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Abstract 1	

Native warm-season grasses of the tallgrass prairie are anticipated to be a significant source of 2	

cellulosic biofuel feedstocks for renewable energy, as well as deliver additional ecossytem 3	

services, such as mitigate nitrogen (N) losses to the environment.  Whether additional services 4	

are realized, however will depend largely on how these perrenial bioenergy crops are managed.  5	

Balancing the trade-offs of maximizing yields while minimizing N removal at harvest and 6	

conserving N in the plant-soil system to limit N-losses, remains a major challenge in growing 7	

bioenergy crops.  The purpose of this research was to understand how perennial grass cropping 8	

systems respond to management of different N fertilizer rates and harvest timings, as well as how 9	

this management affects the system’s N conservation strategies of N-use efficiencies and N-10	

recycling. We used two perennial grass systems, growing on prairie-derived soils in the upper 11	

Midwest, of differing diversity levels – a restored Tallgrass prairie and a Panicum virgatum 12	

(switchgrass) monoculture, to determine the effects of N fertilizer rate and harvest timing on 13	

biomass yields, N concentrations and N removal.  We used three different metrics to evaluate the 14	

nitrogen-use dynamics of the different cropping systems and management treatments: yield 15	

nitrogen-use efficiency, apparent fertilizer-N recovery and N productivity – the ratio of yield to 16	

biomass N concentration.  The magnitude and timing of N resorption under different N fertilizer 17	

rates were also measured to elucidate one mechanism of reducing N removal with later harvest 18	

dates.   Responses to N fertilizer additions were not consistent between cropping system, year or 19	

harvest timing, although were generally weak.  Yields were highly variable, ranging from 1.3 Mg 20	

ha-1 in a 2009 spring prairie harvest to a 7.2 Mg ha-1 summer switchgrass harvest in 2010.  21	

Waiting for a fall harvest resulted in a 30% yield loss and delaying harvest until the following 22	

spring caused another 30% yield loss.  N-use dynamics in the two systems were similar and 23	
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nitrogen-use efficiencies indicated that these crops are not efficient users of fertilizer-N, 24	

suggesting that the excess fertilizer is not being captured by plants and is subject to various N-25	

loss pathways.  Fertilizing proved to be relatively inefficient, as fertilizing with 50 kg N ha-1 26	

gave the prairie an advantage of only 11.9 kg of prairie biomass per kg added fertilizer-N, or 6.3 27	

kg of biomass in the switchgrass monoculture.  N productivity in switchgrass indicates that 28	

fertilizing 50 kg N ha-1 and harvesting in fall results in the most biomass with the best biomass 29	

quality, while the relationship between biomass yield and biomass quality was highly variable in 30	

the prairie.  N resorption was significant in all measured species, although only switchgrass 31	

resorption was affected by fertilizer treatments.  Fertilized plants took longer to reach minimum 32	

N levels and despite resorbing significantly higher proportions of leaf N, leaves but were still 33	

unable to withdraw leaf N to the same low N concentrations as the unfertilized plants.  34	

Decreased N removal with later harvest timings can be explained partly by N resorption, 35	

although additional reductions in N content at a fall harvest suggest other factors, such as 36	

changes in leaf:stem ratios through time may also be responsible for lower N removal rates.  37	

While bioenergy crops show potential for a sustainable feedstock, assumptions are often 38	

overlooked regarding their benefits because of management effects that alter the plant’s N-use 39	

dynamics and N-recycling capabilities.   40	

 41	

  42	
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Introduction 43	

   In the search for renewable energy, native warm-season grasses of the tallgrass prairie 44	

have emerged as prime candidates for cellulosic ethanol production and are likely to have an 45	

increased presence on our landscape in the coming decades (Webster et al., 2010; Stokes, 2011; 46	

Waramit et al., 2011).  These perrenial grasses are also anticipated to provide additional 47	

ecosystem services, such as biodiversity conservation, carbon sequestration, and greenhouse gas 48	

and nutrient-runoff mitigation (Bardgett et al., 1999; Lemus and Lal, 2005; Costello et al., 2009; 49	

Tilman et al., 2009; Meehan et al., 2010; Werling et al., 2011).  Anthropogenic reactive nitrogen 50	

has accumulated to damaging levels that have altered primary productivity, groundwater quality, 51	

atmospheric concentrations, and fluvial loading (Schlesinger, 2009).  Since anthropogenic 52	

nitrogen has caused substantial environmental decline, striving to improve the N conservation of 53	

biomass production systems will lessen the impact of these perrenial bioenegy crops on our 54	

landscape and help realize some of the anticipated ecossytem services in addition to a source of 55	

renewable energy. 56	

 One way to increase agricultural production, while simultaneously increasing N 57	

conservation and reducing N  runoff, is to use cropping systems that are inherently N-use 58	

efficient (Robertson and Vitousek, 2009; McSwiney et al., 2010).  Perennial grass cropping 59	

systems, such as a Panicum virgatum (switchgrass) monoculture or Tallgrass prairie, are two 60	

such systems currently being considered for cellulosic feedstock production.  Warm-season 61	

grasses have been selected as candidates for biomass production not only because of their 62	

perennial nature, but also because they use a C4 photosynthetic pathway, which allows solar 63	

radiation, water, and nutrients to be used more efficiently for the amount of biomass produced 64	

than plants using the C3 photosynthetic pathway (Brown, 1999).  Although perennial grass 65	
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cropping systems provide an optimistic alternative to other forms of energy (Donner and 66	

Kucharik, 2008), there still may not be enough reductions in N losses to maintain or restore 67	

ecosystem functions such as nutrient retention.  Considering the biofuel production goals set 68	

forth by the Energy Independence and Security Act of 2007, it has been estimated that using 69	

cellulosic biofuels as opposed to corn grain ethanol will reduce nitrate loading by a mere 20% to 70	

the Mississippi River Basin.  This would not reach current goals to reduce the hypoxic zone in 71	

the Gulf of Mexico (Costello et al., 2009), which demonstrates the need to improve the N-72	

conservation in cellulosic cropping systems.  As policy intensifies efforts to develop production 73	

of biofuels, existing agricultural or marginal lands will potentially be converted to biomass 74	

production systems.  Approximately 6.8 million hectares of  land in the Conservation Reserve 75	

Program (CRP) has the potential to be used, as estimated by (Walsh et al., 2003), and the U.S. 76	

Department of Energy also projects that millions of hectares is the U.S. could potentially be 77	

dedicated to perennial grass production for bioenergy in the near future (U.S. Dept of Energy, 78	

2011).  This considerable amount of prospective land may be subjected to new agronomic 79	

management scenarios and consequently, experience alterations to the N cycling.   It therefore is 80	

imperative to understand how perennial grass can be managed for biomass production without 81	

degrading their inherent nitrogen-use efficiencies (NUE) and N-recycling abilities to prevent 82	

further N pollution to the environment.   83	

 Altering nutrient management and carbon inputs in agroecosystems has a great potential 84	

to alter the system’s N balance and N cycling (McSwiney et al., 2010).  In biomass production, 85	

