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Chapter 1: Yield, feedstock properties and nutrient export from existing grasslands for 

biomass feedstocks in the oak savanna region of Minnesota, USA.   
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Introduction 

Existing grasslands, such as those on former crop land or on land enrolled in the 

Conservation Reserve Program (CRP), have been identified as sources of biomass 

feedstocks to meet USA renewable energy mandates (Sanderson and Alder, 2008).  De la 

Torre Ugante et al., (2003) identified 6.8 million ha or 49% of CRP acreage in the USA 

that could be utilized as biomass feedstocks without compromising acres important for 

protecting water quality or critical wildlife habitat. A DOE-USDA group estimated that  

8.4 million ha of hayland and CRP would be needed to achieve national transportation 

fuel and power goals (Perlack et al., 2005).  Currently, the extent of the grasslands and 

the characterization of the yield and feedstock properties across a range of soil types and 

species composition is unknown, yet necessary, in determining their suitability as a 

bioenergy feedstock.  

Several studies have documented the productivity and species composition of existing 

grasslands enrolled in cropland pasture, conservation programs, and small-plot 

experiments (Florine et al., 2006; Adler, Sanderson and Goslee, 2004; Mulkey, Owens 

and Lee, 2006; Lee, Owens and Doolittle, 2007; Jewett et al., 1994).  Soil type, climate 

(Epsiten et al., 1997, Sala et al., 1988), species composition (Tilman et al., 2006 ), and 

management (Schmer et al., 2007; Wolf et al., 1989) have all been reported to influence 

yields.  Likewise, in the Midwest region considerable variation in biomass yields from 

CRP lands occur with yields ranging from 0.8 to 8.2 Mg ha
-1

 DM (Adler, Sanderson and 

Goslee, 2004; Lee, Owens and Doolittle, 2007; Florine et al., 2006).  An evaluation of 

biomass yields and their influencing factors is warranted by the large variation in 

previous studies.   

High yielding grasslands will likely be in greater demand for harvesting over low 

yielding grasslands if markets are available for feedstocks due to the high fixed 

harvesting costs per hectare (Lazarus, 2008). Epstien (1997) demonstrated that soil 
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texture was an important predictor of grassland productivity.  Grassland yields were 

positively correlated with clay percentage and negatively correlated with sand percentage 

in regions of high precipitation.   Similarly, a soil‟s water holding capacity was reported 

to limit productivity in grasslands (Sala et al., 1988; Laurenroth, 1979; Jenny 1980).  

Understanding the relationship between soil properties and yield has lead to the 

development of indices that aim to predict grassland yields based on soil type. The 

National Commodity Crop Productivity Index (NCCPI) has developed such predictive 

tools for annual crops. The usefulness of this framework in predicting grassland yields is 

unknown.  

In Minnesota , species are either deliberately established, such as in the CRP, 

through seeded pastures and hayfields, or through colonization by cool-season forage 

grasses following discontinuation of annual tillage. These varied histories result in 

grasslands with species and functional diversity that affects biomass productivity, the 

distribution of biomass during the growing season, and properties of biomass intended for 

bioenergy conversion (Grime, 1997; Tilman et al., 2006; Tilman et al., 2001; McKendry, 

2002). Previous studies have classified grasslands according to functional groups, such as 

those dominated by warm-season grasses (C4)  and those dominated by cool-season  

grasses (C3) (Sala et al., 2006; Laurenroth, 1979; Epstein et al., 1997). Functional group 

classification allows reckoning with CRP classification, where one of several 

conservation practices (CP) are applied to enrolled acreage, such as introduced cool-

season forage grasses (CP1) or native warm-season grass species (CP2).  

 Existing grasslands in the Midwest are typically dominated by a few species that 

are adapted to soil and climate of the region. A survey of C4-dominated CRP grasslands 

in northeastern USA found 65% of the cover dominated by five plant species: big 

bluestem, switchgrass, Indian grass (Sorghastrum nutans (L.) Nash.), little bluestem 

(Schizachyrium scoparium (Michx.) Nash), and Canada goldenrod (Solidago canadensis 

L.) (Adler, Sanderson and Goslee, 2005).  A Minnesota survey of C4-dominated CRP 

fields indicated that 82% of fields contained primary noxious weeds and had only 50% 
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C4-grass cover after 10 years of enrollment (Jewet et al., 1996). Three switchgrass-

dominated CRP fields in South Dakota contained 25% grassy and broadleaf weeds by 

weight (Mulkey, Owens and Lee, 2006). Existing cool-season grasslands in the study 

region were reported to be dominated by smooth bromegrass (Bromus inermis L.) and 

reed canary grass (Phalaris arundinacea L.) with few leguminous species and primary 

noxious weeds on 78% of the sites (Jewett et al., 1996).  An Iowa study of ten C3-

dominated grasslands reported smooth bromegrass, Kentucky bluegrass (Poa pratensis 

L.), tall fescue (Festuca arundinacea Shreb.) and birdsfoot trefoil (Lotus corniculatus L.) 

to be the dominate species with a species richness of 5-14 species (Florine et al., 2006).  

The chemical and anatomical traits of many herbaceous grassland species related 

to livestock performance have been described (Wilson, 1993).  However, for many of the 

proposed herbaceous biofuel species and the resulting mixtures that are likely to occupy 

landscapes, a detailed description of the chemical constituents affecting alternative 

bioenergy conversion process is lacking (Anderson and Akin, 2008).  Across conversion 

technologies, an ideal bioenergy feedstock has low mineral, N, and moisture 

concentration and, for the biochemical route, high concentration of lignocellulosic 

material (Adler et al., 2006). C3 and C4 grasses, non-legume forbs, and legumes have 

different lignocellulosic, ash, moisture, and mineral concentrations at similar maturity 

stages (Reid et al., 1988; Dein et al., 2006).  

Moisture and inorganic mineral content reduces the energy density of the 

feedstock. Moisture reduces the calorific value of the feedstock during thermochemical 

conversion and can potentially increase storage loses, while minerals in ash can increase 

regulated emission and cause slagging and fouling of boilers (Landowski and Kircherer, 

1997).  Furthermore, high mineral levels increase nutrient export from the production 

system, thereby increasing the need for fertility management and associated costs (Lee, 

Owens and Doolittle, 2007). Several options exist for reducing mineral concentration in 

the feedstock, including targeting specific feedstocks or harvesting at specific times. For 

example, legumes have higher ash concentration than grasses (Posler et al., 1993). 
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Delaying the harvest until after a killing frost reduces mineral concentration in reed 

canary grass (Burvall, 1997) and N concentration in switchgrass (Vogel et al., 2007). 

This may be due to reallocation of nutrients to roots, senescence of leaves, or a decrease 

in leaf-to-stem ratio (Griffen and Jung, 1983; Vogel et al., 2002).   

While a high concentration of lignincellulose material is desirable for thermal 

conversions, lignin can significantly limit the conversion of the cellulosic fractions. The 

lignification of cell walls present both physical and chemical barriers to enzymatic and 

chemical degradation (Harris et al., 1982). Reid et al. (1988) demonstrated that warm-

season native grasses have higher lignocellulosic concentrations then cool-season 

legumes and grasses. Targeting grassland species that have desirable properties for 

biochemical conversion may be an effective strategy to improve utilization of existing 

grasslands.  

Producers, land managers, and policy makers need economical and accurate 

measurements of yield and feedstock properties to determine their potential as feedstocks 

for bioenergy production. These grasslands represent a potentially large source of 

biomass, yet baseline information on yields and feedstock properties is limited. The 

objective for this study was twofold:  characterize existing grasslands in the oak savanna 

region of Minnesota and determine whether aggregated soil properties and grassland type 

have influence on yield and feedstock properties.  
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Methods 

Two experiments were conducted  to characterize the grasslands as biomass 

feedstock and determine the influence that soil properties and grassland composition had 

on yield and feedstock properties. The first experiment was performed on a subset of 32 

grasslands and examined the influence of soil and grassland type on yield and feedstock 

properties, while the second experiment characterized the larger landscape by examining 

158 grasslands within the oak savanna region of Minnesota.  

Experiment sites 

Sites included in the first experiment of the study area were located in a 60 km x 

40 km region within the oak savanna region of Minnesota from 45  43‟ to 45  18‟ N 

latitude and 92  43‟ to 93  29‟ W longitude. The sites were located  within Chisago and 

Isanti counties of Minnesota to determine the availablity of biomass to support a 

bioenergy facility. Climate within this region of MN is classified as subhumid continental 

with April to September precipitation during 2007 and 2008 of 53 cm and 48 cm, 

respectively. Average minimum temperatures in January were -13 C and -18 C in 2007 

and 2008, respectively, and average maximum temperatures in July are 53 C and 48 C in 

2007 and 2008, respectively.  Years 2007 and 2008 had slightly colder January 

temperatures and warmer July maximums temperatures than the 30-year average for the 

region. Annual precipitation in 2007 and 2008 was 2cm and 8cm less than the 30-year 

precipitation average, respectively. (Table 10) (Minnesota Climatological Working 

Group, 2009).  

Sites used in experiment two were located in a southeast-northwest 300 km x 70 

km transect in the oak savanna region of Minnesota from  47  40‟ N, 96  00‟ W to 45  

43‟ N, 93  29‟ W. Climate is subhumid continental with average annual precipitation of 

60-77 cm increasing from northwest to southeast. The 30-year average minimum 

temperatures in January  and July are -14˚ C and 22˚ C , respectivley. Average January 

minimum tempertures for 2007 and 2008 were -14˚ C and -16˚ C. Average July 
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maximum tempertures for 2007 and 2008 were 27˚C and 29˚C (MN Climatelogy 

Working Group, 2009) 

Site selection and experimental design 

Existing grasslands in the experimental region were classified into two type: those 

dominated by cool-season forage grasses (C3-dominated) and those dominated by native 

warm-season grasses (C4-dominated). C3-dominated study sites had been planted to 

conservation practice 1 consisting of non-native cool-season grasses approved for the 

Conservation Reserve Program. C4-dominated grasslands had been planted to 

conservation practice 2,4d or 25 ) native warm-season grasses alone or with forbs and 

legumes. To determine if the species mixes seeded at establishement under the 

conservation program reflected current species mixures, the percent cover was sampled 

(Table 16).  

In experiment one, soil types in the study region were classified into two classes: 

those with high Minnesota Crop Productivity Index (CPI) ratings (CPI HI) and those with 

low CPI ratings (CPI LO)(Minnesota CPI, 2007) High CPI ratings were those in the top 

50
th

 percentile of soils currently planted to grasslands in Isanti and Chisago counties, 

while low CPI ratings were those soils in the bottom 50
th

 percentile. Grasslands were 

identified from the USDA Cropland Cover Layer, a geographic information system 

datalayer developed by the National Agricultural Statistic Service (NASS, 2008). The 

Minnesota CPI, developed using the National Commodity Crop Productivity Index 

(NCCPI) framework, is used to “rate” a soil‟s potential for crop production. CPI ratings 

are based on the chemical and physical soil properties taken from National Cooperative 

Soil Survey data including, water capacity, reaction (pH), slope, soil moisture status, 

cation-exchange capacity (CEC), organic matter content, salinity, and surface fragments.  

CPI ratings range from 0 to 100, with higher numbers indicating higher production 

potential and are based on properties important for the production of maize (Zea mays L). 

Soils that could be drained were assumed drained while soils that could be irrigated were 
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not assumed irrigated in the developed of the Minnesota CPI model. Detailed methods 

are available from Minnesota Land Economics ( http://www.landeconomics.umn.edu, 1 

June, 2009). Soils types identified in the study area represent a wide range of fertility and 

soil properties. Soil fertility levels, texture, organic matter, and pH reaction levels were 

tested at each field and compared to CPI ratings.  

Experiment one was established as a completely random design with split plot 

treatments. A total of 32 “fields” were sampled, with eight replicates of four treatement 

combinations.  Main effects of soil class (CPI HI, CPI LO) were completely randomized 

within the study region; blocking was not possible due the lack of adjacent soil class 

occurning in conjunction with adjacent grassland types and limitations in obtaining 

landowner permission to perform assessements. Adjacent fields of each grassland type 

(C3-dominated, C4-dominated) were considered split plots.  Main plots were selected by 

ArcGIS 9.2 Arctools Random Location Generator (ESRI, 2008) within the study region 

(Figure 1). Local land managers identified adjacent C3- and C4-dominated grassland 

fields entirely within a soil class near the randomly generated location. Sites were 

required to be established at least five years and neither grazed nor hayed within last 

three years; however, establishement practices and cropping history varied. 

Experiment two was established as a completely random design with main plots 

of grassland type and split plot treatment of one year. Forty-six C3 fields and 82 C4 fields, 

considered replicates, were sampled in 2007 and 2008. Main plots were selected by 

ArcGIS 9.2 Arctools Random Location Generator (ESRI, 2008) within the study region 

(Figure 1). Local land managers and Conservation Reserve Program 2007 Datalayer, 

available for research purposes via petition,  (CRP datalayer, 2007) were used to obtain 

access. 

Biomass sampling protocol 

Plant biomass samples were taken at each of the study sites following killing 

frosts (< -4C) in 2007 (October 15-November 1) and 2008 (October 12-October30). Four 
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killing frosts occurred before harvest in 2007, and five killing frosts occurred before the 

2008 harvest (MN Climatology Working Group, 2009).  At each of the 32 fields, a 50 x 

50 m split plot was randomly located in the fields using GPS coordinates and a compass.  

Half were sampled in 2007 and half in 2008. Three 5.0 x 0.75 m subplots were 

established within each subplot and oriented in a north-south direction (Figure 2).  All 

species within each subplot were identified using nomenclature according to Conquist 

and Gleason (1998). Species were classified into functional groups including C3 grasses, 

C4 grasses, legumes, non-legume forbs, and primary/secondary noxious weeds 

(http://plants.usda.gov/java/noxious?rptType=State&statefips=27, 1 Oct 2009).  Percent 

cover was measured using an ocular method and reference shapes that represented 1%, 

3%, 5%, 10% and 20% of the plot. . Biomass was harvested to a 3-5 cm height and 

weighed onsite to determine fresh weight. A 500 g sample was taken from each subplot, 

dried at 35C for four days, and then weighed to determine dry weight yields. Five soil 

cores were taken from each subplot to a depth of 30cm using an Oakfield Apparatus soil 

probe with a 2 cm tip at the time of biomass sampling.   

