designed to

provide supportive environments for honeybees and butterflies.

Second, we used the Integrated Valuation of Ecosystem Services

and Tradeoffs model (InVEST; Natural Capital, Project, 2019)

model to estimate ecosystem service outcomes in the GRB,

including nutrient delivery ratios, sediment delivery, carbon
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FIGURE 1

Land use/land cover distributions for the Baseline, Bu�ered, and Productivity-based scenarios in the Grand River Basin, located in southwest

Iowa and northwest Missouri, USA, based on the National Land Cover Dataset (Multi-Resolution Land Characteristic Consortium (MRLCC), 2018).

storage, and pollinator abundance, based on current land use

and the Buffered and Productivity-based land-use scenarios.

Third, we conducted a comprehensive net present value financial

assessment associated with the bioenergy grassland as a source

of herbaceous biomass feedstocks. Fourth, ecosystem service

and net present value outputs were then combined in a

social benefit-to-cost analysis. Finally, we created maps and

other graphics to demonstrate bioenergy grassland, ecosystem

service, and financial opportunities. Detailed descriptions of

data, models, and analysis procedures can be found in the

Supplementary material.

Results

Land use/land cover change

The total amount of cropland decreased by 0.4% in

the Buffered and 4.5% in the Productivity-based scenarios.

A total of 7,743 ha of row-cropped land was converted to

grassland vegetation in the Buffered scenario and 91,274 ha

in the Productivity-based scenario (Supplementary Table S2).

Approximately 1.2% of the Buffered area overlapped with the

Productivity-based area. These areas of overlap are dispersed

throughout the GRB, but occur mainly in the northern

and southern portions (see Supplementary Figure S1 in the

Supplementary material). It should be noted that our scenarios

did not account for any additional shifts in land use that

may well accompany the changes in cropped land that we

present. These changes could include converting pasture or

non-agricultural land (e.g., treed areas, fence rows, conservation

land) to cropped land or adopting less diverse crop rotations.

Such changes would likely have impacts on both the economic

and environmental outcomes of our overall analysis (Bonham

et al., 2006; Fleming, 2014).

Ecosystem services

Results indicate that integration of bioenergy grassland

into either perennial stream buffers or low-yielding cropland

increased ecosystem service outcomes (Table 1). In the Buffered

scenario, annual sediment retention increased by 86,088Mg

(0.72% reduction in loss compared to baseline), annual total
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TABLE 1 Baseline, bu�ered, and productivity-based scenario outputs

for ecosystem services generated by InVEST (v 3.7.0) in the Grand

River Basin, Iowa and Missouri, USA.

Ecosystem service Baseline Buffered Productivity-based

Phosphorous export 2,367 2,355 2,234

Nitrogen export 14,973 14,938 14,594

Sediment export 12,007,418 11,921,329 11,602,739

Sequestered carbon 107,061,426 107,188,520 108,274,417

Pollinator abundance (0–1) 0.1098 0.1099 0.111

Phosphorus, nitrogen, and sediment export represent annual values, carbon sequestration

(Mg C) represents sequestration over 10-years, and pollinator abundance is indexed. All

other values are in Mg.

nitrogen retention increased by 35Mg (0.23% reduction),

annual phosphorus retention increased by 11Mg (0.49%

reduction), carbon sequestration increased by 127,093Mg C

over 10 years (0.12% increase), and pollinator abundance

increased by 0.01%. In the Productivity-based scenario, relative

to baseline, annual sediment retention increased by 404,678Mg

(3.37% reduction), annual nitrogen retention increased by

379Mg (2.53% reduction), annual phosphorous retention

increased by 132Mg (5.59% reduction), carbon sequestration

increased by 1,212,990Mg C over 10 years (1.13% increase), and

pollinator abundance increased by 0.42%. Across all modeled

services, the Productivity-based scenario facilitated a greater

increase in ecosystem services than the Buffered scenario at the

watershed level (Table 1). In the Buffered scenario, the greatest

enhancement of ecosystem services occurred in the northern

portion of the GRB, while in the Productivity-based scenario

the greatest enhancement of ecosystem services occurred in

the south-central portion of the GRB and along the Grand

River (Figure 2). These relationships are likely caused by the

dominance of cropland in the south and along the Grand River,

and the high concentration of perennial streams intersecting

cropland in the north (Supplementary Figure S1).

We also calculated annual ecosystem service outcomes for

each scenario per-ha of restored native grassland (Figure 3).

In the Buffered scenario, phosphorous loss was reduced by

1.48 kg ha−1, nitrogen loss was reduced by 4.54 kg ha−1,

sediment loss was reduced by 12.26 tons ha−1, and carbon

storage increased by 1.64Mg ha−1 yr−1. In the Productivity-

based scenario, phosphorous loss was reduced by 1.45 kg ha−1,

nitrogen loss was reduced by 4.15 kg ha−1, sediment loss was

reduced by 4.89 tons ha−1, and carbon storage increased by

1.33Mg ha−1 yr−1.