N losses will include N removed in a harvest, as well as losses through volatilization, 86	

denitrification, runoff, and leaching.  These processes are highly dependent on soil type, 87	

temperature, moisture status, as well as management.  To make up for system losses, managers 88	
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may apply N fertilizer at rates that replaces the N removed during the previous biomass harvest, 89	

or at higher rates to reduce risk by striving for maximum production (Anex et al., 2007).  Studies 90	

have demonstrated however that warm-season grasses may depend significantly on endogenous 91	

N sources, which means significant amounts of fertilizer-N applied may not be retained in the 92	

agroecosystem, or is at least unaccounted for in the production of the biomass.  This is illustrated 93	

through the large ranges of reported biomass N contents and yield responses to nitrogen fertilizer 94	

addition (Table 1) (Parrish and Fike, 2005).  Numerous studies have evaluated biomass 95	

production of switchgrass based on nitrogen and harvest management, but the results have been 96	

mixed with some finding a positive yield response to fertilization (Lemus et al., 2008a; 97	

Heggenstaller et al., 2009), while others found no response (Thomason et al., 2004; Mulkey et 98	

al., 2008).  This lack of response to N fertilization has been attributed to uncharacterized 99	

microbial processes and the inherent N conservation strategies of the plants (Parrish and Fike, 100	

2005).   101	

 There are ecological and economic incentives to reduce the amount of N taken off the 102	

field in biomasss, such as less N fertilizer required for the subsequent growing season and less N 103	

being subjected to possible loss pathways.  The N removed by harvest is significantly affected by 104	

N fertilization rate and harvest timing.  Vogel et al. (2002) found that biomass N concentrations 105	

increased with N fertilization rates but decreased with later harvests, which was attributed to the 106	

diminishing N contents in biomass during senecence.  High N concentrations in biomass also 107	

decrease feedstock quality for the conversion process: a suggested upper-limit threshold of 108	

biomass N concentration for feedstocks is 0.6% N (Kauter et al., 2003).  There is a growing 109	

consensus that switchgrass and other warm-season grass cropping systems are best suited for one 110	

harvest per season, which also reduces N removal rates compared to a two-cut system  (Parrish 111	



6	
		

and Fike, 2005).  Harvesting the biomass too often or too early depletes the carbohydrate and 112	

nutrient stores and eventually causes reductions in growth and potential yields (Casler and Boe, 113	

2003; Thomason et al., 2004).  Although current management reccomendations suggest that 114	

harvesting biomass should be delayed until after complete senescence,  no clear approach has 115	

emerged to balance the trade-offs between maximizing biomass production and quality, while 116	

minimizing nutrient removal and maintaing high N-retention for ecosystem function.   117	

 Plant nutrient recycling is an important mechanism for N retention in plants and has been 118	

identified as a means of reducing N losses in perennial grass systems.  C4 prairie grasses have 119	

been found to be very efficient in retranslocating, or resorbing nutrients and carbohydrates to 120	

roots and crowns during senescence for storage over winter to be re-used the following growing 121	

season (Clark, 1977; Heckathorn and Delucia, 1996) . N resorption rates have been found to vary 122	

considerably, ranging from 0-90% in perennial plants, with a mean of approximately 50% (van 123	

Heerwaarden et al., 2003).  An understanding of what contributes to this variability is beginning 124	

to emerge.  Plant genetics are one factor, as switchgrass accessions alone have been found to 125	

have resorption rates that range from 20 to 60% (Yang et al., 2009).  Other sources of variability 126	

are environmental factors, such as climate, water stress, and soil nutrient levels.  Some studies 127	

have found N resorption rates decrease with increasing soil-N availability (Kobe et al., 2005; 128	

Huang et al., 2008; Norris and Reich, 2009), while others have found no effect of N availability 129	

on resorption rates (Aerts, 1996; Aerts and Chapin, 2000); therefore fertility effects on resorption 130	

rates remain equivocal.  N resorption has been documented specifically in perennial grasses 131	

managed for bioenergy production (Heaton et al., 2009; Garten et al., 2010), although little to no 132	

research has explored how the resorption strategies of these bioenergy species will be affected by 133	

different fertilizer rates.  More research is needed to understand when and how much N is 134	
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recycled through retranslocation in managed bioenergy crops (Sanderson et al., 2006), and 135	

whether the timing of harvest allows for complete resorption of N, as well as how additional 136	

fertilizer-N sources alter the plants’ resorption capabilities.  As N fertilization increases the 137	

biomass yield, as well as the N concentration in the biomass (Vogel et al., 2002; Heggenstaller et 138	

al., 2009), there is potential for more N to either retranslocate, be removed with harvest, or be 139	

lost through N-loss pathways, such as leaching and denitrification. Growing biomass feedstocks 140	

for energy while realizing additional ecosystem functions, remains a major challenge. 141	

 The purpose of this research was to understand how perennial grass cropping systems 142	

respond to different harvest timings and N fertilizer rates, as well as how this management 143	

affects the system’s N-use efficiencies and N-recycling strategies. Maintaining high yields while 144	

minimizing N removal with harvest and retaining N in the plant-soil system is essential to help 145	

meet the goals of sustainable biofuel production.  We used two perennial grass systems of 146	

differing diversity levels to 1) Determine the yield and [N] response to N additions at different 147	

harvest dates, 2) Quantify the N removal at different N fertilizer levels and different harvest 148	

dates, 3) Evaluate yield NUE metrics at different N rates and harvest dates, and 4) Measure the 149	

magnitude and timing of N resorption under different N fertilizer rates to elucidate one 150	

mechanism for reducing N removal with later harvest dates. 151	

Methods 152	

Study site and experimental design 153	

This work was conducted at the Arlington Agricultural Research Station in Arlington, Wisconsin 154	

(43º18’ N, 89º21’ W).  Average temperatures during the years of this study were 6.5°C and 155	

7.8°C for 2009 and 2010, respectively.  Total annual precipitation was 856mm in 2009 and 889 156	
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in 2010, making precipitation in the years of our study above the 40-yr average of 835mm for 157	

south-central Wisconsin (UW Extension, 2010).  Soils at the experimental site are classified as 158	

