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Abstract
Growing dedicated bioenergy crops on marginal land can provide beneficial outcomes including biomass production and 
energy, resource management, and ecosystem services. We investigated the effects of harvest timing (peak standing crop 
[PEAK] or after killing frost [KF]) and nitrogen (N) fertilizer rates (0, 56, and 112 kg N ha−1) on yield, nutrient concentra-
tions, and nutrient removal rates of perennial grasses on a wet marginal land. We evaluated three monocultures, including 
switchgrass (Panicum virgatum L., SW), Miscanthus x giganteus (MG), prairie cordgrass (Spartina pectinata Link, PCG), 
and a polyculture mixture of big bluestem (Andropogon gerardii Vitman), Indiangrass (Sorghastrum nutans (L.) Nash), and 
sideoats grama (Bouteloua curtipendula Torr., MIX). Increasing the application of N did correlate with increased biomass, 
concentration, and subsequent removal of nutrients across almost all treatment combinations. In all grass treatments except 
MG, PEAK harvesting increased yield and nutrient removal. At PEAK harvest, switchgrass is ideal for optimizing both bio-
mass production and nutrient removal. While our results also suggest short-term plasticity for farmers when selecting harvest 
timing for optimal nutrient removal, KF harvest is recommended to ensure long-term stand longevity and adequate nutrient 
removal. If the KF harvest is adopted, MG would be the ideal option for optimizing biomass yield potential. Additionally, 
we found that the yield of polyculture did not vary much with harvest timing, suggesting better yield stability. Future stud-
ies should give consideration for long-term evaluation of polyculture mixtures to assess their biomass yields and nutrient 
removal capacities.
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Introduction

As of 2017, farmland accounted for approximately 40% 
(364.2 million hectares), with 160.4 million hectares used 
for crop production (USDA, NASS, 2017). Cropland expan-
sion has aligned with potential economic gains and has 
encouraged cultivation on marginal land despite the need 
to apply more fertilizer to maintain yields. Marginal lands 
are often subject to erosion, drought, flooding, and nutrient 

leaching, which present challenges for annual row crop 
production systems [1]. Yet, marginal land may present an 
opportunity for production of perennial grasses, since peren-
nial grasses have been shown to be adaptable to land deemed 
unsuitable for crop production, especially when these mar-
ginal areas are utilized as buffer strips [2, 3].

When installed at the edge of fields, buffers slow down 
movement of water and sediment and intercept subsurface 
nitrates, thus providing important ecosystem services includ-
ing pollution reduction and nutrient recovery [4–6]. In addi-
tion to ecosystem service benefits, perennial grasses grown 
as buffers can be harvested to provide a feedstock for bioen-
ergy production [5, 7]. Biomass feedstock production using 
perennial grasses on marginal lands can have significant 
contributions to the nation’s bioenergy goals with minimum 
adverse effects on existing agricultural land [4, 8, 9].

Perennial energy grasses can be productive with mini-
mum management, including fertilization [10–12]. Yet, 
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studies also show that biomass yields can be enhanced 
with applications of fertilizer. For example, Lee et al. [13] 
demonstrated that nitrogen (N) fertilizer at 112 kg N ha−1 
and 224 kg N ha−1 increased switchgrass yield by 27% 
and 13%, respectively, whereas Lee et al. [14] observed 
a linear increase in yield of Miscanthus x giganteus with 
N application (60 kg N ha−1 and 120 kg N ha−1). Thus, 
installing perennial grasses as a buffer strip at the edges 
of row crop fields could prove useful for in situ recovery 
of nutrients lost from row crop fields, reducing the cost 
associated with direct applications of fertilizer to the stand 
of perennial grasses [6, 15]. Perennial grasses as buffer 
strips can therefore create a positive opportunity for bet-
ter management of resources for row crops and ecosystem 
services and provide the potential for increased biomass 
for renewable energy production.

However, the productivity and ecosystems service ben-
efits of perennial grass buffers are not always straightfor-
ward; the outcomes may be confounded by the growth 
environment, management practices, and the species used 
[11]. For example, biomass production following nitrogen 
fertilization will vary with application rates and grass spe-
cies. Furthermore, results may change with time depending 
on timing and frequency of harvest, along with diversity of 
represented species [16–19]. Similarly, the ecosystem ser-
vice of nutrient uptake and removal may also vary depend-
ing on the aforementioned factors. Thus, the impacts of uti-
lizing buffer strips are not ubiquitous across environments 
and systems.