Data analysis  

Experiment one data were analyzed for significant effects of year, soil class, 

grassland type, and their interactions using PROC GLM (SAS Institute, 2008). Replicates 

and years were considered random effects, while main effects and split plot effects were 

considered fixed. The means of significant factors and interactions were compared using 

Tukey‟s, and all test results were deemed significant at P<0.05. Pearson‟s correlation 

between functional groups, individual species, soil properties, yield, and feedstock 

properties were conducted using PROC CORR and deemed significant at P<0.05.  PROC 

FREQ (SAS Institute, 2008) was used to determine percentage of fields with varying 

percent cover of functional groups. In experiment two, data were analyzed for significant 

effects of grassland type and year of their interactions using PROC MIXED (SAS 

Institute, 2008). Replicates and split plots were considered random effects while main 

effects were considered fixed. Error term and degrees of freedom for main effects were 
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modified according to Federer and King (2007).  Mean comparison test was conducted 

using Tukey‟s and all test results were deemed significant at P<0.05. Covariates of CPI, 

percentage sand, and precipitation were tested, and residual plots from analysis with and 

without covariates demonstrated no significant variation sources. Pearson‟s correlation 

coefficients were calculated using PROC CORR (SAS Institute) between percent cover 

for functional groups and individual species vs. soil properties and yield. Correlations 

were deemed significant at P<0.10 because of the imperfect correlation of a species 

percent cover and the species contribution to yield. PROC FREQ (SAS Institute, 2008) 

was used to determine percentage of fields with varying percent cover of functional 

groups. 

 Feedstock and soil analysis 

Mineral analyses for N, P, K, Ca, and Mg concentrations were determined using 

nitric acid digestion followed by Inductively Coupled Plasma Optical/ Atomic Emission 

Spectroscopy (Agvise Laboratories, Benson, MN).  Cell wall carbohydrates and lignin 

concentrations were measured using a two-step sulfuric acid hydrolysis based on the 

modified NREL LAP #002 (Sluiter et al., 2006).  Sulfuric acid (80%) with distilled water 

was macerated with a glass rod, desiccated with 300 mg of ground biomass sample, and 

placed in a water bath for 60 min at 30C.  The slurry was autoclaved at 124 C and 14atm 

for 60 minutes and filtered through GFA Whatman filters. Lignin on glass microfiber 

filter was ashed at 450C for 16 hours and weighed to correct ash from lignin content and 

determine Klason lignin.  Filtrate was characterized using a Waters HPLC system 

(Waters Corporation, Milford, MA) equipped with Waters 1525 Binary Pump, Waters 

717 plus autosampler, Waters 2414 Refractive Index Detector BIO-RAD De-Ashing 

Refill Cartridges, 30 4.6 mm (guard column) in line with VARIAN MetaCarb 87P, 300 

7.8 mm (analytical column).  The effluent was deionized and degassed with water 

flowing at 0.3 ml/min. The operating pressure was 541 psi and the column temperature 

was 80 C.  Total ash content was measured as a loss of weight after combustion at 450 C 

for 16 hours in a muffle furnace. Prior to analyses, whole soil samples were dried at 35C 
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for 4 days and then ground to pass a 2mm sieve. The neutral sugar components (glucose, 

xylose, arabinose, galactose, mannose, rhamnose and fucose) of the cell polysaccharides 

were subsequently quantified by gas chromatography as alditol acetate derivatives and 

corrected to an anhydrous basis to reflect their presence in polysaccharides.  Samples 

were analyzed to determine Bray and Olsen P, K, OM and pH by AgVise Labortories, 

Benson, MN using their soil analysis methods outlined at:  

http://www.agvise.com/technical_articles.php?category=11(accessed 4 July, 2009).  Soil 

texture was determined using hydrometer method as described by Robertson (1999). 
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 Results 

The objective of the experiment was to evaluate existing grasslands in the oak 

savanna region of Minnesota, USA for their potential use as a bio-energy feedstock. In 

experiment one the research examined the influence of soil properties, harvest year, and 

grassland type on yield, feedstock properties and nutrient export. The objective of 

experiment two was to expand these observations to a larger sample of 128 grasslands 

and evaluate the impact of grassland type and year on yield.  

Experiment 1 Biomass yields  

Biomass yields were influenced by grassland type (Table 1). Grasslands 

dominated by C4 grasses produced 18% more biomass than grasslands dominated by C3 

grasses. C4 grassland types produced 4.46 Mg ha
-1

 DM while adjacent plots of C3 

grassland types produced 3.78 Mg ha
-1

 DM, averaged across two years (Table 4). The 

grassland type classifications, based on the species mixtures established, reflect the 

species present at the time of sampling (Table 7). The biomass yields by grassland type 

were not strongly correlated with the percent cover of any specific plant functional group 

as measured by Pearson‟s correlation.  Except the biomass yield of the C4 grassland type, 

yield was negatively correlated with C3 grasses (r= -0.36) and positively correlated with 

non-legume forbs (r=0.31) (data not shown). Primary and secondary noxious weeds, such 

as dandelion (Taraxacum officinale Wiggs) and yarrow (Achillea millefolium L.), were 

negatively correlated with C4 grassland type yields while Canada thistle (Cirsium arvense 

L.) was negatively correlated with C3 grassland type yields. The percent cover of large 

stature species reed canary grass (Phalaris arundinacea L) and raspberry (Rubus spp.) 

are strongly correlated with yields in C3 grassland types, while goldenrods (Solidago 

spp), Indian grass (Sorghastrum nutans) and raspberry (Rubus spp.) were strongly 

correlated with C4 grassland types (Table 15)  

 

Experiment 1: mineral concentration 
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Biomass mineral concentration was affected by grassland type for N, K, Mg, Cl, 

and Fe (Table 2) and was generally influenced by functional group and in many cases, by 

specific species. These patterns were consistent across both years, except for soil type x 

grassland type interactions for P, K, and S mineral concentration.  Averaged across years 

and soil types, biomass harvested from C3 grassland types had significantly higher N 

(45%), Mg (6%), and Cl (118%) concentration (Table 5). 

Opposite trend was observed for Fe concentration, where C4 grassland biomass 

had 23% greater Fe concentration than C3 grassland type biomass. Functional groups 

were correlated with mineral concentrations to determine which species within the 

grasslands types were contributing most toward observed feedstock properties (Table 11). 

The C3 grasses were positively correlated with N, P, K, S, Mg, Mn and Cl mineral 

concentrations, while the opposite trend was observed for C4 grasses. These correlations 

were conducted across grassland type, year, and soil type. Non-legume forb percent cover 

was positively correlated with  Ca (r=0.67), Zn (r=0.28), and B (r=0.82) and weakly 

negatively correlated with  iron (r=-0.36). The percent cover of specific species correlated 

to feedstock properties supports the observation that C3 grasses, specifically smooth 

brome (Bromus inermis Leyss), Reed canarygrass (Phalaris arundinacea L), and 

Kentucky bluegrass (Poa pratensis L), are positively correlated to mineral concentration.  

Conversely, C4 grasses, such as Indian grass (Sorghastrum nutans L.) and switchgrass 

(Panicum virgatum L.) were negatively correlated to mineral concentration of biomass 

from a post-killing frost harvest (Table 15). 

Experiment 1: nutrient export 

Nutrientexport from the fields (kg ha
-1

) were significantly different between 

grassland types for all macronutrients except for N (Table 3). Despite lower biomass 

yields, C3 grasslands types have greater P, K , S, Ca, and Mg export levels per hectare 

then C4 grasslands type (Table 6).   

Experiment 1: biochemical properties 



14 

 

The concentration of specific cell wall carbohydrates, lignin, and calculated 

theoretical ethanol yield was significantly different between grassland types. The 

concentration in the C4 grassland types of the two major cell wall carbohydrates, glucose 

and xylose, was 2.1% and 6.7%, higher than C3 grassland types, respectively (Table 4). 

These relatively small differences lead to an 11.9 L Mg
-1

 increase in C4 grassland type 

theoretical ethanol yields over C3 grassland types. These ethanol yields, when combined 

with biomass yields, lead to a 376 L ha
-1

 advantage of C4 grassland types over C3 

grassland types. Klason lignin, the non-fermentable component, was found in slightly 

greater concentration in C4 grassland types. Pearson‟s correlation between functional 

groups, across all grassland types and cell wall carbohydrates, found that glucose 

(r=0.43) and xylose (r=0.45) were significantly and positively correlated with C4 plants 

as a functional group (Table 16). When specific species were examined within the 

grassland types, voluntary Poa pratensis within the C4 functional group was negatively 

correlated with glucose (r=-0.51) and xylose (r=-0.71). This trend continued as Bromus 

inermis (r=-0.47) and Poa pratensis r=-0.65) were negatively correlated with ethanol 

yield (L Mg
-1

 DM) within C4 grassland type (Table 14).  

Experiment 1: soil classification 

Soil CPI had a significant effect on biomass and ethanol yields each year.  

Averaged for two years and both plant cover types, CPI HI soils produced 4.75 Mg ha
-1

 

DM while CPI LO soils produced 3.49 Mg ha
-1

 DM (Table 4). This yield difference 

resulted in a 487 L ha
-1

 increase in CPI HI soils over CPI LO soils. Measurements of 

specific soil properties support this observation as CPI HI soils had finer textures, have 

higher K concentration, more neutral pH, and slightly greater organic matter (Table 9). 

Pearson‟s correlations between soil properties and yields by grassland type indicate 

positive correlations between yield, for both C3 and C4 grassland types, and percentage 

clay and silt, CPI rating, K, and OM (Table 13).  
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Experiment 1: species composition and diversity  

The percent cover of functional groups supported grassland type classification.  

Although site history differed, the plant cover sampled in 2007 and 2008 reflected the 

species that were established under CRP or simliar programs. Nearly two-thirds of C3 

grassland types had at least 50% cover of cool-season grasses with at least some warm-

season grasses (Table 5), largely consisting of  the Muhlengergia and Panicum genus 

(data not shown). Non-legume forbs were found on 37% of the sites, while noxious 

weeds were present on 59% of sites. Vegetation cover on C3 grassland types was always 

more than 75% with 44% of sites containing no bare ground. Nearly two-thirds (63%) of 

C3 sites contained no legumes. 

Species present on C4 grassland types were generally less reflective of the species 

planted at the sites under CRP or similar programs. All sites contained C3 grasses, 

including deliberately established native C3 grasses such as Canada wild rye (Elymus 

canadensis L.) and June grass (Koeleria macrantha Shult.), and invading introduced 

forage grasses such as smooth bromegrass and Kentucky bluegrass (data not shown). 

Nearly half of the C4 grassland sites contained at least 5% bareground and 56% of C4 

grassland types contained legumes. All sites contained forbs. Primary and  secondary 

noxius weeds were present on over half of the C4 grasslands surveyed.  

Species richness and diversity were greater on the C4 grassland types then C3 

grassland types with an average of  seven species found on C3 grassland types and 

approximently 8.5 species found on C4 covertypes. Diversity was significnatly higher on 

C4 grasland types  (H‟=1.469) than grassland types (H‟= 1.153) (Table 8).  

Expirement 2: yield and soil 

There were no differences in yield between grassland types when averaged across 

years; however, there was a significant interaction between grassland type and year. C4 

grassland types in 2007 were 32% and 25% greater than C4 and C3 grassland types in 
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2008, respectively. The relatively large differences (1.31 Mg ha
-1

 DM) in C4 yields 

between 2007 and 2008 may have been the result of the differences in the May- Aug 

precipitation between the two years, which differed by 5 cm (Table 10). Grasslands 

sampled from across a large gradient in Minnesota were sigificanlty different between 

sampling years (Table 17).  Averaged across grassland types, 2007 yields averaged 0.98 

Mg ha
-1

 DM higher than 2008 yields. Growing season (April-Sept) precipitation may 

have influenced higher yields in 2007 (Table 18).  

Pearson‟s correlation between biomass yield and specific soil properties, 

functional group-specific species, and percent cover supports many of the trends found in  

experiment one. The C4 yields are negatively correlated with soil sand content (r=-0.18) 

and positively correlated to soil clay content, (r=0.21) CPI (r=0.16), and K (r=0.14) 

(Table 19). Bare ground percent cover and yields are negatively correlated for both 

grassland types (data not shown). Fine-textured grass species, such as Poa pratensis, 

Setaria officianalis, Bouteloua gracilis and Festuca rubra are negatively correlated with 

yields (Table 20) .   
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Discussion 

This study is unique in that it describes both the yield and feedstock 

charactersitics of existing grasslands in the oak savanna region of Minnesota, USA. 

Subclassifying the grasslands in this study by the carbon-fixation pathway of species that 

dominate the landscape of interest allows comparison with previous studies (Bakker and 

Higgens, 2009; Doxon and Carroll, 2007; Jog et al., 2007). Additionally, this 

classification permits reconciliation with acerage of conservation programs, such as the 

CRP, where known species mixtures are established, thereby permitting policymakers 

and land managers to evaluate specific grasslands for bioenergy production.  

Grassland type : yield 

Of the restored prairies and cool-season dominated grasslands in our study area 

there are slight yet significant differences in biomass yield. C4 grasslands in our study 

averaged 4.46 Mg ha
-1

 while C3 grasslands averaged 3.78 Mg ha
-1

.  Grasslands dominated 

by C4 grasses, specifically switchgrass-dominated CRP land,  yielded  6.6 Mg ha
-1

 in 

northeastern USA and 5.6-6.3 Mg ha
-1

 and 2.6-4.1 in two South Dakota studies (Mulkey 

et al., 2006; Lee, Owens and Doolittle, 2007). Yields in our study of 4.5 Mg ha
-1

 DM on 

C4 grassland types were within the range of previous experiments. The C3 grassland type 

yields, which averaged 3.8 Mg ha
-1

 DM, were  slightly lower than the average yield of 

4.2 Mg ha
-1

 DM for marginal C3-dominated grasslands in Iowa (Florine et al., 2006) and 

lower than reported yields from managed forage systems (Anderson, 1995; Wellie-

Stephen, 1998).  

Grassland type : yield and species 

To determine whether specific species and functional groups influence biomass 

yields in the study region, the percent cover was correlated with yields by grassland 

types. While ocular measurements of percent cover do not necessary reflect the 

composition by weight, these measurements do provide insight into the relative biomass 

of species in the study landscape (Rottgermann et al., 2000). While the percent cover of 



18 

 

functional groups have been demonstrated to influence yields in other studies (Weigelt et 

al., 2009), few correlations between functional groups and biomass yields were observed 

in this study. Further studies that identify functional groups that contribute to higher 

yields would assist in identifying grasslands.  