Plano silt loam (fine-silty, mixed, superactive, mesic Typic Argiudolls), which are highly-159	

productive Mollisols.   160	

 Experimental units were positioned on a larger framework of established plots that are 161	

part of the Wisconsin Integrated Cropping Systems Trial (WICST), which is a long-term 162	

research project examining crop rotations and on-farm biodiversity of cropping systems in 163	

southern Wisconsin (WICST Project, 2011).  Switchgrass plots were seeded in August 2007 with 164	

the cultivar “Forestburg” at a rate of 10lb PLS/ac.  The prairie plots were seeded in1999 with 25 165	

different species native to the Tallgrass prairie, including C4 grasses, legumes and forbs.  Weeds 166	

were managed with herbicide as needed (Table S1).  167	

 Management treatments applied to the prairie and switchgrass plots included three N 168	

fertilizer rates (0, 50, and 150 kg N ha-1) and three harvest timings (summer, fall and the 169	

following spring).  Fertilizer was hand-applied in June of 2009 and 2010 as ammonium-nitrate 170	

(see Table S1 for dates of plot management).  The summer harvest timing was at the post-171	

anthesis phase of the dominant species within each perennial grass system; the fall harvest was 172	

two weeks after a killing frost (temperature reach <-2.2°C for a minimum of 4hrs); and the 173	

spring harvest was as soon as possible after snow-melt when field conditions permitted.  A 174	

control check plot that was never harvested and never fertilized was also included in the design.  175	

This was a RCBD, with two levels of blocking – the first level the WICST plot, with a second 176	

sub-block nested within each WICST block.  Every management treatment was replicated six 177	

times with a control plot in every block, creating 120 total experimental units with a plot size of 178	
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4m2.  A 1-meter alley between all plots allowed for some buffer between treatments in case of 179	

fertilizer-N runoff and to reduce edge-effects.   180	

NUE components: Yield, N concentration and N content data collection 181	

 Biomass was harvested using a self-propelled sickle-bar mower in 2009; in 2010 we 182	

transitioned to a gas-powered hedge-trimmer (Echo HC-150 hedge trimmer, 20” blade) to 183	

improve precision and accuracy of cutting.  Cutting height was approximately 15cm – similar to 184	

that of farm-scale equipment.  Field weights of biomass were recorded immediately after harvest.  185	

Biomass was then chopped (TroyBilt CS4325 Chipper Shredder) to coarsely-homogenize 186	

biomass before a subsample was taken for obtaining moisture contents by drying biomass at 187	

65°C for over 48 hours.  After subtracting moisture weight, dry matter weights were extrapolated 188	

from plot yield to Mg ha-1.  Biomass samples were finely ground using a Wiley Mill to pass a 189	

<1mm screen, then pulverized using stainless steel balls in 2ml micro-centrifuge tubes to further 190	

homogenize.  N concentrations were determined by combustion on a Carlo-Erba elemental 191	

analyzer (CE Elantech EA1112, Lakewood, N.J.).  N content of biomass was calculated by 192	

multiplying yield by N concentration. 193	

Calculating NUE metrics: 194	

Nitrogen-use was calculated using three different metrics: yield nitrogen-use efficiency (yield 195	

NUE), apparent N-fertilizer recovery (ANR) (Lemus et al., 2008b) and N productivity, where 196	

Yield NUE = (yield fertilized plot – yield unfertilized plot)/ kg of N applied fertilized plot 197	

ANR (%) = ANR= [(kg biomass-N fertilized plot – kg biomass-N unfertilized plot)/kg of N applied fertilized plot] x100 198	

N productivity = (Mg ha-1 biomass / biomass N concentration). 199	
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Yield NUE considers how much biomass was produced on account of every kg of added 200	

fertilizer-N.  ANR calculates the percent of added fertilizer-N assumed to be recovered and 201	

removed in harvested-biomass.  These metrics are calculated by using fertilizer-N applied, so 202	

therefore cannot be calculated for the unfertilized plots.  The N productivity metric does not 203	

consider how much N was added to the system, so all fertilizer treatments are comparable with 204	

one another.  N productivity is the relationship between biomass quantity (yield) and quality (N 205	

concentration).  Ideally, agronomic management would produce biomass of high quantity but 206	

very low quality, so the ratio of yield to N concentration is yet another method to evaluate 207	

responses to N-fertilizer rates.   208	

N resorption data collection 209	

 In 2010, we selected several of the dominant species in each system to measure N 210	

resorption.  We sampled leaves from Andropogon gerardii (Big Bluestem) and Sorghastrum 211	

nutans (Indiangrass), two native C4 grasses, and Helianthus grosseserratus (sawtooth 212	

sunflower), a native C3 forb, in the prairie.  Panicum virgatum (switchgrass), also a C4 grass, 213	

was sampled in the monoculture.  Leaves were sampled at the presumed start- and end-points of 214	

senescence – peak-standing biomass and approximately two weeks after a killing frost.  215	

Switchgrass leaves were also collected at two-week intervals throughout this senescence period, 216	

to address our question of when the resorption was occurring.  Our samples at each collection 217	

timepoint included four leaves from four individuals within each plot.  For the grasses, the top 218	

four leaves were consistently collected from one reproductive tiller of each individual; for the 219	

forb, leaf collections were equally spaced from the top to the middle of the plant.  Samples were 220	

not collected from the summer harvest-timing treatment since these plots were completely 221	

harvested before the senescence process occurred.  Therefore, management treatments for the N 222	
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resorption study included the three fertilizer rates and the previous year’s harvest timing 223	

treatments.  Leaves were dried at 65°C for a minimum of 48 hours, weighed and ground on a 224	

sample mill (Cyclone sample mill, UDY Corporations, Fort Collins, CO).  Samples were then 225	

analyzed for N concentration using the same method described above.  Leaf N content was leaf 226	

dry-weight multiplied by N concentration.  Resorption was expressed as resorption efficiency 227	

(RE), where 228	

RE = [leaf N contentgreen leaf – leaf N contentsenesced leaf)/leaf N contentgreen leaf] x 100 229	

This describes resorption as the proportion of leaf N at peak-standing-mass (green leaf) that was 230	

resorbed by the final leaf collection in early November (senesced leaf). 231	

Soil inorganic N pools and mineralization rates 232	

 Soil N measurements were collected in 2009 and 2010 in order to characterize the soil N-233	

status before and after treatments were implemented.  Inorganic soil N pools (nitrate and 234	

ammonium) and inorganic N mineralization rates (mineralized nitrate and ammonium) were 235	

assessed in plots in June 2009 before any management treatments were implemented and again 236	

in June 2010, immediately before the 2010 fertilizer application.  Soil samples consisted of three 237	

composited soil cores (2.5 cm x 15cm) in each plot.  Samples were transported on ice and stored 238	

at 4°C until processed, which was within 48 hours of field collection.  Soils were homogenized 239	

and organic matter and rocks removed using a 2mm sieve, followed by a 2M KCl extraction 240	

(Robertson et al., 1999).  Extracts were then filtered using Whatman A/E 0.2 µm glass fiber 241	

filters and frozen (-20°C) until analysis.  Nitrate concentrations were determined by reduction 242	

with Devarda’s alloy (Sims et al., 1995) and ammonium concentrations by the Berthelot method 243	
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(Rhine et al., 1998).  Samples were read on a Labsystems Multiskan EX microplate reader 244	