Numerous studies have examined the removal of nutri-
ents from monoculture buffer strips, but little research has 
examined production and nutrient removal potential of per-
ennial grass species, including mixtures, in marginal lands, 
which is particularly important considering the site-specific 
nature of these systems. In the current study, we aim to 
determine the best management practices for sustainable 
perennial energy grass production on a wet, marginally 
productive piece of land that was previously under crop 
production in a watershed with a high priority for nutri-
ent loss reduction [15]. Specifically, the study evaluated 
(i) the nutrient uptake and removal by perennial warm-sea-
son grasses, including three monocultures of switchgrass 
(Panicum virgatum L.), Miscanthus x giganteus, prairie 
cordgrass (Spartina pectinata Link), and a polyculture 
mixture of big bluestem (Andropogon gerardii Vitman), 
Indiangrass (Sorghastrum nutans (L.) Nash), and sideoats 
grama (Bouteloua curtipendula Torr.), and (ii) the impact 
of harvest timing and N management on nutrient uptake and 
removal. These findings were part of a larger 4-year study 
that focused solely on the effects of harvest regime (harvest 
timing and frequency) and nitrogen management on warm-
season grasses’ biomass production potential [17].

Materials and Methods

Location and Site Characteristics

Study was conducted from 2012 to 2015 at University 
of Illinois research farm in Urbana, Illinois (40°07′20.4″ 
N, − 88°22′09.0″ W) on a footslope landscape position 
located in the Embarras River Watershed, an area of high 
priority for nutrients (N and P) loss reduction [15]. The 
soil is a Drummer silty clay loam (fine-silty, mixed, super-
active, mesic Typic Endoaquolls) with land capability 
classification (LCC) 5 W (USDA NRCS, 1197). Baseline 
soil characteristics were soil organic matter of 5%, pH 6.7, 
NH4-N 6.0 mg kg−1, NO3-N 1.0 mg kg−1, P 72 mg kg−1, 
and K 157 mg  kg−1. Further details about the site are 
described by Zumpf et al. [17].

Temperature and precipitation for the two growing sea-
sons reported (2014 and 2015), along with their 30-year 
averages (1981–2010), are shown in Fig. 1. Annual pre-
cipitation in 2014 was comparable to the long-term aver-
age (1008 mm), while 2015 received an additional 104 mm 
of precipitation.

Crop Management and Experimental Design

Crop establishment and management are detailed by 
Zumpf et  al. [17]. In May 2012, switchgrass, prairie 
cordgrass, and the polyculture mixture were established 
by drilling pre-weighed seeds at a rate of 325 pure live 
seed (PLS) per m−2 at 19 cm row spacing and 1.3 cm depth 
using a no-till drill (Great Plains Plot planter, Salina, KS). 
Miscanthus x giganteus (MG) was plug planted in June 
with 60 cm row spacing and 90 cm spacing between plants. 
Drought conditions in 2012 lead to poor stand establish-
ment, as identified by frequency stand counts [20], war-
ranting a replant in May of 2013. A second replication of 
the experiment was also established in May of 2013 in an 
area adjacent to the plots planted in 2012. All treatments 
reported in this paper include both replications.

The experimental design was arranged as a split-split 
plot within a randomized complete block design (RCBD). 
The whole plot factor of harvest timing consisted of two 
regimes either a late summer harvest at peak standing 
crop (PEAK) or harvest that was conducted after a killing 
frost (KF). Four different treatments of grass species were 
assigned to the subplots including the monocultures: (i) 
switchgrass “liberty” variety, a lowland cultivar (SG), (ii) 
prairie cordgrass “Savoy” variety (PCG), (iii) Miscanthus 
x giganteus (MG), or (iv) a Midwest adapted polyculture 
mixture consisting of “Goldmine” big bluestem, “War-
rior” Indiangrass, and “Butte” sideoats grama (MIX). 
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Sub-subplots (1.5  m × 4.6  m) received spring applied 
nitrogen (N) fertilizer, urea (46–0-0) at rates of 0, 56, and 
112 kg N ha−1. Weed control was accomplished in the SW 
and PCG plots using a pre-emergence application of atra-
zine (2-chloro-4ethylamine-6-isopropylamino-s-triazine) 
at 2 kg a.i. ha−1. Plots containing MIX were sprayed with 
imazapic (2-[4,5-dihydro-4-methyl-4-(1-methylethyl)-
5-oxo-1H-imidazol-2-yl]-5-methyl-3-pyridinecarboxylic 
acid) at 70 g a.i. ha−1.