Grassland type : biochemical properties 

An ideal feedstock for biochemical conversion would contain a high 

concentration of cell wall carbohydrates that could be coverted to ethanol, and low 

concentrations of lignin, which are physically and chemically resistant to degredation into 

fermentable sugars (McKendry, 2002).  On average, feedstocks derived from grasslands 

of native warm-season grasses were found to have slightly greater cell wall carbohydrate 

concentrations and, combined with greater biomass yields, had 21% greater theoretical 

ethanol yields than C3 grasses.  Our study supports previously published data on post-

killing frost of both C3 and C4 species. Cellulose, lignin, and hemicelluloses 

concentrations for smooth brome averaged 19%, 25%, and 3.7%, respectively, and 22%, 

24%, and 3%, respectively, for tall fescue in a November harvest (Cradduck, 2004). Dien 

et al. (2006) demonstrated that switchgrasss, a C4 grass common in our study plots, had 

more total carbohydrates than a model C4 grass, Reed canarygrass. Glucose and xylose, 

which can be converted at higher rates into ethanol than  other cell wall carbohydrates, 

were also slightly higher in C4 grassland types.  

A potential limitation to the conclusion that grassland type influences cell wall 

carbohydrate concentration is that there is variation in species within the same grassland 

type.  We found that C3 functional groups are present in some C4 grassland types and vis-

versa (Table 7.). However, when Pearson‟s correlations between cell wall carbohydrate 

and the precent cover of specific functional groups across grassland types were 

conducted, we found sigificant positive correlations between C4 grasses and glucose and 

xylose. Similarily, cool-season grasses Poa pratensis and Bromus inermis were 

negatively correlated with C4 grassland type ethanol yields (L Mg
-1

 DM). These patterns 
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might suggest that specific species and/ or functional groups lead to more favorable 

feedstock properties and should therefore be targeted as a feedstock supply.  

 Grassland type : mineral concentration 

The relative advantages of one grassland type over another in this study 

diminished when examing mineral concentration; only N, Mg, and Cl were consistantly 

higher in cool-season grassland types.  However, the correlation between mineral 

concentration and percent cover of major functional groups across grassland types 

determines  that C3 grasses are consistantly positvely correlated with N (r=0.73), P 

(r=0.62), K (r=0.49), and S (r=0.79) while C4 grasses are negatively correlated with these 

minerals. High mineral concentrations may lead to greater nutrient export, lower calorific 

values, and the need for more emission abatement technologies during energy converion.    

Other studies reported consistent differences in mineral concentration between functional 

groups. Reed canarygrass, a representative species from the C3 functional group, had 

higher Ca, Cl, Mg, K, and S mineral concentrations than switchgrass, a representative  C4 

functional type, when harvested at similar maturity states. (Dien et al., 2006). Cool-

season grasslands in an Iowa study reported N, S, and Cl concentrations of 8-14 g kg
-1

, 

0.7-1.3 g kg
-1

 and 0.8-7.6 g kg-1, respectivly (Florine et al., 2006)..  Our values were 

comparable to those of the previous studies.  

Grassland type : nutrient export 

The differences between mineral concentration in grassland types have also been 

previously linked to maturity stage, genotype, and cytotype (el Nashaar et al., 2009). 

Delaying harvest date to the dormant season or selecting post-anthesis maturity stages has 

been cited as a strategy to reduce mineral conentration in biomass feedstocks (Chrisitan, 

Yates and Riche, 2006). Many of the cool-season grasses, having set seed in early 

summer, are in post- vegetative growth stage during the late October harvest. Although 

multiple killing frosts were recorded in the region during the fall of 2007 and 2008, 

photosythesis may still have been occuring in the cool-season grasses that dominate the 
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C3 coverclass. The time period  appropriate for harvesting between killing frosts and 

snowcover is limited in the region of this study, and options for reducing mineral 

concentration are therefore very limited. Alternatives, such as selecting existing 

grasslands like the C4 grassland types that have lower mineral concentrations,  or 

harvesting during the spring dormant season, as explored in Adler et al., (2006) may 

provide solutions to the problem. 

The level of nutrient export is an important issue in evaluating the feasibility of 

using feedstocks from the existing grasslands in the study region. While fertility 

management on both native C4 grasslands and cool-season grasslands have been 

investigated in previous studies, no known direct comparision of nutrient export on 

adjacent plots of existing grasslands have been conducted. While differences in 

productivity are small, nutrient export from C4 grassland types are consitently lower 

during a post-killing frost harvest. Macronutrients P, K, S, Ca, and Mg export was 29% to 

45% greater on C3 grassland types, despite lower yields.   

Soil type 

The Crop Productivity Index was evaluated and subsquently employed in the 

research project to determine the impact that soil type had on existing grasslands within 

the oak savanna region of Minnesota. Differences between soil classification were greater 

than year and grassland type,  and biomass yields were 27% higher on soils with 

propeties favoarable to agricultural production, as designated by higher CPI values.  

This study is unique in that it is the first to evaluate the Minnesota CPI, a soil 

index that was created under the NCCPI framework, and its utility in predicting perennial 

grassland yields.  Higher CPI ratings are linked to finer-textured soils, with a neutral pH 

and organic matter levels greater than 1.1%. To futher substaintiate these results, 

Pearson‟s correlation between biomass yields and specific soil properties found 

significantly negative relationships between percentage sand and biomass yields and 

sigifincalty positive relationships between percentage silt, K, organic matter, and yields. 
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While these findings were consistent across years and grassland types, future studies may 

benefit from choosing soils within an even smaller geograpchic region and identifical site 

histories. Climatic information is not included in the CPI model making it troublesome to 

conduct comparisons between regions with vastly different precipitation or growing 

degree days. Temporal fluctuations in productivity caused by management differences, 

such as irrigation, drainage, or cropping systems, are not addressed by the model.  

A growing body of research continues to refine the methodology used to 

standardize soil properties and predict vegetative productivity employing broad metrics. 

Sala et al., (1988), using a large dataset of field data and SSURGO-derived soil texture,  

demonstrated the impact that soil texture has on grassland productivity; specifically, 

coarse textured soils are inversly related to yields in regions with high precipitation.  In 

more humid regions, such as our study area with rainfall exceeding 300mm annually, 

other factors, such as light avaiablity and cool soils (Knapp et al., 1993) or moisture lost 

to deep perculation (Noy-Meir, 1973) may influence productivity in addition to soil 

texture.   

 Species composition and diversity  

An  important consideration in evaluating a potential feedstock source is the 

existing botanical composition of species. Functional and species diversity has been 

demonstrated to positvely impact biomass productivity and the increase the distribution 

of speicies during the growing season (Grime, 1997; Tilman et al., 2006; Tilman et al., 

2001). Furthermore, concurrent users of existing grasslands in the study region, such as 

pollinators orupland birds, have been shown to prefer select assembleges of speceis 

(Eggebo et al., 2003; Doxon and Carroll, 2007). Conversely, the presence of certain 

species, such as noxious weeds, can negatively impact nearby agricultural fields (Hartzler 

and Buhler, 2000).  If the grasslands in the oak savanna region of Minnesota are to be 

utilized as bioenergy feedstocks, the resulting increase in management intensity could 

force positive change, such as increasing legume cover or reducing noxious weeds. 
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Furthermore, as existing grasslands are converted to annual crops as they are in the Upper 

Midwest, targeting existing high-value grasslands to produce bioenergy feedstocks as a 

means to maintain their ecosystem services may be warranted.   

 In our experimental sites, species richness and diversity was marginally higher in 

C4 grassland types than C3 grassland types. Bare ground occurences were approximently 

equal on both grassland types, while C3 grasslands contained a smaller percentage of bare 

ground cover on sites where it was present.  Additionally, legiminous plants were more 

common and covered a greater area on C4 grassland types as did noxious weeds. Previous 

surveys of Minnesota CRP fields reported that 82% of fields contained primary noxious 

weeds. A survey of C4-dominated CRP grasslands in northeastern USA found 65% of the 

cover was dominated by five plant species: big bluestem, switchgrass, Indian grass 

(Sorghastrum nutans (L.) Nash,), little bluestem (Schizachyrium scoparium (Michx.) 

Nash), and Canada goldenrod (Solidago canadensis L.).  Three switchgrass-dominated 

CRP fields in South Dakota contained 25% grassy and broadleaf weeds by weight. The 

C4-dominated grasslands in Kansas reported that forbs account for 20-30% of yield on 

undisturbed sites (Heisler and Knapp, 2008). Existing cool-season grasslands in the study 

region were reported to be dominated by smooth bromegrass (Bromus inermis L.) and 

reed canary grass (Phalaris arundinacea L.) with few leguminous species and primary 

noxious weeds on 78% of sites (Jewett et al., 1996).  An Iowa study of ten C3-dominated 

grasslands reported smooth bromegrass, Kentucky bluegrass (Poa pratensis L.), tall 

fescue (Festuca arundinacea Shreb.), and birdsfoot trefoil (Lotus corniculatus L.) to be 

the dominate species with species richness of 5-14 species (Florine et al., 2006)  

Expirement 2: yields and precipitation 

In expirement two, a large data set was essembled from a 300 km area of 

Minnesota beginning at the northernmost extent of the oak savanna ecosystem in the 

Upper Midwest. Across the 128 C3 and C4 grasslands sites that were sampled, there were 

no sigificant differences in yields between cover types. However, the differences between 
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years was sigificant, especially in C4 grassland types. An investigation into the drivers of 

the yield across this larger data set was undertaken to examine the impact of functional 

groups, specific species, soil type and precipitation on biomass yields.  

Differences in growing season precipitation were correlated strongly with yield, 

especially in C4 grassland types. Growing season precipitation was lower in 2008; 

however, yields in C4 grassland types differed 1.31 Mg ha-1 while C3 grassland types 

differd by only 0.38 Mg ha-1 DM. This phenomena has been observed in previous 

studies. Several hypothesis exist on  the disproportionate impact of precipitation on C4 

grasslands, including  the impact of greater average daily minimum temperatures, (Teeri 

and Stowe, 1976) and the distribution of rainfall in the summer months when C4 grasses 

are activley growing (Borchert ,1950).  Epstien et al., (1988) reported that 73% of the 

variation in C4 grassland productivity was explained by mean annual precipitation, while 

C3 grass productivity decreased with increasing precipitation. A subset of growing season 

precipitation demonstrates that May through August precipitation influences yields in C4 

grasslands.  

Conclusions 

Important factors in evaluating the bioenergy existing grasslands of the oak 

savanna region of Minnesota were determined including yield and feedstock properties. 

These grasslands exist on a range of soil types and are highly variable in their species 

composition. There are slight, yet significant, differences in biomass yield, mineral 

concentration, and ethanol yield between grassland types. On average, feedstocks derived 

from restored native warm-season grasses enrolled in CRP or simillar programs were 

found to have slightly greater cell wall carbohydrate concentration and biomass yields, 

and as a result, greater ethanol yields. The differences in grassland types in this study 

diminished when examining mineral concentration, but total nutrient export is still greater 

from C3 grasslands despite lower yields.  More important than grassland type in 

determining yield is soil type and the properties that are favorable to vegetative growth. 
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Lastly, a survey of a large subset of grasslands in the oak savanna region found that 

biomass yield was largely impacted by climatic differences between years, especially 

precipitation. Future research should move from the macroscale into additional controlled 

expirements that further investigate the biotic and abiotic drivers of yields, a leading 

criteria in the evaluation of a biomass feedstock source. Additionally, the long-term 

impacts of utilizing grasslands in this landscape with concurrent use shouldbe evaluated.  
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Chapter 2: Biomass yields, annual productivity estimates and feedstock properties for 

upland and lowland brushlands from the prairie-forest border region of Minnesota, USA. 
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Introduction 

Upland and lowland brushlands are transitional ecosystems that are often found 

on wetland-upland interfaces or occupying areas recently disturbed by fire or flooding 

(Wachova et al., 1993).  In Minnesota, USA brushlands occupy a significant portion of 

the landscape (7.2%).   Studies on brushlands have focused on ecological descriptions 

(Heinselman, 1970),importance as wildlife habitat, the potential for use in the wood 

products industry (Chase, Hyland and Young, 1968), and the contribution to wildfire fuel 

loading (Roussouplous and Loomis, 1977).  In regions with abundant brushlands and 

high energy prices, these landscapes have been proposed as feedstocks for bioenergy 

conversion that could be directly harvested (Connolly-McCarthy and Grigal, 1985) or 

recovered from regeneration practices conducted for wildlife habitat (Christian and 

Hanowski, 1998).   Baseline information on productivity, standing biomass, and 

associated feedstock properties is needed to assess the feasibility of utilizing brushlands 

as bioenergy feedstocks.  

Yield and productivity of brushlands 

In ecosystems that contain lignified or woody biomass, both the standing biomass 

and the annual productivity are important variables in determining the suitability of a 

feedstock for bioenergy conversion (McKendry, 2002).  Yield and productivity  of both 

upland and lowland brushlands have been described in several studies with large 

variation in reported values.  Differences in nutrient availability due to soil type 

(Connelly-McCarthy and Grigal, 1985), sampling method (Chase et al., 1971), soil 

texture (Parker and Schnieder, 1975), stocking rate (Christian and Hanowski, 1998), and 

basal area (Tappeiner and John, 1973) have influences on yield and annual productivity. 

While economic and technical feasibility studies are limited, targeting high yielding 

brushlands is necessary for bioenergy feedstock harvest.  

 Bioenergy feedstock properties and nutrient removal 
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To assist in the evaluation of brushlands as a bioenergy feedstock source, 

feedstock properties important for both thermochemical and biochemical conversion 

technologies need to be characterized (McKendry, 2002).  Moisture reduces the calorific 

value of the feedstock when undertaking thermochemical conversion routes and increases 

storage loses (Lewdoski and Kircherer, 1997), while mineral content can increase 

regulated emission and cause slagging in boilers.  A desirable feedstock for biochemical 

conversion is one with high lignocellulsic material and low levels of lignified cell walls.  

In the forests‟ and brushlands‟, nutrient cycling of minerals, such as N and P, is 

efficient and woody biomass removal represents a relatively small portion of the nutrients 

compared to the soil nutrient pool (Waring and Schlesinger, 1995). Whole tree harvesting 

of aspen on non-calcareous sandy loam in northern Minnesota, USA uncovered that N, P, 

and K were replaced within one harvest cycle while Ca was depleted. Winter harvest, in 

addition to allowing for equipment access on frozen soil, has been demonstrated to 

reduce nutrient removal in aspen systems because leaves are not removed (Silkworth and 

Grigal, 1982). 