(Thermo Fischer Scientific, Walthman, MA) at 650 nm absorbance. 245	

Statistical analyses 246	

 Components of NUE (yield, N concentration and N content) and soil N data were 247	

analyzed separately for each year (2009, 2010).  NUE metrics were analyzed across the two 248	

years to more broadly assess trends.  To further explore N productivity within each plot, we 249	

regressed N concentration values against their respective yields to calculate correlation 250	

coefficients of this relationship in each cropping system.  We used linear-mixed effects models 251	

(TIBCO Spotfire S+ v.8.1.1, TIBCO Software, Inc., Palo Alto, CA) to evaluate treatment effects.  252	

Fixed effects were the N fertilizer rates (used as a factor) and harvest treatments, except for 253	

analysis of switchgrass leaves through senescence within each fertilizer treatment, where fixed 254	

effects were harvest-timing of the previous season and day of year (DOY).  Random effects were 255	

always sub-blocks nested within blocks.  If needed, response variables were transformed for 256	

analysis using log10 to meet assumptions of normality and equal variance, although figures use 257	

untransformed data to report agronomically-meaningful values.  Analysis of variance evaluated 258	

fixed effects of models, where significance was determined at α = 0.05.   259	

 To evaluate differences between treatment means, model simplification described by 260	

Crawley (2002) was used, where the Akaike Information Criterion (AIC) and the restricted 261	

maximum likelihood algorithm (REML) determined the most parsimonious model.  This was 262	

done by dropping factors from the initial model to create a more simplified model, then 263	

comparing the more complex to the simplified model.   If the models were significantly different 264	

(at p<0.05), the model with the lower AIC was chosen. 265	
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Results 266	

Biomass Yields 267	

Yields varied by crop, N fertilizer rate and harvest timing within each year (Table 2, Table 3).  268	

Switchgrass out-yielded the prairie in 2009, but 2010 proved prairie to be an equal competitor in 269	

harvestable yield.  Switchgrass response to fertilizer was apparent in 2009 for the summer and 270	

fall harvests, while no response was evident the following spring.  There was no switchgrass 271	

yield response to fertilizer additions in 2010, except for the 2010 spring harvest, when fertilized 272	

plots actually produced significantly less biomass (Figure 1).  Prairie yields had the opposite 273	

outcome where N response was not apparent in 2009, but 2010 yields showed significant yield 274	

increases when fertilized across all harvest timings (Figure 1).  Across cropping systems, the 275	

summer harvest treatment generally produced the greatest yields, followed by the fall, and the 276	

least yield in spring.  This however was not the case in 2010 prairie yields where harvest timing 277	

had no effect on yields (Table 1 and Figure 1). 278	

 Biomass N Concentration 279	

N concentrations of the harvested biomass were more responsive to management treatments of N 280	

fertilizer additions and harvest timing.  N concentrations did not differ between cropping systems 281	

in 2009 but prairie N concentration was significantly higher in 2010 (Table 3).  Switchgrass N 282	

concentration was responsive to fertilizer additions while the prairie was only responsive to 283	

fertilizer additions in 2009 (Figure 2).  Across both years and cropping systems, harvest timing 284	

had a very strong impact on N concentrations.  Most of the decrease occurred between the 285	

summer and fall harvests, with a smaller or non-significant change from fall to the spring 286	

harvest, such as in the prairie 2010 biomass.  N rate had no effect within each year of the prairie 287	
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spring harvest, whereas the fertilizer effect remained very apparent through all switchgrass 288	

harvest timings (Figure 2).  The unfertilized plots tended to have approximately the same N 289	

concentrations as the high N-rate plots in the fall and spring, although this trend was not 290	

sustained in the 2010 prairie biomass.  The 2009-2010 switchgrass and 2009 prairie had 291	

relatively similar patterns in regard to treatment effects on N concentrations whereas the 2010 292	

prairie N concentrations were unique in regard to treatment effects (Figure 2). 293	

 Biomass N Content 294	

N content, driven by both the yield and N concentration, indicates the amount of N in the 295	

harvested biomass, which is synonymous with N removed from the system at harvest.  The 296	

summer harvest also represents a measure of total N uptake.   The cropping systems differed in 297	

their N removal rates by year: switchgrass removed more N in 2009 whereas the prairie removed 298	

more N in 2010.  Switchgrass averaged 37 kg N ha-1 and 38 kg N ha-1 in 2009 and 2010, 299	

respectively, averaged across N and harvest treatments.  Prairie N content varied considerably 300	

between years, with only 21 kg N ha-1 in 2009 and 44 kg N ha-1 in 2010, averaged across harvest 301	

and N treatments.  N rate and harvest timing were significant treatment effects in both years 302	

(Table 3), with N removal patterns often following the yield and N concentration patterns 303	

(Figures 1 and 2).  Although the 2010 prairie biomass had no fertilizer treatment effects on N 304	

concentrations, the biomass N content followed roughly the same pattern of the yield response to 305	

N rates (Figure 1, Figure 3).  Increasing fertilizer rates generally increased N removal rates, with 306	

the magnitude of the effect decreasing with later harvest times (Figure 3).  N uptake averaged 31 307	

kg N ha-1 in the 2009 prairie summer harvest and 42 kg N ha-1 in the 2010 summer harvest.  N 308	

uptake in switchgrass summer harvests were 40 kg N ha-1 and 49 kg N ha-1 in 2009 and 2010, 309	

respectively.   310	
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 In 2010, prairie yields were not affected by harvest timing (p=0.09), but responded to N 311	

rate (p<0.0001) (Figure 1), while the N concentration was affected by harvest timing (p=0.0002) 312	

and not N rate (p=0.4).  This instance where biomass yield increases with N rate, but N 313	

concentrations do not, is the preferred situation for biomass production systems because the 314	

plants are using nitrogen more efficiently and adding more units of carbon per unit of added 315	

fertilizer-N.  Although N removal increases with increasing N rate, it is driven by the increase in 316	

yield rather than increasing N concentrations. 317	

NUE metrics 318	

 NUE metrics were averaged across years to summarize N use dynamics of each cropping 319	

system.  The yield NUE (kg biomass kg N -1) indicates how many kg of biomass were produced 320	

on account of every added kg of fertilizer N.  Fertilizing proved to be relatively inefficient, as 321	

fertilizing with 50 kg N ha-1 gave the prairie an advantage of only 11.9 kg of biomass per kg 322	

added fertilizer-N, averaged across harvest timings.  Switchgrass revealed an even weaker use of 323	

fertilizer N with only 6.3 kg of additional biomass per kg of N when 50 kg N ha-1 was applied.  324	

The N rate treatments generally had no effect on yield NUE, except in 2010 for the spring-325	

harvested switchgrass, when the 50-N treatment produced significantly less biomass per kg of 326	

fertilizer compared to the other treatments (Table 4).  The spring harvest produced a negative 327	