Economic valuation

We estimated baseline field-level per-ha annualized costs

(2022 USD; Supplementary Table S9) and net revenue associated

with producing a bioenergy grassland crop in Iowa andMissouri

assuming three discount rates, three different yields, and eight

different farmgate selling prices for the biomass. Our cost

assessment methods are similar to those utilized in studies

that examined perennial cover establishment as either an in-

field practice or in riparian areas (e.g., Roberts et al., 2009;

Bravard et al., 2022) as well as part of biomass production

systems (James et al., 2010; Manatt et al., 2013). The costs and

net revenues for bioenergy grassland crop varied depending

on scenario due to differences in the opportunity cost of land

and the assumed biomass yield which impacted harvesting

costs. Opportunity costs of land were calculated by using area-

weighted land rent estimates for the counties in the GRB

which are largely determined by relevant soil productivity

measures; the Corn Suitability Rating in Iowa and the National

Commodity Crop Productivity Index in Missouri (Massey

and Brown, 2021; Plastina et al., 2022). As noted in Bravard

et al. (2022) crop productivity indices are significant factors

in determining area land rent as they provide a comparative

numerical ranking of soil quality relative to producing a base

crop (corn in this case). The average baseline annualized cost

of establishing, managing and harvesting a bioenergy grassland

crop over a 10-year management horizon in the GRB was

estimated to be $592 ha−1 for the Buffered scenario, and

$588 ha−1 for the productivity scenario (using a real discount

rate of 5%; Supplementary Table S10). Production costs also

varied with discount rates (7–9%) from $591 ha−1-$705 ha−1

(Supplementary Table S10). Here we discuss results that use

a 10-year average real discount rate of 5% (Table 2). The

results from the other two discount prices can be found in

the Supplementary material (Supplementary Tables S12, S13).

Breakeven prices vary somewhat between the Buffered scenario

and the Productivity-based scenario. For the Buffered scenario,

results indicate that a biomass selling price above $88 Mg−1

will produce positive net revenue given yields ≥ 6.7Mg ha−1, a

selling price above $50 Mg−1 will produce positive net revenue

given yields ≥ 13.5Mg ha−1, and a selling price above $35

Mg−1 will produce positive net revenue given yields greater

than or equal to 20.2Mg ha−1 (Table 2). For the Productivity-

based scenario, results indicate that a biomass selling price

above $88 Mg−1 will produce positive net revenue given

yields ≥ 6.7Mg ha−1, a selling price above $49 Mg−1 will

produce positive net revenue given yields ≥ 13.5Mg ha−1,

and a selling price above $35 Mg−1 will produce positive

net revenue given yields ≥ 20.2Mg ha−1 (Table 2). These

results reflect assumed static establishment, management and

harvesting costs for an acre of bioenergy grassland in Iowa

and Missouri (Supplementary Table S9), a range of potential but

unmeasured yield outcomes, and the assumption that biomass

harvest would not occur until year three of the analytical

horizon. We also assume that current average land rent is

an adequate measure of the opportunity cost of land. The

reality is that actual opportunity costs of land may be higher

or lower than land rent in any given year and is dependent

upon commodity and production prices (Tyndall et al., 2013).
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FIGURE 2

Changes in ecosystem services across the Grand River Basin (IA and MO, USA) for Bu�ered and Productivity-based scenarios compared to

current land use/land cover baseline.

Nevertheless, because commodity markets are volatile and

difficult to predict, somewhat more temporally stable land rent

markets are often deemed an acceptable proxy (Tyndall and

Roesch, 2014). Because land rent is largely based on inherent soil

productivity, the relative comparative findings among scenarios

should remain unchanged (Zimmerman et al., 2019). Ultimately,

costs and revenue vary temporally and spatially depending on

site-level conditions, production practices, weather, policy, and

market conditions for biomass but also various inputs such as

land, fertilizer, labor, and seed (Tyndall et al., 2021). Individual

biomass systems may also experience additional costs associated

with prolonged establishment periods or maintaining the health

of any given stand of biomass. Some farmers may experience

costs associated with whole stand reestablishment in the case

of crop failure or hazard damage due to weather (Liu et al.,

2011). Furthermore, in the productivity scenario the in-field

costs of grass harvest, baling and on-site transportation and

storage would likely be highly variable due to the heterogeneous

scale, shape and patchy nature of the biomass systems presented

(Nair et al., 2017). Likewise, accessibility in riparian areas can

be complicated by moisture conditions during harvest periods

and the care often needed to minimize harvest impact in

hydrologically sensitive areas (Erdozain et al., 2020). Ultimately

the spatial fragmentation of the biomass systems presented in

our study would likely carry additional, but unaccounted for

logistical and or environmental costs associated with harvesting

and on-site handling of biomass materials (Ferrarini et al., 2017).