However in brushlands, where harvest intervals are shorter, nutrient removal rates 

are unknown and may exceed replacement by soil nutrient pools.  In woody forest 

species, the bark component contains greater concentrations of minerals compared to the 

wood, and this is an important consideration with brushland species with low bark-to-

wood ratios. In Corylus undergrowth in Minnesota, USA the largest pools for macro-

nutrients were found in leaves and underground parts, while the lowest concentrations 

were found in aerial stems with concentrations 0.39%, 0.07%, and 0.24% for N, P, and K, 

respectively (Tappeiner and John, 1973).  Christian and Hanowski (1997) estimated 

removal rates of 128, 15, 42, 232, and 29 kg ha-1 for N, P, K, Ca and Mg, respectively, 

from six brushlands in northern Minnesota, USA.  It is unknown whether the current 

nutrient inputs- nitrogen fixation, atmospheric deposition, organic matter decomposition, 

and mineral weathering- are able to maintain nutrient levels in brushlands following 

repeated harvests. 
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Brushland communities’ response to regional and climatic differences 

In lowland brushland communities, seasonally or permanently saturated soil 

conditions impact yield and productivity. Saturated soil reduces oxygen in the soil profile 

leading to fine root mortality, aboveground tissue die-off, and reduced soil nutrient 

availability (Crawford and Braendle, 1996).  Prolonged drought in upland communities 

can reduce biomass productivity (Grime et al., 2000), reproductive success (Fox et al., 

1999), and alter species composition (Buckland et al., 2001).  In lowland, wetland, and 

brushlands on organic soils in Europe, similar patterns have been reported (Gordon et al., 

1999; Llorens and Penuelas, 2005; Loret et al., 2005).  Woody shrubs are somewhat 

buffered from the impact of climatic conditions because of their ability to control 

transpiration rates and compartmentalize die back (Kreyling, et al., 2008).  Brushlands in 

lowland areas may be further buffered from climatic conditions, such as short-duration 

droughts.  Simulated drought and extreme rain events in lowland brushlands on organic 

soils in Europe produced significant impact on woody shrub productivity despite 

conservative life strategies such as longevity and lignification (Krelyling et al., 2008). 

Woody shrubs‟ tissue die-back under drought conditions was significantly greater then 

tissue die-back in the control plot. Photosynthetic activity of upland woody savanna 

communities have been reported to increase with mean annual precipitation and average 

temperature ranges on a continental scale (Xiao et al., 2004). 

  Upland fire-dependent brushland 

Prior to the mid 1800‟s, upland brushlands in the prairie-forest border region of 

central North America were often deliberately managed as open landscapes by humans 

using fire or maintained by lightning-caused fires (Guyette et al. 2004).  Accelerated 

agricultural expansion, in conjunction with fire suppression, lead to a decline in the 

extent of upland brushlands.  A renewed interest in restoring or creating oak and aspen-

dominated brushlands for the benefit of brushland-dependent wildlife and plant species 

has been the focus of research (Peterson and Reich, 2001).  Pairing these land 
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management activities with woody biomass utilization may be of interest to biomass 

energy end-users.  

Mechanical harvest of woody biomass has been employed to mimic the effects of 

fire on the structure of both canopy and understory woody components.  This technique 

has been found to successfully reestablish the light, soil, moisture, and plant 

communities‟ gradients of oak savanna (Brudvig and Asbjornsen, 2009).  Upland 

brushlands require both a reduction in overstory canopy cover and a recovery of 

understory woody cover. After 20 years of fire management in a sand savanna in Illinois, 

USA, Haney et al. (2008) reported that shrub cover returned to pre-burn conditions every 

four years after a low-intensity burn.  

Brushland species are maintained by vigorously resprouting aerial stems after a 

disturbance (Hsuing, 1951).  Upland woody brush species exist within a competitive 

environment with perennial herbaceous grasses (Kochy and Wilson, 2000).  After 

disturbance, shrub and grass seedlings exhort symmetrical competition upon each other. 

Whereas when shrub species‟ aerial parts are orders of magnitude more abundant then 

herbaceous grass aerial parts, shrub species strongly suppress grass species.  This leads to 

dominance, only to be brought back to mutual competition after another disturbance 

event (Kochy and Wilson, 2000). 

Lowland brushlands on organic soils 

Lowland brushlands in the Minnesota region are classified into those that occur 

on mineral soil and those that occur on organic soils.  Brushlands occupying organic soils 

in the region primarily occur on Histosols, soils characterized by >50% peat in the top 

80cm, high pH, low nutrient growing environments, and a significant Sphagna moss 

ground layer (Hensielman, 1970).  In areas within the brushland where northern white 

cedar (Thuja occidentalis), tamarack (Larix laricina), or black spruce (Picea glaucua) do 

not dominate, speckled alder (Alnus incana),  willow (Salix spp), and bog birch (Betula 

pumila ) form dense stands with hummocks or partial carpets of Sphagna moss.  These 
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brushlands often form a transitional band between mineral soil „islands‟, or substratum 

ridges with maximum access to minertrophic waters, and those areas of open peat land 

fed by ombrotrophic waters and dominated by stunted Larix laricina.   Hensielman 

(1970) described the water chemistry of similar wetlands with organic soils in northern 

Minnesota as nearly neutral (with pH of 6.0-6.5), comparatively high Ca levels (15-28 

ppm), and peat layers 30- 180 cm thick over mineral soil. 

Lowland brushlands on organic soils and adjacent areas contain large reservoirs 

of C and are floristically-rich, thereby increasing the risk to utilizing these landscapes for 

feedstocks when long-term studies on brushland harvest has not been conducted.  

Wetlands occurring on organic soils have reported to contain up to ten times the C per 

area as adjacent uplands (Haley et al. 2009).  White (1965) observed 192 herb and shrub 

species in 76 surveyed lowland brushlands in Wisconsin, USA.  

Lowland brushlands on mineral soils 

The third type of Minnesota brushland community is a  lowland shrub community 

located on mineral soil or well-decomposed sapric peat.  Higher pH and greater nutrient 

availability, thin or absent peat layer characterize these brushlands.  Similar to lowland 

brushlands on organic soil, these communities lack a tree canopy and may be dominated 

by Alnus rugosa, Salix spp, and Cornus stolonifera.  Sometimes called alder thickets, 

puckerbush, or shrub carr, a qualitative survey of brushlands characterized in Wisconsin, 

USA, described these systems to  be between 5-6m tall at maturity, lacking a tree 

overstory, and found either in concentric arrangement bordering water bodies or  

intermediaries between wet hay meadows and lowland forests (White, 1965).   

Productivity and yield in these brushlands are driven by both stand history and soil 

nutrient availability.  Connolly (1982) characterized the soil types in these communities 

in Minnesota, USA as Histic humaquept or typic psammaquent soils.  The same study 

reported that yields from these brushlands did not differ significantly from brushlands 
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found on organic soil- despite higher nutrient levels in soil and soil water- but suggested 

that differences in time since disturbance may have masked these trends.   

Productivity and yield in lowland brushlands are strongly influenced by water 

level.  Lower water levels have been reported to increase biomass of Alnus rugosa and 

Salix spp (Knighton, 1981).  Severity and time since disturbance was reported to exhort 

more influence over species composition, density, and height then soil physical properties 

such as soil moisture or nutrients (White, 1965).  

Objectives 

The objectives of the study were to 1) determine the biomass yields, annual 

productivity, and stand characteristics from three brushland types in two regions of 

Minnesota, USA, 2) characterize thermochemical and biochemical feedstock properties 

important for bioenergy conversion. 
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Methods 

 

Study site, experimental design, and treatments.  

The sites selected for this study were located within two landscape management 

areas: the Sherburne National Wildlife Refuge, Sherburne County, MN, USA (42˚, 28‟ N,   

93˚, 43‟ W) and the White Earth Band of Chippewa Reservation, Mahnomen County, 

MN, USA (47˚, 18‟ N, 95˚, 58‟ W).  They are referred to as region one and two, 

respectively.  The climate for both sites is mid-continental with 30-year average 

precipitation values of 77 cm and 67 cm for region one and two, respectively.  Hot, 

humid summers with cold, dry winters are typical in both region one and two.  The 30-

year mean monthly temperature is 13˚ C for January and 23˚ C for July for region one 

and 16˚ C for January and 19˚ C for July for region two (MN Climatology Working 

Group, 2009) (Table 23). 

The Sherburne National Wildlife Refuge consists of  12,410 ha and is managed by 

the US Fish and Wildlife Service for migratory birds.  It lies on the Anoka Sandplain, a 

flat sandy outwash plain of laucastrine orgin (Wovcha et al., 1995).  Prior to fire 

exclusion and agricultural expansion in the 1800‟s, 63% of the refuge was characterized 

by northern sand savanna and 34% of the refuge was wetland, lake, or river (Shroaderet 

al., 2004).  The dominate woody species in the upland brush sites were northern pin oak 

(Quercus ellipsoidalis) “grubs” or multi-stemmed  regrowth from a single former root 

system, American hazel (Corylus americana), cherry (Prunus spp), and aspen (Populus 

tremuloides).  The dominate woody species in both the peat and mineral lowland 

brushland systems were speckled alder (Alnus incana), willow (Salix spp), and red-osier 

dogwood (Cornus sericea) with tamarack (Larix laricina) occuring on the peat lowland 

brushlands.  Upland  management within the refuge consists of periodic burns and 

mechanical removal of encroaching woody shrubs following fire exclusion (C. Henry, 

personal communication, Febuary 2008).  Lowland sites are managed using water control 
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structures and ditches, which were formerly used for agricultural related drainage, to 

allow drawdowns and reflooding in wetland basin complexes (Shroader et al., 2004). 

Upland study sites are classified as mixed, frigid Lamellic Udipsamments, lowland brush 

on mineral soil occur on the Sandy, mixed, frigid Typci edoaquolls and lowland brush on 

organc soils ocurr on Euic Typic bobosaprist, sandy mixed euic terric borosaprist and 

loamy and mixed euic terric borosaprist according to the Sherburne County SSURGO 

soil survey (Table 24). 

Study sites for region 2 were located on White Earth Band of Chippewa tribal 

land within a 25-km radius of Mahnomen, Minnesota, USA.  Prior to the 1800‟s the 

reservation was primarily tallgrass prarie and aspen parkland on the western portions of 

the reservation and eastern decideous forest and Laurentian mixed hardwood-boreal 

forests on the eastern portions.  Study sites are located on tribally-managed land that have 

been maintained through burning, managed grazing, timber harvest, and mechanical 

brushing.  The vegetation communities are similar to those existing before agricultural 

and timber development in the region (D. Kier, personal communication, October 2007).  

The upland brush sites are dominated by bur oak (Quercus macrocarpa), northern red 

oak (Quercus rubra), aspen (Populus tremuloides), beaked hazel (Corylus cornuta), 

juneberry (Amelanchier spp),  and cherry (Prunus spp).  The herbaceous layer consisted 

of native perennial grasses such as big bluestem (Andropogon gerdii), Indian grass 

(Sorghastrum nutans), and switchgrass (Panicum virgatum).  There was also native 

leguminous and non-legume forbs and introduced perennial forage grasses such as 

smooth brome (Bromus imerus) and Kentucky bluegrass (Poa protensis).  The upland 

brushlands  sampled occurred on four soil classification, described in  Table 18,   

according to the Mahnomen County SSURGO soil survey.  The RB and SC brushland 

types are dominated by speckled alder (Alnus incana), willow (Salix spp), and dogwoods 

(Cornus spp) with labordor tea (Ledum groennlandicum) and bog birch (Betula pumila) 

occuring on the RB brushland types.  Soil classification of the sampled brushland sites 

were described by the Mahnomen County SSURGO soil survey (Table 24). 
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Sites were choosen using the Random Location Generator from ArcTools in 

ArcGIS 9.2 (ESRI, 2008), and geographic information system (GIS) maps were 

assembled from baseline data available from Minnesota Department of Natural Resources 

Data Deli spatial data acquisition site (http://deli.dnr.state.mn.us/).  Gap Analysis 

Program (GAP) level III landcover maps with 30 meter resolution, derived from Landsat 

4/5 Thematic Mapper (TM) satellite imagery, was used to indentify upland and lowland 

brushland sites.  Non-lowland brushlands were considered upland brushland types (FD). 

Lowland brushlands were further classified into brushlands on organic soil (RB) and 

brushlands on mineral soil (SC) by soil suborder according to the Mahnomen and 

Sherburne County SSURGO maps available from USDA Geospatial Data Gateway 

(http://datagateway.nrcs.usda.gov/).  RB included those study sites occurring on soils 

from the Histosol suborders, including Hemists, Fibrists, or Saprists, while SC were 

classified by those lowland brushlands that were found on non-Histsols soils (Table 24). 

Brushland sites that were not on tribally-owned or public land and those occurring >250 

m from a road or access point were not included.  

Four to nine sites of each of the three brushland types (FD, RB, and SC) within 

region one and region two were sampled in January 2008 during the “leaf-off” stage 

(Table 30). At each site, a GIS-generated random location was found using global 

positioning units (Garmin eTrax Olathe, Kansas, USA) with 4.5m +/- accuracy. Three 10-

m transects were established in equidistant intervals at 0˚, 120˚, and 240˚ from North 

similar to the Forest Inventory Analysis plot layout (Bechtold and Scott, 2005).  Every 

two meters along the transect a 0.75m
2
 subplot was established for a total of five subplots 

per transect and fifteen subplots per study site.  

Within each subplot, delineated by a 0.75m
2
 metal frame, all woody species were 

identified by genus and species according to Gleason and Cronquist (1991) with the 

exception of Salix, which was identified to the genus level.  Live or standing dead status 

was also recorded.  Diameter to the nearest 0.25cm at 15cm from soil level or, in the case 

of shrub clumps, the clump crown, was recorded for each stem.  Oblong stems‟ diameters 



35 

 

were measured in a three horizontal plane axis and mean were recorded.  Standing dead 

stems at <45˚ from soil surface were excluded. At two 0.75m
2
 subplots, basal dowels or 

“cookies” were collected, marked by species and mortality status, and used for ring 

counts.  At two additional 0.75m
2
 subplots, the entire plot was harvested at the soil level, 

sorted by mortality status, and used for feedstock characterization.  Mean height of the 

subplot were measured to the nearest ten centimeters.  

Species-specific diameter-to-dry matter (DM) mass equations were used for each 

species x mortality status as reported by Connelly and Grigal (1983), Roussopoulus and 

Loomis (1977), Grigal and Ohman (1977), and Tefler (1969) to determine the woody 

biomass (Table 25).  Diameter-to-mass equations for dead Quercus shrubs were not 

available, and 50% of the predicted live mass was used.  Equations, coefficients of 

determination, number, and range of training stems are presented by species and 

mortality status.  