NUE indicating that waiting to harvest at this point in the season, fertilized biomass can result in 328	

fewer grams of biomass harvested per kg of N added (Table 4, Figure 1). 329	

 Apparent N recovery (ANR) provides an estimate of what percent of fertilizer-N applied 330	

was recovered by plants by discounting the N-uptake in an unfertilized plot of the same harvest 331	

treatment.  The estimate of fertilizer-N recovery was significantly lower for the later harvest 332	
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timings for both switchgrass (p<0.0001) and prairie (p=0.0004).   These differences between 333	

harvest timings suggest resorption of N from August to November (Table 4).  Fertilizer rates in 334	

both cases were not statistically different, although in all cases the 50N treatment mean 335	

recoveries were slightly higher than the 150N treatment mean recoveries, which is consistent 336	

with the trend of higher fertilizer rates becoming more inefficient.  ANR between cropping 337	

systems were comparable (p=0.6), illustrating similar N-uptake capacities between the 338	

switchgrass monoculture and the prairie.   339	

 To evaluate all management treatments including the unfertilized plots, the relationship 340	

of yield to N concentration was considered (Figure 4).  Across all years and management 341	

treatments, there is a significant, but weak relationship between switchgrass yield and N 342	

concentration (r2=0.32, p<0.0001), whereas there was no significant relationship in the prairie 343	

(r2=0.0001, p=0.9).  Management treatments had no affect on N productivity in the prairie 344	

(p=0.5), but management treatment was an important predictor for switchgrass N productivity 345	

(p<0.0001).  Switchgrass had the highest N productivity in the fall-harvested 50-N treatment and 346	

the summer-harvested 0-N treatment (Table 5).   347	

N resorption 348	

 N resorption was evident in all species measured.  RE in the prairie species differed 349	

mainly by species (p<0.0001) without significant treatment effects.   Helianthus grosseserratus 350	

RE was highest (68.8 ± 1.9% [s.e.]), followed by Sorghastrum nutans (46.2 ± 3.6%) and 351	

Andropogon gerardii (34.2± 4.7%).  Panicum virgatum RE averaged 53.2±2.6% across 352	

management treatments, but differed significantly by N fertilizer rates (p=0.007), with the 353	
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highest RE in the 150-N treatment (61.8 ± 3.4%), followed by the 50-N treatment (51.5+4.8%) 354	

and the lowest resorption in the 0-N treatment (46.3 ± 4.5%). 355	

 Switchgrass leaf N content decreased from late July through early November.  Leaf N 356	

content decreased most dramatically in all management treatments from the end of July (DOY 357	

209) through the end of August (DOY 242) (Figure 5).  Previous harvest schedules from the 358	

2009 growing season had a significant interaction with N fertilizer rate (p=0.001) across all 359	

collection timepoints.  Leaves collected from the unfertilized plots reached minimum leaf N 360	

content by DOY 242 (Figure 5a).  Although leaves collected from the fertilized plots lost the 361	

majority of their N by DOY 242, there was still a significant decrease in leaf N at the end of the 362	

season.  By DOY 307, fertilized leaves had reached their minimum N content (Figure 5b, 5c).  363	

Senesced leaf N content (at DOY 307) was not affected by management treatments (p=0.4), 364	

however, N concentration had a significant N treatment by harvest interaction (p=0.02) (Figure 365	

6), with higher concentrations in the 150-N leaves ([N] = 1.66%) compared to the 50-N ([N] = 366	

1.53%) and 0-N leaves ([N]=1.25%) (p<0.0001).  Leaf mass decreased throughout the 367	

senescence period across all harvest treatments (p<0.0001) resulting in a mean 50% loss in mass 368	

from the first sampling period to the last sampling period (data not shown).  This mass loss in 369	

leaf tissue may be an indication of carbohydrate resorption, in addition to other mineral 370	

components of the leaf tissue. 371	

 Prairie species did not show any effect of management treatment on final senescenced-372	

leaf N concentrations.  There were however significant differences in N concentration by species 373	

(p<0.0001) with concentrations values, averaged across management treatments, of 1.12%, 374	

1.31% and 1.67% for Sorghastrum nutans, Andropogon gerardii and Helianthus grosseserratus, 375	

respectively (Figure 6). 376	
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Inorganic soil N status and mineralization rates 377	

 The 2009 soil data revealed that there were no differences in inorganic soil levels 378	

between plots before the fertilizer and harvest treatments were implemented (Table 6).  In June 379	

of 2010, one year after the initial fertilization, soil N levels were generally higher across all 380	

management treatments.  The only significant treatment effect was seen in the unfertilized 381	

switchgrass plots, which had lower inorganic N levels compared to the fertilized switchgrass 382	

plots (p=0.008).   Although there were no treatment effects in mineralization rates, it is 383	

interesting to note that mineralization rates were negative in 2009, suggesting that inorganic N 384	

was being immobilized rather than mineralized.  In 2010, mineralization rates were positive and 385	

were not affected by legacy of the management treatments implemented in 2009. 386	

Discussion 387	

Yield and biomass N concentration trends vary by year and cropping system 388	

 Responses to N fertilizer additions were not consistent between cropping system, year or 389	

harvest timing.  While the prairie had no yield response to N additions in 2009, switchgrass had 390	

modest yield increases with fertilization, whereas the 2010 growing season brought the opposite 391	

trends.  Why was there not a fertilizer response in all situations?  Weak fertilizer responses could 392	

indicate no N-limitation.  However, inorganic soil N data in 2009 showed negative N-393	

mineralization rates, suggesting that these systems were in fact N-limited and plants may have 394	

been out-competed for resources by microbes.  In 2010, when N mineralization rates were 395	

positive, there was more soil N available, however the switchgrass yields still had no fertilizer N 396	

response.  The 2010 growing season apparently had better growing conditions irrespective of N 397	
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availability since all yields were greater than 2009 yields even in the unfertilized plots.  This 398	

study is an indication that yield response to fertilization is extremely variable even within a field.   399	

Yield trends by harvest timing were more predictable where later harvest-timings often 400	

produced smaller yields in switchgrass.  Waiting for a fall harvest resulted in an average 30% 401	

loss in yield and delaying harvest the following spring caused about another 30% loss in 402	

biomass, or approximately 53% loss from the summer harvest.  Adler et al. (2006) found 40% 403	

losses by over-wintering biomass in the field with the reductions attributed to harvest 404	

inefficiencies and a drop in individual tiller weights.   The prairie seemed to be more resilient to 405	

biomass losses from fall to spring but did show yield reductions only in the 2009 growing season 406	

from summer to fall.   407	

Plant tissue N concentrations tended to increase with fertilization, as others have found 408	