Biomass Harvesting and Nutrient Concentration 
Analysis

During the designated time (PEAK or KF), the biomass 
was harvested using a biomass plot harvester (Wintersteiger 
Cibus S, Salt Lake City, UT) from a 1.2 m × 4.0 m area in 
the middle of each sub‐subplot. In 2014 and 2015, PEAK 
harvesting was carried out on August 28 and September 
15 and KF harvesting on December 1 and December 18, 
respectively, at a 10 cm cutting height. Fresh weight was 
recorded, and a subsample (~ 1.0 kg) was obtained from the 
sampling chopper unit of the plot harvester for dry matter 
(DM) calculation. The subsamples were weighed, oven dried 
for 3 days at 60 °C, weighed again, and the moisture content 
determined. The moisture content was then used to adjust 
the fresh matter of the 1.2 m × 4.0 m harvest area to derive 
DM yields, which were then reported per ha.

To determine the nutrient [nitrogen (N), phosphorous (P), 
and potassium (K)] concentration of the harvested biomass, 
the oven dried subsample was ground using a cutting mill 
to pass a 1-mm screen. Nitrogen content was determined by 
dry combustion method using a LECO FP-528 N/Protein 
Determinator (LECO Inc., St. Joseph, MI), while P and K 
were measured using PerkinElmer 8300 inductively coupled 
plasma optical (ISP) emission spectrometer (PerkinElmer, 
Inc., Waltham, MA). Nutrient removal (kg ha−1) through 
harvested biomass was calculated by multiplying DM yield 
(Mg ha−1) by plant tissue concentration (g kg−1).

Data Analysis

The DM, tissue nutrient (NPK) concentration, and nutri-
ent removal were averaged over the 2012 and 2013 planting 
seasons for statistical analysis. Effects of the imposed treat-
ments on DM, tissues nutrient (NPK) concentration, and 
nutrient removal was determined using the generalized linear 
mixed model approach from the R package “lme4” [21]. 
Fixed factors were harvest year (year), harvest timing (HT), 
grass species (species) and rates of nitrogen application (N 
rate), while random factors were the blocks. The p values 
were obtained by the type II Wald chi-square tests using 
the “Anova” function from the “Car” package [22]. Where 
treatment effects were statistically significant (p < 0.05), 
we conducted a Tukey post hoc test and extracted pairwise 

Fig. 1   Monthly values for 
average precipitation and 
temperature in Urbana, IL 
(Willard airport: collected from 
Weather Underground 2020), 
and the 30-year monthly aver-
ages (1981–2010; data – Angel, 
n.d). Colored lines represent 
2014, 2015, and 30-year average 
monthly temperature (secondary 
y-axis). Bars and dark line rep-
resent total monthly and 30-year 
average precipitation (primary 
y-axis), respectively
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comparisons using the “CLD” function from the “emmeans” 
package [23]. All analyses were carried out using R version 
4.0.0 [24]

Results

Dry Biomass Yields

Our results showed significant interaction effects of 
year × HT × species (p < 0.001) and year × HT × species × N 
rate (p = 0.048) on DM yield (Table 1). DM yields after 
PEAK harvest were higher than KF across all species except 
MG, but this advantage over KF declined over time. The 
KF harvest did not result in any yield decline between the 
2 years over time (Fig. 2). Ultimately, MG yielded the over-
all highest DM compared to all other species when harvested 
at KF. Nitrogen application tended to increase DM yield. 
However, appreciable increases over the unfertilized control 
were only observed when 112 kg N ha−1 was applied to SW 
and MG at PEAK and KF harvest, respectively (p = 0.001) 
(Fig. 3). Further detailed discussions related to the DM yield 
response to treatments are reported by Zumpf et al. [17].