Total potential biomass yields in the GRB ranged from

58,075 to 174,226Mg yr−1 in the Baseline scenario, 110,149

to 330,446Mg yr−1 in the Buffered scenario, and 671,900 to

2,015,701Mg yr−1 in the Productivity-based scenario. Given

these yields and assuming farmgate selling prices between

$22 and $99 Mg−1, total biomass net annual revenue ranged

from –$7,311,371 and $21,119,430 in the Buffered scenario,

and –$44,227,025 to $128,827,270 in the Productivity scenario

(Table 3).

We estimated the potential economic value generated from

ecosystem service enhancement for each modeled scenario

in the GRB. The annualized value for carbon sequestration

within the GRB is the highest among all analyzed ecosystem

services in both scenarios. In the Buffered scenario, we

estimate the annualized value of nitrogen reduction to be
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TABLE 2 Per hectare annualized net revenue of establishing, harvesting and selling bioenergy grassland biomass in Iowa and Missouri, USA given

yield and scenario dependent annualized production costs at a 5% discount rate.

Bioenergy grassland biomass price ($ Mg−1)

Yield (Mg ha−1) 22 33 44 55 66 77 88 99

Buffered 6.7 ($445) ($371) ($297) ($224) ($150) ($76) ($3) $71

13.5 ($378) ($230) ($81) $67 $216 $364 $513 $661

20.2 ($268) ($46) $176 $399 $621 $843 $1,065 $1,287

Productivity-based 6.7 ($441) ($367) ($294) ($220) ($146) ($73) $1 $75

13.5 ($375) ($226) ($78) $71 $219 $368 $516 $665

20.2 ($264) ($42) $180 $402 $624 $847 $1,069 $1,291

Prices are in 2022 US$. Yield scenarios were based on Tilman et al. (2006), James et al. (2010), Manatt et al. (2013), and Nichols et al. (2014). Parentheses indicate a negative number.

TABLE 3 Total annual net revenue generated from each modeled scenario in the Grand River Basin assuming yields of 6.7, 13.5, and 20.2Mg ha −1,

farmgate selling prices between $22 and $99 Mg−1, and yield and scenario dependent annualized production costs.

Buffered Productivity-based

Price ($ Mg−1) 6.7Mg ha−1 13.5Mg ha−1 20.2Mg ha−1 6.7Mg ha−1 13.5Mg ha−1 20.2Mg ha−1

22 ($7,311) ($6,175) ($4,325) ($44,227) ($37,298) ($26,382)

33 ($6,100) ($3,752) ($690) ($36,836) ($22,516) ($4,209)

44 ($4,888) ($1,328) $2,945 ($29,445) ($7,734) $17,964

55 ($3,676) $1,095 $6,580 ($22,054) $7,048 $40,136

66 ($2,465) $3,518 $10,215 ($14,663) $21,829 $62,309

77 ($1,253) $5,941 $13,850 ($7,273) $36,611 $84,482

88 ($42) $8,365 $17,485 $118 $51,393 $106,655

99 $1,170 $10,788 $21,119 $7,509 $66,175 $128,827

Prices are in 2022 US$ (thousands). Yield scenarios were based on Tilman et al. (2006), James et al. (2010), Manatt et al. (2013), and Nichols et al. (2014). Parentheses indicate a

negative number.

$1,700,529, phosphorus reduction to be $124,089, sediment

reduction to be $524,921, and carbon sequestration to be

$1,348,229. For the Productivity-based scenario, we estimate

the annualized value of nitrogen reduction to be $18,330,016,

phosphorus reduction to be $1,428,914, sediment reduction

to be $2,467,500, and carbon sequestration to be $14,294,696.

Across all modeled services, the Productivity-based scenario

generated more ecosystem service related revenue, but also

converted a much larger area out of annual crops. We

therefore calculated ecosystem service related revenue per-

hectare of restored native grassland as well (Figure 3). In the

Buffered scenario, we estimated the annualized value of nitrogen

reduction to be $220 ha−1, phosphorous reduction to be

$16 ha−1, sediment reduction to be $68 ha−1, and carbon

sequestration to be $174 ha−1, for a combined annual ecosystem

service value of $478 ha−1. For the Productivity-based scenario,

we estimated the annualized value of nitrogen reduction to be

$201 ha−1, phosphorous reduction to be $16 ha−1, sediment

reduction to be $27 ha−1, and carbon sequestration to be

$157 ha−1, for a combined annual ecosystem service value of

$401 ha−1.