(Madakadze et al., 1999; Heggenstaller et al., 2009; Garten et al., 2011).   The one exception to 409	

this trend was in the 2010 prairie harvest, where N fertilizer rate had no affect on biomass N 410	

concentrations, which has also been an observed trend in other studies (Lemus et al., 2008b; 411	

Waramit et al., 2011).  In addition to high N concentrations contributing to higher N removal 412	

rates, the biomass N concentrations often did not fall below the recommended threshold for 413	

feedstocks of 0.6% N (Kauter et al., 2003).  Only some of the fall or spring-harvested biomass in 414	

the 0-N or 50-N treatments would meet this biomass-quality parameter. 415	

 Unfertilized plots removed a cumulative of 74 kg N ha-1 in prairie and 90 kg N ha-1 in 416	

switchgrass over two growing seasons without any fertilizer inputs.  It is remarkable that N 417	

removal in 2010 exceeded N removal in 2009 despite biomass removal for the second-418	

consecutive seasons with zero inputs, although this is not an uncommon for switchgrass, as many 419	
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other studies have demonstrated unfertilized switchgrass removing high N amounts despite 420	

continuous years of no added N inputs (Parrish and Fike, 2005; Lemus et al., 2008b).  Fertilized 421	

switchgrass can also exhibit high levels of N removal that exceeds the initial fertilizer application 422	

(Lemus et al., 2009), but was the case in this study only for the 50-N treatment in switchgrass 423	

and the 50-N treatment in 2010 for prairie.   424	

NUE metrics suggest crops are inefficient users of fertilizer-N 425	

 Previous studies using nitrogen-use metrics often find that efficiencies diminish with 426	

increasing N rates, as yield response to increased fertilizer application typically plateaus (Havlin 427	

et al., 1999; Lemus et al., 2008b), so it is not surprising then that we observed similar patterns in 428	

this study.  Perhaps more noteworthy is how these nitrogen efficiency metrics respond to the 429	

different harvest timings, which again illustrates losses in biomass N content with later harvest 430	

timings. 431	

 Yield NUE evaluates nitrogen efficiency in terms of yield, and since yield increases by 432	

fertilizer additions were relatively small, the NUE resulted in relatively small gains of biomass 433	

per added kg of N fertilizer.  If delaying harvest until spring, fertilized plots actually revealed 434	

decreases in biomass.  Yield NUE in the prairie plots were highly variable, which may contribute 435	

to why there were no differences between management treatments observed.   436	

 Apparent fertilizer recovery (APR) describes NUE in terms of N uptake rather than yield.  437	

The caveat with this metric is that N removed by biomass in fertilized plots is presumed to be 438	

fertilizer-N, however, a labeled 15N study would be required to understand precisely how much 439	

fertilizer-N was recovered by plants (Robertson and Vitousek, 2009), compared to microbial-440	

derived N resources.   Previously recorded AFR values indicate switchgrass fertilizer recovery 441	
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rates can range from 22 to 57%, depending on geographic location and native soil N levels 442	

before fertilization, when switchgrass was fertilized at a rate of 84kg (Stout and Jung, 1995).  443	

Switchgrass grown on marginal sites were found to uptake 15-39% of the applied fertilizer-N, 444	

with higher rates of recovery in the lower fertilizer rates (Staley et al., 1991).  Fertilizer recovery 445	

exceeded N fertilizer additions of 90 kg ha-1 at 140% recovery but was reduced to only 44% at 446	

270 kg ha-1 N rates in a study by Lemus et al., 2008.  APR in this study were similar across N 447	

fertilizer treatments, which demonstrates that large portions of fertilizer-N, especially in the 150-448	

N treatment,  are potentially being subjected to N- loss pathways since it is not being recovered 449	

in above-ground plant material.  The differences in APR between harvest timings again reflects 450	

the resorption of N, as the differences in N content between the fertilized and unfertilized 451	

biomass narrows after significant resorption has occurred. 452	

 Prairie realized lower N productivity rates than switchgrass, but prairie N productivity 453	

was also much more variable.  Regression of yield to N concentration suggest that biomass 454	

accrual in switchgrass is more dependent on increases in tissue N concentration than in the 455	

prairie.  About 10% of prairie N productivity rates were greater than any switchgrass plots, 456	

which makes one wonder what is different about these plots?  Since management treatment had 457	

no effect on N productivity in prairie, the source of variability in the N productivity may be 458	

derived from the assemblage of species present.  The species composition effects on N 459	

productivity warrants further consideration since management had no effect and the prairie plots 460	

used in this study were very heterogeneous in regard to species.  Others have shown that species 461	

diversity has as an equal impact on productivity as N-fertility management (Weigelt et al., 2009).  462	

 Considering all NUE metrics described here, fertilizing with 150 kg N ha-1 has shown to 463	

not be more efficient than fertilizing with 50 kg N ha-1, which suggests that the excess fertilizer 464	
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not being used by the plants is subject to various N-loss pathways in the N cycle.  N productivity 465	

in switchgrass indicates that fertilizing 50 kg N ha-1 and harvesting in fall results in the most 466	

biomass with the best biomass quality. Prairie was highly variable in N productivity, which 467	

suggests further investigation is needed to elucidate what, if any, factors are creating the 468	

differences in N productivity. 469	

N resorption is affected by management treatments in switchgrass, but not prairie species 470	

 Resorption was significant in all species and measured rates were within expected ranges, 471	

given previous resorption rates found in the literature, as discussed above.  What is perhaps more 472	

interesting, is that the RE was affected by fertilizer rates in the switchgrass and not in any of the 473	

prairie species.  Decreases in the switchgrass leaf N through time indicate significant N 474	

resorption through senescence, but fertilized plots require more time to resorb its N, possibly 475	

because there was more N to remobilize.  The interaction of N treatment and previous-harvest 476	

treatment on N pool status was significant, but no clear pattern or explanation is immediately 477	

apparent.  Further investigation into other factors affecting N dynamics, such as soil-N 478	

availability, mineralization and decomposition rates may provide some insight into the observed 479	

differences in leaf N by the legacy of prior harvest schedules.  Fertilizer affects on final senesced 480	

leaf N concentrations had similar trends, where the prairie species were not affected but 481	

switchgrass leaf N concentrations were significantly higher in the fertilized plots.  This indicates 482	

that despite switchgrass leaves being able to resorb a higher proportion of leaf N, these fertilized 483	

plants are unable to reduce their N concentrations to the low levels of the unfertilized plants.  484	