Basal dowels were enhanced with a phloroglucinol solution and counted with the 

assistance of a dissecting microscope (Patterson, 1959).  Stem age-to-diameter equations 

were developed by species and brushland type and are presented in Table 30.  Species x 

brushland type equations that were not significant were not reported, and mean annual 

diameter increment and standard error are presented.  

 Statistical analyses 

A completely randomized design was conducted using PROC MIXED (SAS 

Insitutue, 2008) to evaluate the effect of brushland type, region, and interactions. 

Brushland types and study sites were completely randomized within each region, study 

sites were considered replicates, and subplots considered samples within experimental 

unit.  Sites and brushland types were considered fixed effects.  Differences between 

regions, brushland types, and brushland types within regions for all significant effects 

were determined using Tukey‟s (P<.05) mean separation test.   
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PROC FREQ (SAS Institute, 2008) was used to classify ArcGIS (ESRI, 2008) 

output into brushland size and determine frequency.  PROC REG (SAS Institute, 2008) 

was used to test significance of equation to predict diameter by the square root of tree 

rings. 

Feedstock characterization 

Biomass samples were weighed at time of harvest, dried at 35˚C for 8 days, and 

weighed again to determine moisture content.  Samples were ground in a Thompson-

Wiley Mill (Thompson Scientific, Swedesboro, NJ), homogenized, and ground to pass 

1mm sieve. Mineral analysis for N, P, K, Ca, and Mg concentrations were determined 

using nitric acid digestion followed by Inductively Coupled Plasma Optical/ Atomic 

Emission Spectroscopy (Agvise Laboratories, Benson, MN).  Lignin concentration was 

measured by a two-step sulfuric acid hydrolysis using a modified NREL LAP #002 

(Sluiter et al., 2006).  A 80% sulfuric acid with DI water solution was macerated and 

desiccated with 300 mg of ground biomass sample, placed in a water bath for 60 min at 

30˚C, and diluted to 2% acid.  Slurry was autoclaved at 124˚C and 14atm for 60 minutes 

and filtered through GFA Whatman filters.  Lignin on glass microfiber filter was ashed at 

450˚C for 16 hours and weighed to correct ash from lignin content and to determine 

Klason lignin.  Filtrate was characterized using a Waters HPLC system (Waters 

Corporation, Milford, MA) equipped with Waters 1525 Binary Pump, Waters 717 plus 

Autosampler, a Waters 2414 Refractive Index Detector, and a Breeze software for 

operation control and data processing.  A BIO-RAD De-Ashing Refill Cartridges, 30´ 4.6 

mm (guard column) in line with VARIAN MetaCarb 87P, 300´ 7.8 mm (analytical 

column) was used.  The effluent was deionized and degassed with water flowing at 0.3 

ml/ min. The operating pressure was 541 psi and the column temperature was 80 C.  

Total ash content was measured as a loss of weight after combustion at 450˚C for 16 

hours in a muffle furnace. 
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Results 

 

The objective of the study was to determine standing biomass, annual productivity 

and theoretical ethanol yields of three brushland types in two regions of Minnesota, USA. 

Feedstock properties important for thermochemcial and biochemical conversion were 

also determined to evaluate brushlands as biomass feedstock sources.  Lastly, the extent 

and charactersitics of upland and lowland brushlands in the prairie-forest border region 

were determined. 

Yield, productivity and density 

Biomass  yields were different across brushland type with fully stocked areas for 

lowland brushland on mineral soil (SC), lowland brushland on organic soil (RB), and 

upland brushland (FD) yielding 14.2, 7.0 and 8.0 Mg ha-1 DM, respectively (Table 25; 

Table 26).  Biomass yields from SC brushland types were 104% and 78% greater then 

RB and FD brushland types, respectively.  Stem density varied greatly with  arethmic 

means of 174, 192, and 245 x 10
3
 stems ha-1 for RB, SC, and FD, respectivley.  Standing 

dead stems made  up a significant portion of the total stem density.  In SC brushland 

types, over one-third of all standing stems were dead. RB brushland types contained the 

lowest percentage of standing dead stems (12%).  The high densities of the FD coverclass 

coincide with younger stand age (Table 27) and predominance of Corylus spp (data not 

shown) .  

Despite the higher percentage of dead stems, living stems in the  SC were  

accumulating woody biomass at a rate of 3.24 Mg ha-1 yr-1 DM, 147% and 55% higher 

then woody biomass accumulation rates  in the  RB and FD, respecitivley.  The 2007 

growth ring was used to predict woody biomass accumulation rate.  Assumption is that 

2007 was a representative year; however, region two had a higher precipitation total  in 

2007  than the 30-year average but had a normal total growing season precipitation 
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(Table 23).   Region one had approximently equal total precipitation rates for 2007 but 

lower total growing season precipitation rates then the 30-year average.  

Averaged across brushland types, regional differences were not significant for 

yield or productivity.  Latitudial and 30-year average temperature differences by region 

do exist (Table 23) but regional interaction was not signifcant.  Region x brushland type 

interacts were not signifcant for yield, and annual productivity indicating brushland types 

performed similarily across regions.  An orthogonal contrast was performed to determine 

whether region one FD yield and productivty was signifcantly different from region two 

FD yield.  The rational is that regional differences in annual or growing season rainfall 

would be more pronouced in upland brushland types.  Neither yield nor productivity was 

signifcantly differerent between regions for FD brushland class. 

Feedstock properties 

 Averaged across regions, P, S, and Mg mineral concentration differed sigificantly 

by brushland type (Table 26).  Mineral concentration was generally highest in biomass 

from FD brushland types followed by SC and RB brushland types.  All of the cell wall 

carbohydrates, except arabinose and Klason lignin concentration, were significantly 

different by brushland type.  Lignin concentration was highest in RB types with 13% and 

11% more lignin then SC and FD brushland types, respectively (Table 28). Glucose and 

xylose, the sugars with the highest concentration, were found in significantly greater 

concentrations in FD brushland types than RB brushland types.  Theoretical ethanol 

yields calculated based on mass and harvest area varied across brushland type.  Averaged 

across regions, SC and FD brushland types produced an additional 44 and 59 L Mg-1, 

respectively, more than the RB brushland type.  Combined with yield, lowland 

brushlands on mineral soils produced 113% and 42% more ethanol L ha-1 than RB and 

FD brushland types, respectively. 
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Brushland size and location in Minnesota 

 

Spatial analysis of GAP GIS data layer (MN DNR, 2008) using ArcGIS 9.2 tools 

(ESRI, 2008) computed that there are 1,572,600 hectares of  brushlands in Minnesota, 

USA.  Of the total brushland, 72% is classified as lowland brushlands while 28% is 

classified as upland brushlands.  Many of these brushland areas are geographically 

isolated.  Of the brushland area 47% or 742,6000 ha occur in brushlands less than ten 

hectares in size.  Very small brushlands that are less than three hectares comprise over 

one-quarter the brushland area found in Minnesota.  Over half a million hectares are in 

larger brushlands greater than 40 hectares.  The connectivity of small groups of 

brushlands, which are within reasonable distance to other brushlands, and would 

therefore increase harvest efficiency, but are in non-contiguous polygons in GIS layer, is 

unknown.  
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Discussion 

 

Brushlands of the prairie-forest border region have some distinct advantages as 

bioenergy feedstock sources.  The potential to achieve wildlife management goals while 

using the resulting biomass to assist in funding management activities has been explored 

(Christian and Hanowski, 1997).  Additionally, because brushlands are unsuitable for 

agricultural production and are not utilized by the forest products industry, the 

opportunity cost of the land currently occupied by brushlands is lower than bioenergy 

crops grown on agricultural soils.  Research on proper harvesting techniques in wetland 

communities (Eisenbies et al., 2007) needs to continue as well as research on effective 

equipment design.  This study provides information on yields, productivity, and feedstock 

properties to determine the technical merit of the feedstock generated in such activities.  

 

Biomass yields, ethanol yields, productivity 

 

 In the study region, standing biomass, annual productivity, and ethanol yields 

were greatest from lowland brushlands sampled on mineral soil.  The existing SC 

brushland types studied produced an estimated 3.24 Mg ha
-1

 yr
-1

 DM, with an average 

existing standing biomass of 14.21 Mg ha
-1

 and resulting ethanol yields of 4,060 L ha
-1

. 

SC brushlands outperformed RB and FD brushland types in all three yield parameters. 

Species composition in lowland brushlands were similar between organic and non-

organic soils, suggesting that soil properties influenced yields.  Other estimates of 

brushland biomass yields have ranged widely. Thirty-four shrub dominated wetlands in 

northern Minnesota, USA had leaf-on yields of 0.5 to 71.5 Mg ha
-1

.  Averaged by soil 

type, a weak minetrophic peat land had the lowest biomass of the brushlands studied, 

yielding 6.1 Mg ha
-1

 DM, while strong minerotrophic soils had significantly greater 

yields of 13.5 Mg ha
-1

 (Connolly-McCarthy and Grigal, 1985).  Two Alnus rugosa 

dominated wetlands in Michigan, USA had total standing woody biomass ranging from 

26.9 to 48.3 Mg ha
-1

 (Parker and Schnieder, 1975).  A survey of 16 sites in northern 
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Minnesota, USA reported leaf-off yields of 9.61 to 71.11 Mg ha
-1

 on the fully stock 

portions of the brushlands (Christian and Hanowski, 1997).  Mixed upland and lowland 

brushlands in Maine, USA reported woody yields of 6.5 to 123.9 Mg ha
-1

 with older, 

taller brushlands sites producing more standing biomass.   

Annual productivity yields in our study region were 3.24, 2.09, and 1.31 Mg ha
-1

 

yr
-1

 DM, for SC, FD and RB brushland types, respectively, and were within the range of 

estimates of similar studies.  Annual productivity of 1.7 to 1.9 Mg ha
-1

 yr
-1

 was reported 

from Michigan brushlands (Parker and Schnieder, 1975).  Christian and Hanowski (1997) 

derived estimates of 1.48 to 7.01 Mg ha
-1

 yr
-1

 DM.  Chase et al. (1971) did the same in 

puckerbrush pulping studies in Maine and derived estimates of 1.54 to 3.78 Mg ha
-1

 yr
-1

 

DM for Alnus and Salix dominated lowlands.  Upland sites dominated by aspen were 

estimated to produce 3.22 to 3.72 Mg ha
-1

 yr
-1

 DM.  Both of these studies obtained these 

estimates by dividing total standing biomass by stand age, a method which does not take 

into account woody biomass lost to mortality and decomposition.  This study is unique 

because estimates are derived by measuring acutal diameter growth of living stems.  It 

should be noted that the productivity estimates are limited to the 2007 growing season, 

because the mortality status of the stems were only sampled for that year.  Precipitation in 

2007 was similar to 30 year average precipitation for region one and slightly higher for 

region two.  

Upland plant communities have been demonstrated to be more sensitive to small 

differences in precipitation, which was  the case in 2007, while lowland plant 

communities are only responsive to more severe changes in precipitation (Noy-Mier, 

1992). A pre-planned orthogonal contrast was conducted to determine whether annual 

productivity was different between regions with historically differenct climates in FD 

brushland types.  There was no sigificant difference in annual productivity (data not 

shown) which may be a result of the similar 2007 precipitation, growing season 

precipitation, and temperatures within the two study regions. 

A survey of eighteen upland brushlands in this study found yields averaging 8 Mg 

ha
-1

 DM.  There were no significant differences between the Corylus-Quercus dominated 
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brushlands of region one and the Populus dominated brushlands of region two.  Upland 

brushlands are primarily even-aged management systems and can withstand regenerating 

mechanical harvest or fire. Therefore, number of years since disturbance would likely 

explain a significant portion of the variation in yield.  Stand age alone explained 33% of 

the variation in yield.  Moderate improvements were achieved when stand density was 

added to the model, which explained 48% of the variation in yield.  Light and moisture 

gradients and competitive interactions with non-woody species may also be influencing 

yields.  Measurements of basal area, which is a better measurement of stocking density, 

then stem counts, was able to explain 77% of the variation in upland brushland yields.  

 

Feedstock properties 

 

 Feedstock properties that are important to thermochemical and biochemical 

conversion were tested by brushland types.  FD and SC brushland types had higher 

concentrations of cell wall carbohydrates and lower concentration of Klason lignin, 

properties which increased ethanol yield.  Previous studies using similar dilute acid 

hydrolysis procedures on Salix species have yielded similar monomer concentrations as 

reported here (Sassner et al., 2006).  RB brushland types had the highest lignin 

concentrations despite similar species as SC brushland types.  Smaller growth rings, 

caused by more latewood production, lead to a denser wood with higher lignin levels. 

There were no significant differences in N, K, and Ca concentration between the 

brushland types. P, S,  and Mg were found to be significantly lower in RB and SC type.  

N concentration averaged approximately 0.60% across brushland types, a significant 

portion with unknown impacts on long-term brushland productivity.  In forested systems, 

N deposition, autotrophic fixation, and mineralization of organic matter have been 

demonstrated to sufficiently replace N within a typical harvest rotation (Grigal, 1994).  It 

is unknown whether those same processes are sufficient to replace nitrogen in the 

presumably shorter harvest regimes of brushland systems.  N concentration is also 



43 

 

important in the feedstock conversion process.  Under thermochemical process, such as 

direct firing or gasification, fuel-sourced N undergoes endothermic reactions to form 

nitrogen oxides, a regulated emission and contributor to acid rain and smog (Landowski 

and Kircherer, 1997).  Similar processes also make S concentrations a regulated 

emission, found in slightly higher concentrations of SC brushland types.  Mineral 

concentrations for P, K, and Mg were generally higher in upland brushland types then 

lowland brushland types.  Tappeiner and John (1973) reported that nutrient 

concentrations in aerial stems of Corylus spp are similar to concentrations found at our 

study sites is species with similar wood-to-bark ratios. 