Discussion

Ecosystem services

We constructed and modeled two land-use scenarios for

the GRB using InVEST (v 3.7.0) to compare ecosystem service

enhancement relative to a baseline scenario. Ecosystem services

were enhanced in both the Buffered and Productivity-based

scenarios, with greater enhancement in the Productivity-based

scenario at the watershed scale. This was primarily due to

the variation in area converted to bioenergy grassland in

each scenario. Perennial vegetation has been proven to reduce

nutrient and sediment loss from agricultural fields, store carbon,

and increase pollination services (DeLuca and Zabinski, 2011;

Meehan et al., 2013; Asbjornsen et al., 2014; Schulte et al., 2017;

Zimmerman et al., 2019), and thus the per unit ecosystem service

values assigned to perennial land uses in this model were based

on empirical data.

Multiple empirical and modeling studies have determined

that increasing perennial vegetation on a landscape will help

reduce nutrient and sediment loss to waterbodies (e.g., Dabney
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FIGURE 3

Per hectare annualized ecosystem service outcomes in each alternative scenario simulated in the Grand River Basin, Iowa and Missouri, USA (A);

phosphorus, nitrogen, and sediment values are loss reduction while the carbon value is an increase. Annualized ecosystem service related

revenue also shown (B).

et al., 2001; Vaché et al., 2002; Helmers et al., 2012; Asbjornsen

et al., 2014; Zhou et al., 2014; Schulte et al., 2017). Perennial

vegetation, with its abundant and complex root system increases

the ability of agricultural land to slow, filter, and store

water (Hernandez-Santana et al., 2013; Gutierrez-Lopez et al.,

2014; Zhou et al., 2014). These findings support our results

that increasing grassland cover on a landscape will reduce

nutrient and sediment loss to waterbodies. We found that the

Productivity-based scenario, which simulated land use change

from row crops to bioenergy grassland on a greater number

of hectares, more greatly reduced nutrient and sediment loss

than the Buffered scenario at the watershed scale. Although

this relationship might be true in a modeling context, after a

certain point more perennial vegetation on a landscape does not

necessarily lead to more or measurable water quality benefits.

For example, when planting prairie strips within row-cropped

catchments in Iowa, Schulte et al. (2017) found little difference

in water quality measures between fields with 10% prairie vs.

20% prairie indicating that impacts were not a function of area

converted. Dosskey et al. (2002), Dosskey et al. (2005) recorded

similar findings regarding the effects of perennial vegetation on

water quality. There can also be significant lags associated with

the implementation of conservation practices and water quality

benefits (Meals et al., 2010), which we did not incorporate in this

analysis. Our results, thus, represent reductions in nutrients and

sediment independent of time.

When all ecosystem services were measured per unit area

of restored grassland, the Buffered scenario performed more

efficiently than the Productivity-based scenario. In terms of

nutrient and sediment reduction, this is likely due to how

grassland was restored on the landscape as well as how

InVEST measures nutrient and sediment export. InVEST in

part determines nutrient and sediment export of a given pixel

in the landscape by measuring the size (or length), slope,

and vegetation’s retention efficiency and maximum retention

efficiency (nutrient export) or C-factor (sediment export) of

the area upslope (or downslope) from that pixel to understand

the nutrient delivery ratio or soil erosion probability of that

pixel. The difference in placement of native grassland between

the Buffered and Productivity-based scenario is likely the main

reason for the difference in area based nutrient and sediment

reduction. While field scale and downstream water quality

management practices are spatially explicit in their effectiveness

(Rao et al., 2009; Schulte et al., 2017), the area-based differences

in nutrient reduction between scenarios were small (<1 kg

ha−1
−

). The difference in per hectare sediment reduction is

large (7 tons ha−1), and should be more carefully considered.

Multiple factors related to site history, topography, and soil
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affect whether an in-field or edge-of-field practice will be most

effective at generating conservation outcomes on any particular

field (Tomer et al., 2013). However, multiple studies have found

that while perennial vegetation applied within fields keeps

nutrients and soil in place (Helmers et al., 2012; Zhou et al.,

2014), also placing it within riparian areas can further enhance

water quality (Vaché et al., 2002; Dabney et al., 2006). It should

be noted that approximately 1.2% of the buffered area was

located in areas of low productivity that were also converted

to herbaceous vegetation in the Productivity-based scenario.

These areas of overlap were mostly located in the northern and

southern portions of the GRB (Supplementary Figure S1), and

less in the central portion.

Compared to other studies, the reductions in nitrogen and

phosphorous we present in the GRB for each land use scenario

are conservative. For example, the Iowa Nutrient Reduction

Strategy determined that streamside buffers have the ability

to reduce phosphorous by 18% and nitrate-nitrogen by 7%,

and within-field perennial crops could reduce phosphorous by

29% and nitrate-nitrogen by 18% (depending on area of land

converted) (Iowa Nutrient Reduction Strategy (INRS), 2017).