Nutrient Content in Biomass Tissue

Three-way interaction effects of harvest year × HT × species 
(p < 0.001) affected tissue N content (Table 1). Tissue P and 
K contents were both affected by the interaction effects of 
year × species (p = 0.004 and p < 0.001, respectively) and 
HT × species (both p < 0.001). Tissue N in MG generally 

trended higher, although not always significant, relative to 
all other species studied at PEAK (Fig. 2). At KF in 2015, 
however, the trend was reversed with a marked > 40% lower 
tissue N in MG relative to other species. Overall, tissue N 
was higher at PEAK harvest compared to KF harvest for 
all species. Similar to tissue N, the P and K tissue content 
was higher at PEAK harvest compared to KF for all species 
(p < 0.001). Unlike N, however, the higher concentration of 
tissue P and K in MG at PEAK was significant compared to 
SW (p < 0.001) and PCG (p < 0.001). Furthermore, concen-
trations of both P (p = 0.004) and K (p < 0.001) were lower 
in 2015 compared to 2014 for all grass species.

The main effect of N application affected both N 
(p = 0.005) and P (p = 0.001) concentration in plant tis-
sues, but not K content (Table 1). Tissue N concentration 
generally exhibited an increasing trend with increased 
amounts of N applied. Yet, only the 112 kg ha−1 N applica-
tion rate increased the tissue N concentration relative to the 
0 kg ha−1 N control (p = 0.004). With tissue P concentration, 
the trend was reversed, as tissue P content decreased with 
increasing rates of N application. Similar to N tissue con-
centration, significant differences in tissue P content were 
only observed between 112 kg ha−1 N and 0 kg ha−1 N rates 
(p = 0.001) (Table 2).

N, P, and K Removal

The main effect of N application has a significant impact 
on the removal of the macro nutrients N (p < 0.001), P 
(p = 0.009), and K (p < 0.001). The HT × species two-way 
interaction affected N (p = 0.004), P (p < 0.001), and K 

Table 1   ANOVA for biomass yields, NPK tissue concentration, and removal of warm-season grasses species grown on a buffer strip at the Uni-
versity of Illinois research farm in Urbana, Illinois. Significant main effects and their interactions (p = 0.05) are marked with an asterisk

Source of variation Yield Nutrient Concentration Nutrient Removal

N P K N P K

Year  < 0.001* 0.01*  < 0.001*  < 0.001*  < 0.001* 0.03*  < 0.001*
Timing 0.05*  < 0.001*  < 0.001*  < 0.001*  < 0.001*  < 0.001*  < 0.001*
Species  < 0.001*  < 0.001*  < 0.001*  < 0.001*  < 0.001*  < 0.001*  < 0.001*
N rate  < 0.001* 0.01* 0.00* 0.42  < 0.001* 0.01*  < 0.001*
Year × timing  < 0.001*  < 0.001* 0.92  < 0.001*  < 0.001* 0.01*  < 0.001*
Year × species  < 0.001*  < 0.001* 0.00*  < 0.001* 0.02* 0.21 0.80
Timing × species  < 0.001*  < 0.001*  < 0.001*  < 0.001* 0.004*  < 0.001*  < 0.001*
Year × N rate 0.41 0.93 0.21 0.11 0.62 0.33 0.07
Timing × N rate 0.62 0.93 0.39 0.22 0.87 0.68 0.35
Species × N rate 0.31 0.60 0.30 0.97 0.14 0.11 0.63
Year × timing × species  < 0.001*  < 0.001* 0.17 0.26 0.19 0.89 0.93
Year × timing × N rate 0.59 0.37 0.29 0.45 0.28 0.46 0.41
Year × species × N rate 0.89 0.89 0.86 0.84 0.41 0.30 0.44
Timing × species × N rate 0.05* 0.83 0.24 0.624 0.40 0.36 0.54
Year × timing × species × N rate 0.25 0.92 0.71 0.74 0.69 0.81 0.43
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(p < 0.001) removals. All three nutrient removals were also 
affected by year × HT (N, p < 0.001; P, p = 0.007; and K, 
p < 0.001), while year × species interactions only impacted 
N removal (p = 0.02) (Table 1). Averaged across species, 

harvesting at PEAK resulted in a P removal increase of more 
than 100%, an approximate 300% increase in K removal, 
and an N removal increase of greater than 70% (Fig. 4). 
At KF harvest, only MG removed more P (> 40%) relative 