Conclusion 

This study was first step in evaluating the potential of upland and lowland 

brushlands in the prairie-forest border region of Minnesota, USA.  It was designed to 

determine existing yields, annual productivity, and feedstock properties.  Lowland 

brushlands on mineral soils have the greatest potential for bioenergy feedstocks in this 

study because of their high existing biomass and theoretical ethanol yields, low nutrient 

concentration, and extensive acreage.  The next step in evaluation is to continue to 

identify other drivers of yields to assist in targeting high yielding sites, measuring the 

impact of harvesting, and developing brushland biomass harvest systems.  
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Table 1: ANOVA table, including F test and degrees of freedom (df)  for biomass yield (Mg ha-1 dry matter (DM)), theoretical 

ethanol concentration (L Mg-1 DM), theoretical ethanol yield (L ha-1), glucose (Glu), xylose (Xy), arabinose (Ar), mannose (Man) 

and Klason lignin (K lignin) for 32 grasslands in Chisago and Isanti counties, Minnesota in experiment 1. Sources of variations 

included two years (Y), two soil types (S) and two grassland types (C). The P values for main effects and interactions are presented. 

 

Source of 

variation  F test df Yield  - - - - - Ethanol- - - - -  - - - - --Cell wall components- - - - - - - 

      Glu Xy Ar Gal Man K lignin 

   

Mg ha-1 

DM L Mg-1 DM L ha-1 -------------------g kg-1------------------- 

Y MS(YR)/MSE (R(Y)) 1 ns ns ns ns ns ns ns ns ns 

R(Y) --- 14          

S MS(S)/MS(S x (R(Y)) 1 * ns * ns ns ns ns ns * 

S x Y  MS(S x Y)/MS (S x (R(Y)) 1 ns ns ns ns ns ns ns ns ns 

S x R(Y) --- 14          
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C MS(C)/MS(Y x S x C x R(Y)) 1 * ** ** * * ns * ns ** 

S x C MS (S x C)/ 

MS(Y x S x C x R(Y)) 1 ns ns ns ns ns ns ns ns ns 

C x Y MS (C x Y)/ 

MS(Y x S x C x R(Y)) 1 ns ns ns ns ns ns ns ns ns 

S x C x Y MS (S x C x Y)/ 

MS(Y x S x C x R(Y)) 

1 ns ns ns ns ns ns ns ns ns 

Y x S x C x R(Y) --- 28          

 

*, **, *** significance at the .05, .01 and .001 probability level, respectively. 
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Table 2: ANOVA table, including F test and degrees of freedom (df) for mineral concentration, including N, P, K, S, Ca, Mg, Cl, Zn, 

Fe, Mn, Cu and B, from 32 grasslands in Chisago and Isanti counties, Minnesota in experiment 1. Sources of variations included two 

years (Y), two soil types (S) and two grassland types (C). The P values for main effects and interactions are presented. 

Source of variation F test df ------------------------Mineral concentration (g kg-1)----------------------  

   N P K S Ca Mg Cl Zn Fe Mn Cu B 

Y MS(YR)/MSE (R(Y)) 1 ns ns ns * ns ns ns ns *** ns * ns 

R(Y) --- 14             

S MS(S)/MS(S x (R(Y)) 1 * ns * ns * ns *** ns * ns ns ** 

S x Y  MS(S x Y)/ 

MS (S x (R(Y)) 

1 ns ns ns ns ns ns ns ns ns ns ns ns 

S x R(Y) --- 14             

C MS(C)/  1 *** *** *** *** ns * *** ns * ns ns ns 
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MS(Y x S x C x R(Y)) 

S x C MS (S x C)/  

MS(Y x S x C x R(Y)) 

1 ns ns ns ns ns ns ns * ns ns ns ns 

C x Y MS (C x Y)/  

MS(Y x S x C x R(Y)) 

1 ns ** * ** ns ns ns ns ns ns ns ns 

S x C x Y MS (S x C x Y)/  

MS(Y x S x C x R(Y)) 

1 ns ns ns ns ns ns ns ns ns ns ns ns 

Y x S x C x R(Y) --- 28             

 

*, **, *** significance at the .05, .01 and .001 probability level, respectively. 
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Table 3: ANOVA table, including F test and degrees of freedom (df) for mineral export, including N, P, K, S, Ca, and Mg (kg ha-1) 

from 32 grasslands in Chisago and Isanti counties, Minnesota in experiment 1. Sources of variations included two years (Y), two soil 

types (S) and two grassland types (C). The P values for main effects and interactions are presented. 

Source of 

variation 

 

F test 

 

df 

 

----------------------------Nutrient export (kg ha-1)---------------------------- 

   N P K S Ca Mg 

Y MS(YR)/MSE (R(Y)) 1 ns ns * * ns ns 

R(Y) --- 14       

S MS(S)/MS(S x (R(Y)) 1 ns ns * * ns ns 

S x Y  MS(S x Y)/MS (S x (R(Y)) 1 ns * ns * ns ns 

S x R(Y) --- 14       

C MS(C)/ MS(Y x S x C x R(Y)) 1 ns ** ** * ** * 
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S x C MS (S x C)/ MS(Y x S x C x R(Y)) 1 ns ns ns ns ns ns 

C x Y MS (C x Y)/ MS(Y x S x C x R(Y)) 1 ns ns ns ns ns ns 

S x C x Y MS (S x C x Y)/ MS(Y x S x C x 

R(Y)) 

1 ns ns ns ns ns ns 

Y x S x C x R(Y) --- 28       

 

*, **, *** significance at the .05, .01 and .001 probability level, respectively. 
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Table 4: Biomass yield (Mg ha-1 dry matter (DM)), theoretical ethanol concentration (L ha-1 DM), theoretical ethanol yield (L ha-1), 

glucose (Glu), xylose (Xy), arabinose (Ar), mannose (Man), and Klason lignin (K lignin) averaged across two years for 32 grasslands 

in Chisago and Isanti counties, Minnesota in experiment 1.  Mean of soil type (S) and grassland type (C)  are compared; those with 

similar letter do not differ (Tukey‟s P<0.05). Soils with high (>70) CPI ratings (CPI hi) are compared with those soils with low (<70) 

CPI ratings (CPI lo). Warm-season dominated grasslands (C4) are compared with cool-season dominated grasslands (C3). 

 

Source Yield  - - - - - - -Ethanol- - - - - -   Glu Xy Gal Ar Man K lignin 

 Mg ha-1 DM  L Mg-1 DM L ha-1 DM  - - - - - - - - - - - - - - - - - - - - - - - g kg-1- - - - - - - - - - - - - - - - - - - -  

S            

CPI hi 4.75a  387.9a  1873a  321.3a 158.4a 14.7a 30.6a 8.5a 195.3a 

CPI lo 3.49b  393.0a  1386b  321.0a 166.3a 14.3a 30.8a 7.9a 191.5b 

HSD(.05) 1.19  20.5  453  11.58 18.32 1.4 1.6 1.2 3.34 

C             

C4 4.46a  396.4a  1818a  324.6a 168.0a 14.1b 30.1a 8.3a 195.5a 

C3 3.78b  384.5a  1442b  317.7b 156.7b 14.9a 31.2a 8.2a 191.3b 
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HSD (.05) 0.56  8.8  236  5.3 7.99 0.57 1.27 0.92 3.1 
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Table 5: Mineral concentration of N, P, K, S, Ca, Mg, Cl, Zn, Fe, Mn, Cu and B averaged across two years for 32 grasslands in 

Chisago and Isanti counties, Minnesota in experiment 1.  Mean of soil type (S) and grassland type (C) are compared; those with 

similar letter do not differ (Tukey‟s P<0.05). Soils with high (>70) CPI ratings (CPI hi) are compared with those soils with low (<70) 

CPI ratings (CPI lo). Warm-season dominated grasslands (C4) are compared with cool-season dominated grasslands (C3). 

 

Source N P K S Ca Mg Cl Zn Fe Mn Cu B 

 - - - - - - - - - - - - - - - - - - - - - g kg-1- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - ppm- - - - - - - - - - - - - - - - 

S             

CPI hi 7.70b 1.14a 5.50a 0.72a 5.29a 1.24a 1.27a 25.08a 86.12b
¥
 112.96a 6.76a 8.64a 

CPI lo 9.18a 1.08a 4.48b 0.75a 4.18b 1.29a 0.60b 25.00a 116.64a
¥
 98.23a 7.11a 5.27b 

HSD(.05) 1.37 0.18 1.03 0.11 0.83 0.18 0.30 5.19 23.39 30.51 1.51 2.29 

C             

C4 6.90b 0.96b
†
 4.01b

†
 0.58b

†
 4.85a 1.18b 0.59b 25.6a 111.9a

¥
 101.5a 7.1a 6.8a 

C3 9.98a 1.26a
†
 5.97a

†
 0.88a

†
 4.62a 1.35a 1.29a 24.5a 90.8b

¥
 109.7a 6.7a 7.1a 
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HSD (.05) 1.36 0.13 0.82 0.12 0.89 0.14 0.25 4.7 16.5 33.6 1.0 1.9 

† comparison across years, despite significant Y x C interaction. 

¥
 comparison by soil and grassland type despite signifiant S x C interaction. 
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Table 6: Nutrient export (kg ha-1) of N, P, K, S, Ca and Mg averaged across two years for 32 grasslands in Chisago and Isanti 

counties, Minnesota in experiment 1.  Mean of soil type (S) and grassland type (C)  are compared; those with similar letter do not 

differ (Tukey‟s P<0.05). Soils with high (>70) CPI ratings (CPI hi) are compared with those soils with low (<70) CPI ratings (CPI lo). 

Warm-season dominated grasslands (C4) are compared with cool-season dominated grasslands (C3). 

Source N P K S Ca Mg 

 -------------------------------------------kg ha-1------------------------------- 

S       

CPI hi 36.3a 4.73a
†
 22.6a 3.2a

†
 17.1a 4.96a 

CPI lo 30.4a 4.31a
†
 17.81b 2.6b

†
 21.8a 5.20a 

HSD(.05) 7.45 0.86 4.18 0.60 5.9 1.2 

C        

C4 30.4a 3.57b 15.3b 2.4b 13.8b 4.2b 

C3 36.3a 5.46a 25.1a 3.4a 25.18a 5.95a 

HSD (.05) 9.16 1.3
†
 5.83

†
 0.8

†
 6.5 1.45 

† Means comparison is included despite significant S x Y interaction 
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Table 7: Frequency distribution of  32 grasslands in Chisago and  Isanti counties Minnesota in expirement 1 by percent cover of 

species functional groups, including C3 grasses (C3), C4 grasses (C4), legumes (Leg), non-legume forbs (Forb), primary and secondar 

noxious weeds (n. weeds), woody plants (wood) and bare ground (bg) functional groups. Averaged across two years (2007 and 2008) 

and organized by grassland type (C3-dominated and C4-dominated) 

                  % Groundcover 

 0 >1 1-5 >5-25 >25-50 >50-75 >75 

 - - - - - - - - - - - - - - - - - - - - - - - % of fields- - - - - - - - - - - - - - - - - - - - - -  

C3-dominated        

 C3  0 0 0 25 13 22 41 

 C4  59 3 6 29 0 0 0 

 Leg  63 16 16 6 0 0 0 

 Forb  0 9 28 31 28 3 0 

 N. weeds  41 28 25 6 0 0 0 

 Wood  63 19 9 6 3 0 0 

 Bg  44 3 16 38 0 0 0 
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C4-dominated        

 C3  0 9 22 25 25 19 0 

 C4  0 0 0 22 44 22 13 

 Leg  44 25 19 13 0 0 0 

 Forb  0 3 16 50 31 0 0 

 N. weeds  44 13 28 16 0 0 0 

 Wood  72 19 6 3 0 0 0 

 Bg  19 3 28 47 3 0 0 
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Table 8: Species richness (no. spp), Shannon-Weiner Diversity Index (H‟) and Evenness (J‟) of species averaged across two years for 

32 grasslands in Chisago and Isanti counties, Minnesota in experiment 1.  Mean of grassland type are compared; those with similar 

letter do not differ (Tukey‟s P<0.05). Warm-season dominated grasslands (C4) are compared with cool-season dominated grasslands 

(C3). 

 

Grassland type 

 

Species richness 

(no. spp) 

Species diversity 

(H') 

Species eveness 

(J') 

 C3 6.96b 1.153b 0.655a 

 C4 8.48a 1.469a 0.680a 

 HSD (0.05) 1.42 0.170 0.057 
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Table 9:  Mean, standard deviation (SD) and range of soil texture (% sand, clay and silt), Crop Productivity Index (CPI), K, P, pH and 

OM by soil type for 32 grasslands in Chisago and Isanti counties, Minnesota in expirement 1. Soils with high (>70) CPI ratings (CPI 

hi) are presented separately from with those soils with low (<70) CPI ratings (CPI lo). 

Soil type Texture Crop Productivity Index K P (Bray or Olsen) pH OM 

 % Sand % Clay % Silt (CPI rating) (ppm) (ppm)  (%) 

CPI hi         

 Mean 70 6 24 90 73 34 6.1 1.5 

 SD 9.3 2.9 9 3 28 20 .34 .43 

 Range 57-84 2-12 11-36 75-95 40-114 12-61 5.4-6.5 1.1-2.3 

 CPI lo         

 Mean 81 3 16 45 55 53 5.7 1.1 

 SD 23 5 6 10.5 34 16 .32 .6 

 Range 27-95 1-16 4-58 28-60 17-118 31-81 5.3-6.3 0.5-2.0 
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Table 10: Total precipitation (total annual ppt), growing season precipitation (April-Sept ppt), January average minimum (Jan avg min 

temp) and July average maximum temperatuer (July avg max temp)  presented for Isanti and Chisago coutnies, Minnesota for 

expirement 1. Thirty-year average, 2007 and 2008 data is presented.  

 April-Sept ppt 

(cm) 

Total annual ppt 

(cm) 

January avg 

min temp (˚C) 

July avg max 

temp (˚C)  

  

2007  53 75  -13˚ 27˚   

2008 48 69 -18˚ 28˚   

30-year average 54 77  -13˚ 23˚    
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Table 11: Pearson‟s correlation coefficients (r), between percent cover of cool-season grasses (C3), warm-season grasses (C4) and 

non-legume forbs (Forb) and mineral concentration. Averaged across two years, two soil types and two cover classes (P< 0.05; n=64) 

for 32 grasslands in Isanti and Chisago counties, Minnesota in experiment 1.  

---------------------------------------------------------------------Mineral concentration---------------------------------------------------- 

Functional groups N P K S Ca Mg Zn Fe Mn Cu B Cl 

C3 0.73 0.62 0.49 0.79 ns 0.23 ns ns 0.33 ns ns 0.58 

C4 -0.63 -0.56 -0.58 -0.69 ns -0.35 ns ns -0.35 ns -0.22 -0.65 

Forb ns ns ns ns 0.67 ns 0.28 -0.36 ns ns 0.82 ns 
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Table 12: Pearson‟s correlation coefficients (r), between percent cover of select species by grassland type ( cool-season dominated 

grassland type (C3) and warm-season dominated grassland type (C4)) and mineral concentration  (N, P, K, S, Ca, Mg, Zn, Fe, Mn, Cu, 

B, Cl). Averaged across two years and two soil types (P< 0.05; n=64) for 32 grasslands in Isanti and Chisago counties, Minnesota in 

experiment 1. 