Helmers et al. (2011) found restoring only 5% more of a

catchment to prairie strips resulted in over 70% reductions

in total nitrogen and phosphorous. In terms of per-hectare

reductions, Tyndall et al. (2013) cite that prairie strips can

reduce phosphorous by 7.32 kg ha−1 and nitrogen by 31.93 kg

ha−1. These values are much higher than the per hectare values

we present in our scenarios: the Productivity-based scenario

restored 4.5% of the GRB to grassland (91,274 ha), resulting in

a 2.5–5.6% increase in nutrient retention of the landscape. We

do not model the use of prairie strips in our analysis, which are

likely better at reducing nutrients due to their spatially explicit

placement within field vs. within-watershed as in our case.

Polasky et al. (2011) also used InVEST to simulate multiple

alternate land cover scenarios for the state of Minnesota, in

which one scenario restored marginal agricultural lands and

100m of lands along all streams to pre-settlement vegetation

(i.e., open water, restored forest, restored grassland, restored

wetland, and unknown restored cover). Polasky et al. (2011)

found that restoring only ∼3% of the land in the state could

reduce phosphorous export by 34%. One difference between

their study and ours is that they restored lands to pre-settlement

vegetation, which included a mix of vegetation types including

grassland, wetland, savanna, woodland, and forest, while we

restored lands to perennial grassland. Regardless, InVEST

modules are designed only to understand the effects of land

management (seeHamel, 2014 formodel assessment) and results

are often sensitive to geographic location, spatial scale, input

data (i.e., precipitation, export coefficients), and the resolution of

those data sets (Salata et al., 2017; Benez-Secanho and Dwivedi,

2019). For example, Redhead et al. (2018) found that InVEST’s

nutrient reduction model performed well in terms of the relative

magnitude of nitrogen and phosphorus export, but could over

or underestimate actual nutrient export by as much as 65%.

Our findings suggest the need for either land use conversion

to a much greater amount of continuous living cover and/or

the need to include and combine multiple practices (e.g., prairie

strips) in order to meet water quality targets for Iowa and

Missouri (see Zimmerman et al., 2019). However, incorporating

more spatially explicit practices such as prairie strips into our

modeling framework and/or using a more robust model like

SWAT would only be possible for an investigation considering

a different spatial extent, given the distribution of stream gauge

stations and monitoring data available in the GRB. Further

analyses are also needed that incorporate impacts to subsurface

flow and tile drainage through the use of conservation practices

that impact those flows (i.e., wetlands, bioreactors, etc.).

Carbon storage was also enhanced with both scenarios

compared to the Baseline. The higher amount of carbon stored

in the Productivity-based scenario at the watershed level is again

due to the larger relative area of bioenergy grassland. Others

have demonstrated the potential for perennial vegetation to store

carbon below-ground (DeLuca and Zabinski, 2011; Liebman

et al., 2014). Compared to certain row crops, perennial species

have much more extensive root systems that stay in the ground

all year allowing for higher levels of belowground biomass and

carbon storage (DeLuca and Zabinski, 2011; Whitmore et al.,

2015). For instance, Guzman and Al-Kaisi (2010) found that

tallgrass prairie remnant in Iowa had 86% greater belowground

carbon storage than a corn-soy rotation, and Glover et al. (2010)

found perennial grasslands in Kansas to have 43Mg ha−1 more

soil carbon than annual wheat fields. The per unit values of

belowground carbon storage assigned to each land cover type

in this analysis were based on empirical data that demonstrate

this difference. Since InVEST simply aggregates these per pixel

values, scenarios with more potential to store carbon will

have greater sequestration as is seen in the Productivity-based

scenario. When considered per hectare, the Buffered scenario

stored slightly more carbon (∼0.3Mg ha−1). It should be stated

that InVEST does not incorporate changes in the rate of carbon

storage through time and, eventually, the rate decreases as an

equilibrium is reached. The timeline for when this equilibrium

is reached depends on climate, soil type, land use, and other

factors and occurs over time horizons >50 years (Paustian and

Cole, 1998). In this analysis we converted depleted cropland

in which soil carbon stocks are likely diminished compared to

soils that have never been cultivated. Therefore, in the relatively

short 10-year period in which we simulated carbon storage the

relationship between increased grassland vegetation and carbon

storage was likely linear (Paustian and Cole, 1998). Still, because

estimates from this portion of the analysis simply represent

potential, we did not consider eventual equilibrium within

the landscape. Regardless, with support from a wide body of

research (Power, 2010; e.g., Guzman and Al-Kaisi, 2010; DeLuca
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and Zabinski, 2011; Whitmore et al., 2015), this analysis reveals

opportunities to increase the carbon storage potential of the

GRB’s annual row-crop matrix through the implementation of

perennial grassland.

Pollinator abundance as a function of habitat suitability

was also modeled in the GRB under each land use scenario.