 Further study should consider why the C4 grasses in the prairie responded differently to 485	

fertilizer-N additions than the C4 grass in the monoculture.  The prairie species measured were 486	
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not always a dominant species in regard to total cover; most plots had significant C3 grass cover 487	

in addition to a variety of other prairie forbs.  The effect of management treatments may have 488	

been overwhelmed by other N dynamics in the plot, such as N-resource competition with other 489	

species.  These results also indicate that these particular prairie species may simply be more N-490	

use efficient than switchgrass by building more biomass with N resources rather than increasing 491	

tissue N concentrations.   492	

 Despite unfertilized switchgrass leaf N content reaching final levels much earlier in the 493	

season than their fertilized counterparts, whole-plot N content in unfertilized plots showed 494	

significant decreases by the end of the season.  This suggests that other factors aside from N 495	

resorption are contributing to reductions in N removal with harvest.  Our investigation into 496	

resorption only considered leaf tissue since the majority of N pools reside here, but further 497	

studies should consider the entire tiller in order to provide a more direct accounting of total plant 498	

N resorption.  One factor possibly contributing to the additional reductions in N content through 499	

senescence is the change in leaf:stem ratios from summer to fall.  As switchgrass senesces, 500	

leaves become more brittle and dry and are more prone to break off and become part of the litter 501	

pool.  Leaf:stem ratios have been shown to decrease through the season (Heaton et al., 2009), 502	

which would lead to lower N concentrations in the biomass left standing to be harvested.  In 503	

another study, leaf biomass realized a 40% loss in biomass from August to November (Miesel 504	

and Smith, 2010).  Leaf:stem ratios could be an important determinate in switchgrass biofuel 505	

quality since stems are found to be of more desirable quality in terms of fiber content (Lemus et 506	

al., 2002) and N concentration (Lemus et al., 2009).  Future research should focus on biomass 507	

losses through the senescence process and account for losses from harvest machinery 508	
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inefficiencies and increased residual biomass in the litter pools, versus mass losses from 509	

carbohydrate resorption. 510	

Conclusions and Implications 511	

 This study reveals the responses to N fertilizer and harvest timings on yields, N-use 512	

dynamics and one mechanism contributing to changes in biomass N content through the season.  513	

Given that this experiment was conducted on high-productivity soils, a comparison of 514	

management treatments on more marginal soils may have revealed different trends.  Although 515	

more diverse cropping systems are touted as having more resource complementarity and 516	

therefore higher resistance to leaky N cycling (Bingham and Biondini, 2011), this study suggests 517	

that the N-use dynamics in two differing diversity-levels were similar.  Subsequent years of 518	

management may show more drastic effects of management treatments as harvesting begins to 519	

deplete soil resources or plant reserves, but after two years of management, it appears that 520	

fertilizing these systems for biomass production realizes relatively small increments of additional 521	

yield at the expense of lower biomass quality and unaccounted for fertilizer-N that will be 522	

subject to N-loss pathways and likely contribute to air and water pollution.  This was evidenced 523	

by (1) yields had a very limited response to fertilizer application in switchgrass, although the 524	

prarie response varied by year (2) fertilizing switchgrass increased N concentrations, while the 525	

prairie N concentration response again varied by year (3) delaying harvest until fall minimizes 526	

the amount of N removed from the field; it is not necessary to wait until the following spring to 527	

harvest to reduce N removal and sacrifice biomass and (4) fertilizer N-use dynamics showed 528	

small yield gains by fertilizer and low fertilizer recovery which suggests that system-N 529	

requirements are met by soil mineralization and/or mychorrhizal associations.  Management also 530	

affected N resorption rates in the switchgrass monoculture, but not the selected prairie species.  531	
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Although unfertilized switchgrass plots reach full translocation potential before fertilized 532	

counterparts, the loss of biomass from other factors likely contribute to the lower N removal at 533	

harvest time.  534	

 While perennial warm-season grass cropping systems show great potential for a 535	

sustainable feedstock, assumptions are often overlooked regarding their benefits because of 536	

management effects.  Our results suggest that fertilizer responses are often weak, or at least 537	

variable, and therefore excess applied fertilizer-N is prone to loss pathways.  Goals of increasing 538	

land devoted to biomass prodcution and simultaneously reducing N exports to the air and 539	

waterways may be conflicting if the expected perennial cropping systems are unable to retain 540	

added nitrogen inputs and N-recycling strategies.  Future managers and policy-makers should 541	

consider the trade-offs in yields with biomass quality, N-removal and NUE in biomass 542	

production to ensure that land devoted to biomass production will not contribute to, but rather 543	

mitigate agroecosystem N losses. 544	

 545	

 546	

 547	

 548	

 549	

 550	

 551	
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TABLES and FIGURES 693	

Table 1.  Studies that cover a range of sites and N fertilizer rates show both positive and no response to N 694	
fertilizer additions.  Adapted from Parrish and Fike, 2005. 695	

Site 
range of N rates 

(kg ha-1) 

Yield 
response to 
N additions Reference 

Montreal, QB 0 - 150 positive Madakadze et al. (1999) 
IA, USA 0 - 220 positive Heggenstaller et al. (2009) 
IA, USA 0 - 224 positive Lemus et al. (2008) 
TX 0 - 268 positive Suplick et al. (2002) 
IA, NE 0 - 300 positive Vogel et al. (2002) 
Rothamsted, UK 0 - 60 no Christian et al. (2001) 
VA, USA 0 - 110 no Parrish and Wolf (1992) 
Trisaia, Italy 0 - 150 no Piscioneri et al. (2001) 
SD, USA 0 - 224 no Mulkey et al. (2008) 
OK, USA 0 - 896 no Thomason et al. (2004) 

 696	

 697	

 698	

 699	

 700	

 701	

 702	

 703	

 704	

 705	

 706	

 707	

 708	

 709	

 710	

 711	
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Table 2.  Mean biomass yields (Mg ha-1) and mean standard error (SE) for prairie and switchgrass at 712	
three harvest timings (Summer, Fall and Spring) by N fertilizer rate in 2009 and 2010 (n = 5 or 6). 713	

N fertilizer rate (kg ha-1) 0   50   150 

            2009 
   

Mean SE 
 

Mean SE 
 

Mean SE 

 
Prairie 

         
  

Summer 
 

3.79 0.69 
 

4.61 1.01 
 

3.82 0.73 

  
Fall 

 
2.05 0.38 

 
2.50 0.68 

 
2.62 0.44 

  
Spring 

 
1.61 0.25 

 
1.30 0.32 

 
2.38 0.33 

 
Switch 

         
  

Summer 
 

5.53 0.62 
 

6.34 0.39 
 

6.94 0.64 

  
Fall 

 
3.24 0.26 

 
4.79 0.11 

 
5.15 0.55 

  
Spring 

 
3.50 0.35 

 
2.86 0.44 

 
2.88 0.36 

2010 
           

 
Prairie 

         
  

Summer 
 

3.71 0.39 
 

5.95 0.48 
 

6.59 0.66 

  
Fall 

 
3.79 0.31 

 
4.29 0.78 

 
5.51 0.78 

  
Spring 

 
3.99 0.24 

 
3.85 0.47 

 
6.12 0.84 

 
Switch 

         
  