Fig. 2   a Biomass yield Mg ha−1, and (b) N, (c) P, and (d) K tissue 
concentrations (g kg−1) averaged across N rate for big bluestem, Indi-
angrass, and sideoats grama polyculture mixture (MIX), monocul-
tures of switchgrass (SW), prairie cordgrass (PCG), and Miscanthus x 

giganteus (MG). Harvest occurred at peak standing crop (PEAK) and 
after killing frost (KF) across two years. Error bars indicate standard 
error of the means
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to other species; besides MG, all other species had similar 
removals of N, P, and K. At PEAK harvest, SW resulted in 
higher removal of N and P in both years (average removals 
of 115 kg ha−1 and 26 kg ha−1, respectively) relative to other 
species evaluated, although the difference was not significant 
for K. At KF, removals of N, P, and K averaged across spe-
cies were 45 kg ha−1, 9 kg ha−1, and 28 kg ha−1, respectively. 
Applying N increased the removal of N, P, and K. Removal 
of N increased linearly with increasing application rates, 
while removal of P and K was similar at 56 kg ha−1 N and 
112 kg ha−1 N (Table 2).

Discussion

Effect of N and Harvest Management on Dry Matter 
Yields

Unfertilized MG yields vary throughout Illinois and can 
range from 8.46 to 28 Mg ha−1 [11, 25, 26]. Our results 
averaged about 7 Mg ha−1 in 2014 and 13 Mg ha−1 in 2015, 
which are lower than the Illinois average of 23 Mg ha−1 
[27] but are not unexpected given the relative youth of the 
stand. Switchgrass without the addition of fertilizer tend 

Fig. 3   Nitrogen rates (0, 56 and 
112 kg ha−1) effect on biomass 
yield (Mg ha−1) and N removal 
(kg ha−1) from big bluestem, 
Indiangrass, and sideoats grama 
polyculture mixture (MIX), 
monocultures of switchgrass 
(SW), prairie cordgrass (PCG), 
and Miscanthus x giganteus 
(MG) when harvested at peak 
standing crop (PEAK) and after 
killing frost (KF) across 2 years. 
Error bars indicate standard 
error of the means
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Table 2   Nutrient concentrations and removal of N, P, and K follow-
ing application of nitrogen (no interactions were noted between N 
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script are significantly different at p < 0.05. Means were separated 
based on Tukey’s honest significant difference (HSD) test. Numbers 
in brackets indicate standard error

N rate Nutrient concentration (g kg−1) Nutrient removal (kg ha−1)

N P K N P K

0 5.56 (0.189)a 1.38 (0.05)a 6.50 (0.36)a 51.52 (2.32)a 12.70 (0.61)a 60.39 (3.92)a

56 5.73 (0.18)ab 1.31 (0.06)a 6.41 (0.39)a 62.84 (2.75)b 14.01 (0.71)b 67.87 (4.73)b

112 6.06 (0.19)b 1.25 (0.05)b 6.33 (0.36)a 70.24 (2.89)c 14.23 (0.64)b 71.53 (4.43)b

Mean 5.78 1.31 6.41 61.53 13.65 66.6
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to produce DM yield approximately two to three times 
lower than MG. “Cave-in-Rock,” another Midwestern-
adapted lowland variety, has a potential yield range of 6 
to 13 Mg ha−1 in Illinois, while Liberty has a yield range 
of 9 to 16.4 Mg ha−1 [11, 28, 29], which is consistent with 
the results of our experiment producing 9 Mg ha−1 in 2014 

and 13 Mg ha−1 in 2015. Guo et al. [30] reported yields of 
Savoy varying from 6 to 10 Mg ha−1 across 3 years, com-
plementing our results of about 7 Mg ha−1 and 13 Mg ha−1 
in 2014 and 2015, respectively.

The lower DM yield at KF harvest for all species except 
MG might be leaf and panicle loss related senescence. 