The index of pollinator abundance in the baseline scenario was

very low at only 0.1098. Although the pollinator abundance

index increased in both alternative scenarios, gains were

minor (Table 1). We included three bee genera (Lassioglossum,

Melissodes, and Agopostemon) that are commonly found in

Midwestern agricultural landscapes like the GRB, as well as

Monarch butterflies (Danaus plexippus) as a charismatic insect

in conservation need. Monarchs have declined by 80% in

North America over the past two decades due to habitat

loss (Iowa Monarch Conservation Consortium (IMCC), 2018).

Low numbers of pollinators have been reported in highly

disturbed and fragmented landscapes (Winfree et al., 2009;

Potts et al., 2010; Kennedy et al., 2013) of the U.S. Corn Belt.

Foraging resources are often lacking in agriculturally dominated

landscapes (Hellerstein et al., 2017) like the GRB (Table 1),

and it is therefore not surprising that pollinator abundance

estimates were low in the Baseline scenario. The marginal

change in pollinator abundance between alternative scenarios

and Baseline reflect the relatively small – even if strategic –

land use changes incorporated into our scenarios. They also

might lie in the complex relationships between pollinators and

the landscape that InVEST cannot capture. Models that relate

land cover and pollinator abundance across large landscapes are

often simplified and limited, a possible result of data coarseness

or an incomplete understanding of ecological relationships

(Cunningham et al., 2018; Sharp et al., 2018). Many pollinators

respond to fine scale landscape features that are not reflected in

existing LULC data and/or are challenging to incorporate into

models (Sharp et al., 2018).

The InVEST pollinator model assumes resource and nesting

availability is uniform across each land cover type (Sharp et al.,

2018). In reality, land cover types can vary greatly across space

and time due to differences in soil, climate, topography, and

management decisions. Additional experimental work is needed

to inform landscape and watershed estimations. However, not

having enough perennial vegetation on the landscape or in

the right places might also explain these marginal changes in

abundance. Bennett et al. (2014), using different methods, also

measured pollinator abundance in southeast Michigan under

two land use scenarios and found that converting 600,000 ha

(70%) of agricultural land to perennial bioenergy crops could

increase pollinator abundance by 600% in some areas. This

might suggest that in order to more greatly increase pollinator

abundance in the GRB, more than 91,274 ha of bioenergy

grassland would need to be planted, and likely in arrangements

that better support their food and nesting needs. Further

analyses should compare InVEST to other pollinator models and

experiment with more land use scenarios and arrangements.

The greatest opportunities for ecosystem service

enhancement occurred primarily in the south-central part

of the GRB when targeting low productivity cropland, and in

the northern part of the GRB when targeting riparian areas

of perennial streams. These spatial relationships exist because

most of the row-cropped land in the GRB is along the Grand

River and concentrated around its outlet at the bottom of the

basin, and the majority of the perennial streams that intersect

row-cropped lands are in the northern part of the basin

(Figure 2). Incorporating bioenergy grassland within these areas

will enhance ecosystem services, and in the Productivity-based

scenario it will do so while minimizing costs. Although they

are extensive within the GRB (Supplementary Table S2), we did

not explore converting pasture or haylands within the GRB to

bioenergy land uses. Including these lands in the analysis would

likely change the flow of ecosystem services across the basin and

offer different opportunities for conservation.

Economic valuation

Private and public economic benefits quantified in

this analysis revealed opportunities for enhancement. We

demonstrate that the Productivity-based scenario has the

capacity to generate more revenue privately than the Buffered

scenario, as well as generate more watershed level ecosystem

services. While markets for grassland biomass and for ecosystem

services are not yet robust, our results indicate that there is

potential for both in the GRB. It should be noted, however,

that similar land uses such as hay land and land enrolled in

CRP may be in competition with bioenergy grasslands in the

GRB. Thus, the interests of stakeholders of various land use

options should be considered by partnerships working toward

creating bioeconomic opportunities. Current data suggest that,

in 2016, much of the existing grassland/shrubland in the GRB

was likely enrolled in CRP, and a significant portion (44.1%;

Supplementary Table S2) of the watershed was devoted to hay

and pasture land. Within row-crop plantings of bioenergy

grassland may be able to merge well into these existing

markets, and as CRP contracts expire or become limited new

opportunities for bioenergy grassland could emerge.

Private economic benefits related to the production and

sale of bioenergy grassland biomass on low-yielding row-

cropped lands in the GRB exist in certain market contexts. We

determined that the costs of producing a hectare of low-input

bioenergy grassland on low-yielding row-cropped land in the

study region ranged from $588 to $712 annually (depending on

expected yield and scenario), and could create a positive net

revenue depending on yield and biomass price. For example,

in the productivity scenario a positive net revenue occurs at a
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yield of 6.7Mg ha−1 and selling prices at or above $88 Mg−1.