Summer 
 

6.62 0.35 
 

6.86 0.24 
 

7.17 0.56 

  
Fall 

 
4.30 0.18 

 
5.17 0.34 

 
4.80 0.33 

    Spring   3.78 0.18   2.48 0.26   3.06 0.30 
 714	

 715	

 716	

 717	

 718	

 719	

 720	

 721	

 722	

 723	

 724	
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Table 3.  Analysis of variance for linear mixed-effects models predicting plot yield (Mg ha-1), N 725	
concentration of the harvested biomass ([N]) and the N content of the harvested biomass in 2009 and 726	
2010.   Fixed effects are: cropping system (crop), N fertilizer rate (N rate) and harvest timing (harvest) 727	
(n= 5 or 6, α = 0.05). 728	

  Fixed Effects Df F statistic p-value   F statistic p-value 

        
Yield 

 
2009 

  
2010 

 

 
crop 1 61.47 <0.0001 

 
0.19 0.67 

 
N rate 2 2.85 0.06 

 
10.85 0.0001 

 
harvest 2 47.18 <0.0001 

 
40.24 <0.0001 

 
crop x N rate 2 0.30 0.74 

 
8.34 0.0005 

 
crop x harvest 2 1.29 0.28 

 
18.14 <0.0001 

 
N rate x harvest 4 1.46 0.22 

 
2.44 0.05 

 
crop x N rate x harvest 4 1.53 0.20 

 
1.05 0.39 

[N] (%) 
      

 
crop 1 0.59 0.44 

 
21.86 <0.0001 

 
N rate 2 23.24 <0.0001 

 
5.54 0.0056 

 
harvest 2 35.52 <0.0001 

 
26.25 <0.0001 

 
crop x N rate 2 0.13 0.88 

 
0.68 0.51 

 
crop x harvest 2 0.10 0.90 

 
0.46 0.63 

 
N rate x harvest 4 4.06 0.0047 

 
2.23 0.07 

 
crop x N rate x harvest 4 1.02 0.40 

 
0.90 0.47 

N Content (kg N ha-1) 
      

 
crop 1 76.83 <0.0001 

 
19.55 <0.0001 

 
N rate 2 25.53 <0.0001 

 
24.28 <0.0001 

 
harvest 2 130.3 <0.0001 

 
123.3 <0.0001 

 
crop x N rate 2 0.03 0.98 

 
1.22 0.30 

 
crop x harvest 2 1.01 0.37 

 
14.90 <0.0001 

 
N rate x harvest 4 1.89 0.12 

 
1.24 0.30 

  crop x N rate x harvest 4 1.11 0.36   0.72 0.58 
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Table 4.   Mean yield NUE [(yield fertilized plot – yield unfertilized plot)/ kg of N applied fertilized plot] and 
mean ANR [(kg biomass-N fertilized plot – kg biomass-N unfertilized plot)/kg of N applied fertilized plot] x100, by 
harvest timing and N fertilizer rate (kg ha-1) for prairie and switchgrass, using combined data from 2009 
and 2010.  Letters indicate significance between all management treatments within each cropping system 
(α = 0.05).  SE is 1 standard error (n = 11 or 12) 

 

       Yield NUE   ANR(%) 

   
Mean SE 

 
Mean SE 

Prairie 
      

 
Summer 

     
  

50 30.48 14.60 
 

25.94a 11.93 

  
150 9.67 4.18 

 
21.79a 5.52 

 
Fall 

     
  

50 9.56 7.18 
 

11.67b 4.05 

  
150 7.64 3.02 

 
8.58b 2.12 

 
Spring 

     
  

50 -4.47 7.61 
 

9.41b 4.64 

  
150 9.63 3.87 

 
7.74b 2.71 

Switchgrass 
     

 
Summer 

     
  

50 10.37a 10.50 
 

32.88a 8.45 

  
150 6.51a 3.58 

 
28.53a 5.60 

 
Fall 

     
  

50 24.07a 5.24 
 

16.12b 3.47 

  
150 8.13a 2.94 

 
12.03b 2.66 

 
Spring 

     
  

50 -17.65b 5.71 
 

-0.14c 2.80 
    150 -3.82a 2.30   2.53c 1.53 
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Table 5.  Mean and mean standard error (SE) for N productivity (Mg ha-1 biomass / biomass N 
concentration) by harvest timing and N fertilizer rate for prairie and switchgrass using combined data 
from 2009 and 2010.  Letters indicate significant differences between all management treatments within 
each cropping system (n = 11 or 12). 

  Prairie   Switchgrass 
  Mean  SE   Mean  SE 
Summer 

    0 4.14 0.64 
 

8.26a 0.55 
50 5.81 0.87 

 
7.17b 0.41 

150 4.09 0.63 
 

5.75c 0.33 
Fall 

     0 5.46 0.82 
 

7.42b 0.63 
50 5.39 1.19 

 
9.09a 0.54 

150 6.86 1.68 
 

6.66b 0.52 
Spring 

     0 4.88 0.68 
 

7.69b 0.61 
50 3.28 0.64 

 
4.30d 0.55 

150 7.90 1.73   3.92d 0.31 
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Table 6.  Mean inorganic soil N (nitrate + ammonium) and mean inorganic N mineralized 
(nitrate and ammonium) in the top 15cm of soil in early June before fertilizer additions in 2009 
and 2010, by management treatments of N fertilizer rates (kg ha-1) and harvest timing (summer, 
fall and spring).  Note that 2009 data is pre-treatment, meaning the fertilizer and harvest 
treatments were not yet implemented.  (*) indicates significance across all management 
treatments within each cropping system and year (α = 0.05). 
 
      Inorganic N (kg ha-1)    Inorganic N mineralized (kg ha-1 day-1) 
N fertilizer rate  0 50 150   0 50 150 
June 2009, pre-treatment 

      
 

prairie 
       

  
summer 5.34 4.20 3.84 

 
-0.21 -0.28 -0.38 

  
fall 3.64 3.27 3.69 

 
-0.29 -0.67 -0.22 

  
spring 5.97 4.44 2.97 

 
-0.16 -0.25 -0.30 

 
switchgrass 

       
  

summer 4.51 4.58 3.56 
 

-0.49 -0.24 -0.25 

  
fall 4.93 3.81 3.46 

 
-0.36 -0.54 -0.33 

  
spring 2.87 3.93 3.47 

 
-0.33 -0.43 -0.22 

June 2010, pre-fertilizer 
      

 
prairie 

       
  

summer 8.39 7.98 9.15 
 

0.90 0.90 0.93 

  
fall 9.05 8.82 8.05 

 
0.90 0.96 0.88 

  
spring 8.83 10.72 8.45 

 
0.99 0.81 1.11 

 
switchgrass 

       
  

summer 6.95* 7.59 9.91 
 

1.49 1.46 1.36 

  
fall 7.11* 7.90 7.94 

 
1.32 1.23 1.65 

    spring 7.43* 8.32 8.63   1.09 1.18 1.26 