Functional groups Select species --------------------------------------------Mineral concentration----------------------------- 

  N P K S Ca Mg Zn Fe Mn Cu B Cl 

C3 Phalaris arundinacea ns 0.47 ns 0.63 ns ns ns ns ns ns ns 0.60 

 Solidago spp 0.79 ns 0.55 ns 0.59 ns 0.80 -0.58 ns 0.53 0.61 ns 

 Bromus inermis ns 0.81 0.73 ns ns ns ns ns ns ns -0.80 ns 

 Taraxacum officinale ns ns ns ns ns 0.43 ns ns ns ns ns ns 

 

C4 Poa pratensis 0.36 0.35 ns ns ns 0.50 0.48 ns ns ns ns ns 

 Solidago spp ns ns ns ns 0.68 0.53 0.50 ns ns ns 0.69 ns 

 Sorghastrum nutans -0.46 -0.57 ns -0.57 -0.47 -0.51 ns ns ns ns ns ns 

 Panicum virgatum ns ns ns ns -0.45 ns ns ns ns ns ns -0.51 
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 Carex spp. ns ns ns ns 0.85 0.85 ns ns ns ns 0.80 ns 
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Figure 1: Map of 16 paired grassland locations within Isanti and Chisago counties, Minnesota used in experiment 1. Soils with high 

(>70) CPI ratings (CPI hi) are compared with those soils with low (<70) CPI ratings (CPI lo). Eight fields of CPI hi (hi) and eight 

fields of CPI lo (lo) were sampled. At each of the 16 grassland locations, adjacent warm-season dominated grasslands (C4) and cool-

season dominated grasslands (C3) were sampled.  
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Table 13: Pearson‟s correlation coefficients (r), between biomass yield (Mg ha-1) of cool-season dominated grassland type (C3) and 

warm-season dominated grassland types by soil properties including soil texture ( % sand, clay and slit), Crop Productivity Index 

(CPI), K, P, pH and percent organic matter (OM%). Averaged across two years and two soil types (P< 0.05; n=64) for 32 grasslands 

in Isanti and Chisago counties, Minnesota in experiment 1. 

Grassland type yield Soil texture CPI K P pH OM% 

 %Sand %Clay %Silt      

C3 Mg ha-1 -0.49 0.55 0.44 0.35 0.34 ns ns 0.37 

C4 Mg ha-1  -0.46 ns 0.51 0.43 0.41 ns ns 0.31 
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Table 14:  Pearson‟s correlation coefficients (r), between theoretical ethanol yield (L ha-1) of cool-season dominated grassland type 

(C3) and warm-season dominated grassland types by soil properties including soil texture ( % sand, clay and slit), Crop Productivity 

Index (CPI), K, P, pH and percent organic matter (OM%). Averaged across two years and two soil types (P< 0.05; n=64) for 32 

grasslands in Isanti and Chisago counties, Minnesota in experiment 1 

Grassland type Soil texture CPI K P pH OM% 

 %Sand %Clay %Silt      

C3 L ha-1 -0.58 0.53 0.67 ns ns ns ns 0.55 

C4 L ha-1  -0.43 0.43 ns 0.57 0.61 ns 0.43 0.44 
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Table 15: Pearson‟s correlation coefficients (r), between biomass yield (Mg ha-1 dry matter (DM)) by grassland type ( cool-season 

dominated grassland type (C3) and warm-season dominated grassland type (C4)) and percent cover of select species. Averaged across 

two years and two soil types (P< 0.05; n=64) for 32 grasslands in Isanti and Chisago counties, Minnesota in experiment 1. 

Grassland type 

yield 

Solidago spp. Cirsium 

arvense 

Taraxacum 

officinale 

Phalaris 

arundinacea 

Sorghastrum 

nutans 

Achillea 

millefolium 

Rubus spp. 

C3 Mg ha-1 ns -0.75 ns 0.55 n/a ns 0.75 

C4 Mg ha-1 0.85 ns -0.58 ns 0.51 -0.62 0.99 
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 Table 16: Dominate genus complex by soil type, field and grassland type for 32 grasslands in Isanti and Chisago counties, Minnesota 

sampled in experiment 1. Soils with high (>70) Crop Productivity Index (CPI) ratings (CPI hi) are presented separately from those 

soils with low (<70) CPI ratings (CPI lo). At each of the eight field grassland locations with soil type, adjacent warm-season 

dominated grasslands (C4-dominate) and cool-season dominated grasslands (C3-dominate) were sampled.  

Soil type Field  C3-dominate C4-dominate 

CPI hi 1 Phalaris-Bromus Panicum-Andropogon 

 2 Phalaris-Bromus-Poa Andropogon 

 3 Phalaris-Elymus Schizachyrium-Panicum 

 4 Bromus-Poa Andropogon-Koleria-Elymus 

 5 Phalaris-Poa-Fescue Solidago-Schizachyrium 

 6 Poa-Solidago-Fescue Sorghastrum-Andropogon 

 7 Poa-Bromus Panicum-Andropogon 

 8 Dactylis-Elymus-Poa Andgropogon-Sorghastrum 

CPI lo 1 Poa-Phalaris Andgropogon 
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 2 Phalaris Panicum 

 3  Poa-Bromus-Solidago Sorghastrum-Andgropogon 

 4 Bromus-Dactylis Panicum-Elymus 

 5 Elymus Panicum-Andropogon 

 6 Bromus-Poa Sorghastrum-Andropogon 

 7 Phalaris-Solidago Andgropogon- Schizachyrium-Panicum 

 8 Fescue-Poa Panicum 
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Figure 2: Schematic of sampling protocol using on 32 grasslands in Isanti and Chisago counties, Minnesota for experiment 1. 

Adjacent grassland types of cool-season dominated grassland (C3-dominated field) and warm-season dominated grassland (C4-

dominated field) were sampled within soil type, designated by Crop Productivity Index (CPI) ratings CPI lo (CPI ratings <70) and CPI 

hi (CPI ratings >70). Fifty meter by fifty meter plots were randomly located within each field and three 0.75 x 5 m suplots, considered 

samples were established. This schematic is representing one year of sampling; adjacent 50 x 50 meter plot, was established the 

second year.  
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Table 17: ANOVA table, including F test and degrees of freedom (Df)  for biomass yield (Mg ha-1 dry matter (DM)) on 128  

grasslands in the oak savanna region of Minnesota sampled in experiment 2.  Sources of variations included two years (Y) and two 

grassland types (C).  

Source of variation F test Df Yield 

   Mg ha-1 DM 

C MS(C)/MS(C x Y) 1 ns 

C x Y - 127  

Y MS(Y)/MS(C x Y x R) 1 *** 

C x Y MS (C x Y)/MS (C x Y x R) 1 ** 

C x Y x R - 127  

 

*, **, *** significance at the .05, .01 and .001 probability level, respectively. 
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Table 18: Biomass yield (Mg ha-1 dry matter (DM)) comparison between sampling year (Y) and grassland type (C) for 128 grasslands 

in the oak savanna region of Minnesota sampled in experiment 2.  Means with similar letter do not differ (Tukey‟s P<0.05). Warm-

season dominated grasslands (C4) are compared with cool-season dominated grasslands (C3). 

Source Yield (Mg ha-1 DM) 

C  

C3 3.26a 

C4 3.44a 

HSD(.05) 0.45 

Y  

2007 3.87a¥ 

2008 2.89b¥ 

HSD (.05) 0.30 

C x Y  

C4 2007 4.09a 
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C3 2007 3.45ab 

C4 2008 2.78b 

C3 2008 3.07b 

HSD (.05) .05 

 

¥ means comparison included despite significant C x Y interaction 
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Table 19: Table 20:  Pearson‟s correlation coefficients (r) between biomass yield (Mg ha-1 DM) of cool-season dominated grassland 

type (C3) and warm-season dominated grassland types by soil properties including soil texture ( % sand, clay and slit), Crop 

Productivity Index (CPI), K, P, pH and percent organic matter (OM%). Averaged across two years (P< 0.05; n=128) for128 grasslands 

in the oak savanna region of Minnesota sampled in experiment 2. 

Grassland type yield Soil texture CPI K P pH OM% 

 %Sand %Clay %Silt      

C3 Mg ha-1 DM ns ns ns ns ns 0.29 -0.33 ns 

C4 Mg ha-1  DM -0.18 0.21 ns 0.16 0.14 ns ns ns 
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 Table 21: Pearson‟s correlation coefficients (r), between biomass yield (Mg ha-1 dry matter (DM)) by grassland type ( cool-season 

dominated grassland type (C3) and warm-season dominated grassland type (C4)) and percent cover of select species. Averaged across 

two years (P< 0.05; n=128) for 128 grasslands in the oak savanna region of Minnesota sampled in experiment 2.  

Grassland type Andropogo

n gerardii 

Vitman 

Cirsiu

m 

arvens

e L. 

Phalaris 

arundinace

a L. 

Panicu

m spp  

Achillea 

millefoliu

m L. 

Elymus 

trachycaulu

s L.  

Melilotu

s 

officinali

s L. 

Setari

a 

pumil

a P. 

Boutelou

a gracilis 

W. 

Festuc

a 

rubra 

L. 

           

C3 Mg ha-1 ns -0.22 0.53 -0.73 -0.46 0.45 0.58 ns ns ns 

C4 Mg ha-1  0.28 ns -0.50 ns ns ns -0.29 -0.67 -0.56 -0.34 
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Figure 3:  Scatterplot of biomass yield (Mg ha-1 dry matter (DM)) by May 1
st
 through August 30

th
  precipitation (cm) from 128 

grasslands of the oak savanna region of Minnesota sample in experiment 2 for 2007 (denoted by black squares) and 2008 (denoted by 

hollow circles).  
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Figure 4: Scatterplot of yield (Mg ha-1dry matter ( DM)) by May 1
st
 through August 30

th
  precipitation precipitation (cm) for 128 

grasslands of the oak savanna region of Minnesota sampled in experiment 2.  Cool-season dominated grasslands (C3) are denoted by 

hollow circles while warm-season dominated grasslands (C4) are denoted by solid squares. The top figure represents grasslands 

sampled in 2007 while the bottom figure represents grasslands sampled in 2008.  
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Table 22: Frequency distribution of  128 grasslands in the oak savan na region of Minnesota sampled in experiment 2 by percent cover 

of species functional groups, including C3 grasses (C3), C4 grasses (C4), legumes (Leg), non-legume forbs (Forb), primary and 

secondar noxious weeds (n. weeds), woody plants (wood) and bare ground (bg) functional groups. Averaged across two years (2007 

and 2008) and organized by grassland type (C3-dominated and C4-dominated) 

                  % Groundcover 

 0 >1 1-5 >5-25 >25-50 >50-75 >75 

 - - - - - - - - - - - - - - - - - - - - - - - % of fields- - - - - - - - - - - - - - - - - - - - - -  

C3-dominated        

 C3 

0 0 0 9 18 31 43 

 C4 

73 2 10 18 0 0 0 

 Leg 

70 5 20 4 2 0 0 

 Forb 

9 3 33 37 14 3 0 

 N. weeds 

61 4 29 6 0 0 0 

 Wood 

76 4 16 3 1 0 0 

 Bg 

69 0 16 14 1 0 0 
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C4-dominated        

 C3 

12 2 18 29 20 11 7 

 C4 

0 0 0 12 23 27 37 

 Leg 

60 7 26 7 0 0 0 

 Forb 

10 2 37 40 9 1 0 

 N. weeds 

63 9 22 6 0 0 0 

 Wood 

87 2 9 1 0 0 0 

 Bg 

68 1 11 18 2 0 0 
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Figure 5: Scatterplot of biomass yields (Mg ha-1 dry matter (DM)) by Crop Productivity Index (CPI) ratings from 32 grasslands of 

Isanti and Chisago counties, Minnesota in experiment 1 sampled in 2007. CPI ratings greater than 70 were considered „CPI hi‟ while 

CPI ratings less than 70 were considered „CPI lo‟. 
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Figure 6: Scatterplot of biomass yields (Mg ha-1 dry matter (DM)) by Crop Productivity Index (CPI) ratings from 32 grasslands of 

Isanti and Chisago counties, Minnesota in experiment 1 sampled in 2008. CPI ratings greater than 70 were considered „CPI hi‟ while 

CPI ratings less than 70 were considered „CPI lo‟. 
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Table 23: Total 2007 precipitation (2007 ppt) , thirty-year average precipitation (30-yr avg ppt),  May 1
st
 through September 30

th
, 

2007 precipitation (2007 May-Sept ppt), thirty-year May 1
st
 through September 30

th
 precipitation (30-yr avg May-Sept ppt), January 

and July average minimum temperatures (2007 Jan/July avg min temps ) and thirty-year January and July average minimum 

temperatures (30-yr Jan/July avg min tempt) for Sherburne National Wildlife Refuge (Region 1 Sherburne) and White Earth 

Reservation (Region 2 White Earth).  

Study areas 2007 ppt 30-yr avg ppt 2007 May-Sept 

ppt 

30-yr avg May-

Sept ppt 

2007 Jan/July 

avg min temps  

30-yr Jan/July 

avg min temp   

Region 1 Sherburne 75 cm 77 cm 41 cm 48 cm -12˚ / 15˚ C -13˚ / 23˚ C 

Region 2 White Earth 71 cm 60 cm 42 cm 40 cm -16˚ / 16˚ C -21 ˚/ 19˚ C 
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Table 24: Soil Classification, including, soil name, soil series and family, organic matter (OM), pH, drainage class, landscape 

component and parent material for 42 study sites by study sites and brushland type, including lowland organic brushland (RB), 

lowland mineral brushland (SC) and upland brushland (FD). Organized by brushland type, including Sherburne National Wildlife 

Refuge (Region 1 Sherburne) and White Earth Reservation (Region 2 White Earth).   