For higher expected yields, lower biomass prices will result in

a positive net revenue (Table 2). Based on a sensitivity analysis

relative to discount rates, the findings did not vary substantially

across higher rate of return expectations (e.g., 7 and 9% real

rate of return; Supplementary Tables S12, S13). In this analysis

we defined bioenergy grassland to be a mix of perennial native

grasses and forbs suitable for conservation outcomes but also

annual harvest. Tilman et al. (2006) reported yields of multi-

species grassland biomass on degraded lands with low fertility

to be 3.7Mg ha−1, which is significantly lower than yields of

mixed species that we suggest could create revenue. However,

some studies have found higher yields of mixed perennial species

with the use of fertilizer. For example, Daigh et al. (2015) found

biomass yields of prairie planted in experimental plots in central

Iowa to be 5Mg ha−1 without fertilizer and 7.6Mg ha−1 with

fertilizer. Nichols et al. (2014) similarly measured biomass of a

31-species tallgrass prairie planted in experimental plots on high

quality Midwestern agricultural land and found yields of 7.4Mg

ha−1 without fertilizer and 10.4Mg ha−1 with fertilizer. Other

studies have reported higher yields of single perennial grasses

on marginal lands. Schmer et al. (2008) reported switchgrass

yields as high as 11Mg ha−1 on low-yielding Midwest cropland,

and Brandes et al. (2018) use a maximum switchgrass yield

of 10Mg ha−1 within Iowa agricultural fields. Furthermore,

yield variability across time at any given site due to weather

and changes in management add considerable uncertainty to

any multi-year biomass assessment (Sharma et al., 2020). This

suggests that even with fertilizer boosting biomass yields to

maximum levels noted in the literature, relatively high biomass

prices (e.g., somewhere above $71Mg−1) will likely be necessary

to generate positive net revenue against variable biomass yield.

Our analysis indicates that, depending on the scenario, at

yields of 6.7Mg ha−1, prices will need to be at least $88 Mg−1 to

generate positive revenue. Recent research points to potentially

high break-even farmgate prices. James et al. (2010) found

the break-even selling price for mixed perennial grasses grown

in southern Michigan and southcentral Wisconsin to be $130

Mg−1 and others have reported similar selling prices needed

for perennial biomass to be profitable (Khanna et al., 2008;

Manatt et al., 2013). In our analysis, higher yields would allow for

positive revenue at much lower selling prices (i.e., $55 Mg−1 at

13.5Mg ha−1 and $44 Mg−1 at 20.2Mg ha−1); however, it may

not be possible to attain those yields on cropland with relatively

low productivity ratings as represented in our study (e.g.,<=0.5

NCCPI rating).

Beyond questions about yield capacity and consistency

across time and space, there are critical unanswered questions

regarding institutional, market, infrastructural, and social-

phycological barriers to farmer and/or landowner adoption of

grass-based cropping systems in and around their farm systems.

The financial viability of a biomass crop depends upon robust

and sustainable bioenergy markets capable of paying unit prices

needed to generate consistent net-revenues for landowners while

remaining a cost-competitive fuel stock. Historically, broad-

scale biofuel biomass markets in the United States have failed

to emerge despite legislative mandates (e.g., the 2007 Renewable

Fuel Standard; RSF2) and government subsidy programs with

regard to research and development (e.g., Ebadian et al., 2020)

and local to regional market development (e.g., Miao and

Khanna, 2017). There are multiple, interacting factors that

have impeded the emergence of regional renewable energy

systems centered on biomass fuel. These factors include techno-

economic limitations of biofuel industrial processes (Padella

et al., 2019), costly supply chain management particularly

high handling and transportation costs (Yang et al., 2022),

inadequate national and state policy linkages (Miao and Khanna,

2017; McCarty and Sesmero, 2021), and limited landowner

and farmer buy-in. Landowners struggle with the legacy of

failure regarding bioenergy emergence and continue to question

the lack of market development and infrastructure in their

regions (Hart et al., 2018). There are additional pragmatic

questions regarding the availability of on-farm equipment,

compatibility of biomass production to primary cropping

systems, land tenure constraints, and available technical support

(Khanna et al., 2021). There is however evidence that some

landowners would be interested in biomass systems that serve

simultaneous production and conservation goals similar to those

demonstrated in this study (Hand and Tyndall, 2018).

Along with private economic benefits, converting

commodity crops to perennial vegetation can enhance

ecosystem services that translate into public economic benefits.

We show that in each scenario social benefits are generated from

the reduction of water and air pollutants. Water quality values

are based on the per unit costs of nitrogen, phosphorus, and

sediment related impairments to recreational areas, real estate,

and other amenities such as drinking water (more detailed

information can be found in the Supplementary material). We

valued the reduction of these pollutants to be approximately

$2 million per year in the Buffered scenario and $22 million

per year in the Productivity-based scenario. Others have

valued the enhancement of water quality in similar ways

and reported high economic benefit as well (Meehan et al.,

2013; e.g., Mishra et al. (2019). Meehan et al. (2013) valued

a 29% reduction in phosphorus loading from replacing 16%

of corn rotations with perennial-grasses in a 400,000-ha

watershed in southern Wisconsin at almost $30 million using

a combination of ongoing state-level water quality program

payments, estimated avoided phosphorus treatment costs of

pollution, and data from a survey that quantified household

willingness to pay for reductions in phosphorus loading in

surface water.

When calculated per hectare, the Buffered scenario

generated more public economic benefits in terms of enhancing
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water quality (nitrogen and sediment reductions). Therefore,

given our data and methods, riparian buffers might be

considered more effective at enhancing water quality for public

use than our simulated within-field practice. Zhou et al. (2009)

tested the effectiveness and economic benefits (including social

costs of sediment erosion) of three conservation practices

and tillage systems for sediment reduction in the Major Land

Resource Areas (MLRA) of Iowa. Although Zhou et al. (2009)

did not specifically test riparian buffers against in-field prairie

blocks; they did find that when the costs of sediment erosion

were considered, conservation practices could out perform

each other depending on MLRA and tillage system. We did

not compare results in relation to areas of greater erosion

or runoff potential. Doing so could provide further insight

into where within the GRB within-field practices are more

effective than riparian buffers. In addition, a closer look at social

cost implications of the two scenarios together might provide

further insight.

Carbon sequestration also produced considerable

watershed-level public economic benefit at over $1.3 million

per year in the Buffered scenario and over $14 million per year

in the Productivity-based scenario. These estimates were based

on the social cost of carbon given a market discount rate of 7%

over a 10-year period (Tol, 2009; Polasky et al., 2011; Sharp

et al., 2018). Other studies have calculated potential benefits

generated from sequestering carbon using the same method

and produced comparable results (Polasky et al., 2011; Johnson

et al., 2012; Mishra et al., 2019). For example, Johnson et al.

(2012) determined that using perennial vegetation in different

amounts within agricultural riparian areas in the Minnesota

River Basin generated millions of dollars’ worth of climate

regulation benefits that varied proportionally with the amount

of land converted.

Many scientists have explored the possibility of using

perennial vegetation to jointly improve ecosystem services

and enhance economic benefits (Meehan et al., 2013; e.g.

Blanco-Canqui, 2016; Woodbury et al., 2018). For example,

Woodbury et al. (2018) determined that replacing corn with

switchgrass in Maryland reduced nitrogen loading and created

revenue for growers through ecosystem service enhancement

and biomass sales. Conversely, Meehan et al. (2013) determined

that although buffering streams with perennial grasses led to

higher energy production and ecosystem service enhancement

than corn rotations, it did not generate as much income for

growers. Meehan et al. (2013) did find that incorporating

the societal value of ecosystem service enhancement that is

generated from replacing corn with switchgrass outweighs the

decrease in grower income; however, markets would need to

exist to generate private opportunities associated with biomass

production, as well as connect societal benefits to those growers.

For example, Mishra et al. (2019) found that planting bioenergy

feedstock such as switchgrass on marginal cropland in the

Midwest could be better incentivized through both biomass sales

and ecosystem service payments. While markets that facilitate

the transfer of these economic benefits back to growers are

quickly developing (Salzman et al., 2018), we did not include

ecosystem service payments into this analysis. Doing so might

alleviate the need for high biomass yields or selling prices. Future

analyses should incorporate this financial tradeoff. We did

explore the potential multifunctionality of bioenergy grassland

to provide income to growers and generate public economic

benefits through enhanced ecosystem services. Our findings

suggest that incorporating perennial grasses and forbs within

agricultural fields will create societal value through reductions in

water and air pollutants. These perennial plantings may also be

able to provide income to farmers if more robust markets were

to develop, given certain biomass yields.

Conclusions

This study was the first to quantify potential changes

in revenue and the value of multiple ecosystem services

associated with grassland restoration in the GRB. We quantify

how replacing annual row crops with perennial grasslands

in riparian areas and on lower-yielding portions of the

agricultural landscape has the ability to jointly enhance water

quality, pollinator abundance, and carbon storage in the GRB.

Grassland restoration provides a suite of public economic

benefits through the reduction of pollutant-related costs, and

could provide private economic benefits through the sale of

harvested perennial biomass if robust markets were to develop.

Our work informs discussion among watershed stakeholders

by quantifying potential tradeoffs among alternative land use

decisions at varying spatial scales. Future analyses could test

other land use scenarios (e.g., cover crops, pastureland) and

more ecosystem services (e.g., habitat quality, recreation) to

better understand a fuller suite of ecosystem services associated

with grassland cover and the potential for layering economic

enhancement in the GRB and similar watersheds.
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