Brush type Study 

sites 

Classification OM pH Drainage 

class 

Landscape 

component 

Parent material 

        

Region 1Sherburne        

RB 2, 3 (Seeleyville) Euic Typic 

Borosaprists  

62%(<10”) 5.1-7.3 very poorly 

drained 

depressions organic material 

 1 (Markey) Sandy mixed 

euic terric Borosaprists 

70%(<10”) 4.5-7.3 very poorly 

drained 

depressions organic material 

over outwash 

 4 (Cathro)Loamy, mixed 

euic terric borosaprists 

72%(<10”) 4.5-6.5 very poorly 

drained 

depressions organic material 

over till 

SC 1-6 (Isanti) Sandy, mixed, 

frigid Typic Edoaquolls 

3-15% 5.1-6.5 poorly 

drained 

swales and 

depressions on 

outwash plains 

outwash 

FD 1-3,5-

9 

(Zimmerman)Mixed, 

frigid Lamellic 

0.5-2% 5.1-6.5 Excessively 

drained 

hills on outwash 

plains/outwash 

outwash 
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Udipsamments plains 

 4 (Lino)Mixed, frigid 

Aquic Udipsamments 

0.5-2% 5.1-6.0 Somewhat 

poorly 

drained 

outwash plains outwash 

Region 2 White Earth        

RB 2,5 (Seeleyville) Euic Typic 

Borosaprists  

62%(<10”) 5.1-7.3 very poorly 

drained 

depressions organic material 

 1,4,6 (Cathro)Loamy, mixed 

euic terric borosaprists 

72%(<10”) 4.5-6.5 very poorly 

drained 

depressions organic material 

over till 

 3 (Haslie) Coprogeneous 

euic limnic Borosaprist 

60-90%(15-

60”) 

5.5-7.8 very pooly 

drained 

moraines and 

outwash plains 

organic material 

over 

sedimentary 

peat 

 7,8 (Markey) Sandy mixed 

euic terric Borosaprists 

70%(<10”) 4.5-7.3 very poorly 

drained 

depressions organic material 

over outwash 

        

SC 2,6 Hamerly(Fine-loamy, 

frigid Aeric Calciaquolls) 

4-7% 6.6-8.4 somewhat 

poorly 

drained 

moraines glacial till 
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 1, 3,5 Flom(Fine-loamy, mixed, 

frigid Typic Haplaguolls) 

5-8% 6.1-7.8 poorly 

drained 

moraines glacial till 

 4,7,8 (Vallers)Fine-loamy 

frigid Typic Calciaquolls 

5-8% 7.4-8.4 poorly 

drained 

moraines glacial till 

FD 3,5,8 Barnes(Fine-loamy, 

mixed udic Haploborolls) 

2-5% 6.1-7.8 somewhat 

poorly 

drained 

moraines glacial till 

 4,7 Sugarbush(Coarse-loamy, 

mixed Typic 

Eutroboralfs) 

1-2% 5.6-7.3 well drained outwash plains, 

moraines 

glacial outwash 

 8 Waukon(Fine-loamy, 

mixed Mollic 

Eutroboralfs) 

2-6% 6.1-7.3 well drained moraines glacial till 

 1,2 Hedman(Coarse-loamy, 

frigid, Typic 

Calciaquolls) 

4-8% 6.6-7.8 poorly 

drained 

moraines glacial till 
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Table 25: Diameter-to-biomass predicition equations used for yield and productivity estimates, bybrushland  species (spp) and 

mortality status (Live, leafless spp; Dead, leafless spp). Equation, where Y= dry matter mass (g) and x = diameter (cm) at 15 cm from 

soil line, coefficient of determination (r
2
 ) and diameter range  in centimeters (Diam (cm) range) of species used in equation 

development are also included.  

 Live, leafless spp.      Dead, leafless spp.  

 

   

  

   

spp equation r2 Diam 

(cm) 

range 

equation r2 Diam 

(cm) 

range 

Alnus 

rugosaŧ 

Y=23.128x^

3.018 

0.96 0.25-

3 .00 

Y=36.390x^2.0

71 

0.81 0.25-3 

.00 

Salix spp ŧ Y= 

41.28x^2.56

5 

0.87 0.25-

3 .00 

Y=19.962x^2.8

45 

0.89 0.25-3 

.00 

Cornus 

stolonifera 

ŧ 

Y=25.515x^

4.039 

0.89 0.25-

1.75 

Y=24.893x^3.3

30 

0.79 0.25-

1.75 
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Spirea 

spp. ŧ 

Y=32.031x^

3.092 

0.95 0.25-

1.25 

Y=31.654x^2.5

56 

0.89 0.25-

1.25 

Betula 
pumila . ŧ 

Y=53.283x^
2.689 

0.96 0.25-
2.25 

Y=19.647x^3.1
02 

0.89 0.25-
2.25 

P.tremuloi

des † 

Y=34.906x^

2.655 

0.97 0.5-

3.33 

Y=33.718x^2.8

76 

0.91 0.5-1.75 

Betula 
papyifera† 

Y=61.956x^
2.376 

0.92 1.3-
3.6 

Y=22.260x^3.4
52 

0.71 0.5-1.75 

Corylus 

spp. † 

Y=49.245x^

2.503 

0.90 0.3-

2.5 

Y=36.858x^3.2

72 

0.85 0.5-1.75 

Cornus 
spp† 

Y=54.629x^
2.551 

0.95 0.3-
3.6 

Y=30.648x^3.1
84 

0.96 0.5-1.5 

Amelanchi

er spp† 

Y=58.33x^2

.458 

0.91 0.5-

4.1 

Y=36.439x^2.9

95 

0.92 0.5-1.75 

Acer 
rubrum† 

Y=45.085x^
2.480 

0.92 0.3-
4.1 

Y=21.078x^3.6
892 

0.91 0.5-1.75 

Prunus 

spp.† 

Y=54.235x^

2.253 

0.86 0.8-

3.8 

Y=34.049x^2.7

08 

0.86 0.25-

1.25 

Quercus 
spp¥ 

Log y=-
2.299+2.649

(log x) § 

0.99 2.2-
39.9 

n/a   
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Viburnum 

spp. ‡ 

Y=39.921x^

4.132 

0.98 0.5-

1.5 

Y=38.820x^4.1

25 

0.98 0.5-1.5 

Ribes spp‡ Y=32.001x^
5.256 

0.78 0.25-
0.75 

Y=32.929x^5.4
58 

0.78 0.25-
0.75 

Rubus 

spp‡ 

Y=11.519x^

4.032 

0.73 0.25-

0.75 

Y=10.782x^4.1

11 

0.75 0.25-

0.75 

         

ŧ Connelly and Grigal (1983); 24-112 observations per species 

†live shrub weight: Roussopoulos and Loomis (1977) 21-50 observations per species;  dead shrub weight: Grigal and Ohman 

(1977) 10-43 observations per species   

‡Grigal and Ohmann (1977) 9 observations per species 

 ¥ Telfer (1969) 20 observations per species 

 § Total weight (reported) - Leaf weight( logY= -2.602+2.198(log x)) =live, leafless shrub weight;  x= diameter in mm; 
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Table 26: ANOVA table, including F test and degrees of freedom (df) for 42 brushlands sampled in the oak savanna region of Minnesota. Standing 

biomass yield (Mg ha-1 dry matter (DM)), annual biomass productivity (Mg ha-1 yr-1 dry matter (DM)), total stem density (no. ha-1), dead stem 

density (no. ha-1), ash (g kg-1 DM), mineral concentration (g kg-1), including N, P, K, S, Ca, and cell wall component (g kg-1), including Klason 

lignin (lig), glucose (Glu), xylose (Xy), arabinose (Ar), galactose (Gal) and mannose (man), and theoretical ethanol concentration (L Mg-1 DM) 

and theoretical ethanol yield (L ha-1) are included.. Sources of variation include two regions (L) and three brushland types (B). The P values for 

main effects and interactions are presented.  

Sourc

es 

 F test                                                                                                                       Feedstock properties 

  Standin

g 

biomas

s 

Annual 

productivi

ty 

Stem 

densit

y 

Dead 

stem 

densit

y 

ash N P K S Ca Mg lig Glu Xy Ar Gal Ma

n 

Ethanol 

concentrati

on 

Ethan

ol 

yield 

  Mg ha-

1 DM 

Mg ha-1 

yr-1 DM 

No. 

ha-1 

No. 

ha-1 

-----------------------------------------------------g kg-1 ------------------------------------------------- L Mg-1 

DM 

L ha-1 

L MS (L)/ 

MS 

(R(L)) 

ns ns * ns ns ns ns ns ns ns ns ns ** ** ** ** ** ** ns 

R(L) -                    

B MS (B) 

/ MS (L 

x B xR) 

** ** * ns ns ns * *** * ns * ** *** ** ** * * ** ** 
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L x B MS (L 

x B) / 

MS (L 

x B x 

R) 

ns ns ns ns ns ns ns * ns ns ns ns ns ns * ns ns ns ns 

L x B 

x R 

-                    

 

 

*, **, *** significance at the .05, .01 and .001 probability level, respectively. 
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Table 27:  Standing biomass yield (Mg ha-1 dry matter (DM)), annual biomass productivity (Mg ha-1 DM), total stem density (10
3
 

No. stems ha-1) and dead stem density as a percent of total stems for the stocked regions of 42 brushlands from the oak savanna 

region of Minnesota. Mean of brushland types (B), including lowland organic brushland (RB), lowland mineral brushland (SC) and 

upland brushland (FD) and means of by region (L), including Sherburne National Wildlife Refuge (Region 1 Sherburne) and White 

Earth Reservation (Region 2 White Earth) are compared; those with similar letter do not differ (Tukey‟s P<0.05).   

Source Yield Productivity Density Dead stem density 

 Mg ha-1 DM Mg ha-1 yr-1 DM 10
3
 No. stems ha-1 % of total stems  

Brushland type     

RB 6.98b 1.31b 169 b 12 a 

SC 14.21a 3.24a 170 b 33 a 

FD 8.00b 2.09b 262 a 23 a 

Location      
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Region 1Sherburne 8.61a 2.00a 238a 17a 

Region 2 White Earth 10.85a 2.43a 171a 16a 
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Table 28: Feedstock properties, including ash, N, P, K, S, Ca, and Mg concentration (g kg-1 DM) for stocked regions of 42 brushlands 

from the oak savanna region of Minnesota. Averaged across regions.  Mean of brushland types (B), including lowland organic 

brushland (RB), lowland mineral brushland (SC) and upland brushland (FD) are compared; those with similar letter do not differ 

(Tukey‟s P<0.05).   

 

Source                                                      Feedstock properties 

 Ash N P K S Ca Mg 

 -------------------------------------------g kg-1 DM------------------------------------------- 

RB 17.3a 5.8a 0.64b 1.3b 0.30b 5.27a 0.57ab 

SC 18.5a 5.7a 0.64b 2.0b 0.40a 5.50a 0.54b 

FD 17.7a 5.9a 0.75a 2.8a 0.36ab 4.66a 0.69a 
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Table 29: Feedstock properties, including glucose (Glu), xylose (Xy), arabinose (Ar), galactose (Gal) and mannose (Man) and Klason 

ligning (K ligning) and ethanol concentration (L Mg-1 DM) and ethanol yield (L ha-1)  for stocked regions of 42 brushlands from the 

oak savanna region of Minnesota. Averaged across regions.  Mean of brushland types (B), including lowland organic brushland (RB), 

lowland mineral brushland (SC) and upland brushland (FD) are compared; those with similar letter do not differ (Tukey‟s P<0.05).   

Brushland 

type 

                                                                          Feedstock properties 

  Glu Xy Ar Gal Man K lignin Ethanol 

concentratio

n 

Ethanol 

yield 

 ---------------------------------------------------g kg-1 DM------------------------------------ L Mg-1 DM L ha-1  

RB 258b 117.5b 23.6a 19.6a 11.6a 152.6a 313b 1907b 

SC 327a 113.8b 19.5ab 17.2a 13.8a 134.9b 357a 4060a 

FD 325a 127.0a 19.1b 17.3a 13.6a 136.9b 372a 2850b 
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Table 30:  Predicative equations developed for use in determining annual biomass productivity (Mg ha-1 yr-1 dry matter (DM)) for 

brushlands in the oak savanna region of Minnesota by brushland species (spp). Equations predict diameter (cm) by number of years 

(YR) determined from ring count. Coeffiecent of determination (r2) and root mean square error (RMSE) are presented for each 

equation. Mean incremental diameter growth (cm yr-1) was employed where equation was non-significant. Standard error (SE) 

presented with mean incremental diameter growth.  

Brushland  species Year-to-diameter equations r2; RMSE  Mean incremental diameter growth 

(cm yr-1 ± SE) 

Alnus rugosa ŧ Diam (cm)= 1.144√YRS -1.248 r
2
=.5486;  RMSE= .537  

Salix spp ŧ  Diam (cm)= 0.8235√YRS 0.6114 r
2
= .4405; RMSE=.3606  

Cornus stolonifera ŧ  Diam (cm)= 0.921√YRS – 0.753 r
2
=.8288; RMSE= .2720  

Spirea spp. ŧ  ns - 0.145± .015 

Betula pumila . ŧ ns - 0.164± .012 

Populus tremuloides † Diam (cm) = 1.387√YRS 1.177 r
2
=.5745; RMSE= .5837  
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Betula papyifera†  ns - 0.211± .014 

Corylus spp. † Diam (cm)= 0.496√YRS – 0.010 r
2
=.4442; RMSE= .4388  

Cornus spp†  ns - 0.121 ± 0.009 

Amelanchier spp†  ns - 0.050 ± 0.007 

Acer rubrum†  ns - 0.130± 0.014 

Prunus spp. † ns - 0.148 ± 0.010 

Quercus spp ¥ Diam (cm)= 1.344√YRS – 1.093 r
2
=.5770; RMSE= .4205  

 

 

** Viburnum, Ribes and Rubus were not considered for annual growth due to lack of distinct growth rings 

ns= not statistically significant at 0.05 probability level 
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Table 31: Mean stand age and range and number of sites sampled by region, including Sherburne National Wildlife Refuge (Region 1 

Sherburne) and White Earth Reservation (Region 2 White Earth), and brushland type, including lowland mineral brushland (SC), 

lowland organic brushland (RB) and upland brushland (FD).   

 Number of sites 

sampled 

Mean stand age 

(yrs± SE) † 

Range observed (yrs) 

Region 1Sherburne    

RB 4 6.3±  0.88 5-8 

SC 6 7.5 ± 0.67 5-10 

FD 9 5.6 ± 0.65 3-8 

Region 2 White 

Earth 

   

RB 8 8.1 ± 1.04 5-12 

SC 7 9.3 ± 1.06 5-13 

FD 9 8.4 ± 1.80 5-14 

† number of years since disturbance determined from land management records used for FD type 

maximum age observed, as a surrogate for years since disturbance, used for SC and RB
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