Fig. 4   a Nitrogen, b P, and c 
K removal (kg ha−1) from (i) 
big bluestem, Indiangrass, and 
sideoats grama polyculture 
mixture (MIX), monocultures 
of switchgrass (SW), prairie 
cordgrass (PCG), and Mis-
canthus x giganteus (MG) and 
(ii) removals across all species 
at peak standing crop (PEAK) 
and after killing frost (KF) 
harvests. All results are given 
across 2 years. Error bars indi-
cate standard error of the means
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Anderson et al. [31] reported biomass reductions of up to 
25% under delayed harvest. The DM decline in 2015 at 
PEAK harvest can be attributed to a loss in growth vigor 
[17] although the observations and conclusions from this 
study are limited to short-range insights. However, Tejera 
et al. [32] proved that 2- to 3-year-old MG can show signs 
of aging, which can be alleviated by adequate with N appli-
cation. In addition, Rushing et al. [33] demonstrated that 
frequent harvesting of warm-season perennials can lead to a 
decline in biomass yield within 2 years. Harvesting at PEAK 
may reduce the amount of nutrients available for remobili-
zation into the underground storage organs, thus negatively 
impacting winter dormancy and survival. Findings by Dierk-
ing et al. [34] confirmed contrasting trends in shoot and rhi-
zome N, while shoot N declined from summer to winter, 
and rhizome N had a marked increase in the same period. 
Harvesting at KF allows the perennial grass time to trans-
locate nutrients to the underground organs, which enhances 
over-wintering success, vigorous regrowth, and resilience 
to drought [35–38].

We found that this specific MIX provided no advantage 
in biomass yield over any of the monocultures tested. Fur-
thermore, unlike the monocultures, harvesting the MIX at 
KF did not result in any noticeable increases in yield over 
time (Fig. 2). These findings contradict findings by Dhakal 
and Islam [39] and Tilman et al. [40, 41] who found that 
polycultures consistently achieved greater productivity than 
monocultures. Other studies, however, found that biomass 
yield declined with increasing grass species [42, 43]. A mix-
ture’s DM yield is determined by whether or not the species 
that are best adapted to the site are present [18, 44]. We 
surmise that the tested mixture provided minimal advan-
tages in producible biomass relative to monocultures since it 
lacked a “driver.” Lee et al. [18] in their study also found that 
SW, as a driver species, increased the yields of big bluestem 
mixtures, while big bluestem mixtures containing sideoats 
grama and Indiangrass failed to show consistent results.

The consistent yield of MIX over time might be related 
to relative changes in species composition of mixtures. 
Harmoney et al. [45] showed that certain species tend to 
dominate polycultures over time, while others decline in 
proportion. Our study did not monitor changes in species 
composition, but we suggest that a change in proportion of 
one species might be compensated by other species, which 
helped maintain steady DM yields over time. Longer-term 
studies need to be undertaken to determine whether stability 
of yield is maintained over a longer time period. Nonethe-
less, our results imply that this polyculture was less likely 
to fluctuate with changes in weather. Thus, they may allow 
for better planning from a biomass production perspective.

The different DM responses due to N application rates are 
not uncommon (Fig. 3). While some studies show increas-
ing DM yield with increasing application of N [14, 31, 46], 

others show no appreciable changes [46]. These differences 
have been attributed to site-specific differences, mostly 
related to precipitation, soil conditions, and management 
[47, 48]. This could explain why the N-rate of 56 kg ha−1 
did not affect MG and SW yields in our study but influ-
enced yield production in similar studies [31]. Furthermore, 
site-specific conditions could help explain the lack of yield 
response with PCG across all N rates in our study despite 
regional similarities of Guo et al. [30] that demonstrated 
improved DM yield. Fike et al. [49] SW work suggested 
drainage as a critical factor determining the response to N 
application and concluded that SW response to N in poorly 
drained soils (as is in this case) is limited. We also do not 
rule out the role of free-living and symbiotic nitrogen-fixing 
bacterial, along with arbuscular mycorrhizal fungi (AMF) 
associations; collectively, these organisms can be attributed 
to roles in providing the bulk of nitrogen needed by grasses. 
Studies show that N application suppresses these organisms 
and thus reduce the effectiveness of fertilizer application 
[10, 12, 50]. While our study did not specifically quantify 
the influence of micro-organisms in the rhizosphere, our 
results did indicate, however, that higher N application rates 
at 112 kg ha−1 increased the DM yield of SW species (at 
PEAK) and MG species (at KF). This observation aligns 
with meta-analyses showing that where response is obtain-
able, the maximal response occurs at around 100 kg N ha−1 
[11, 51]. One reason for the high SW yields at PEAK but 
not at KF could be attributed to leaf senescence onto the 
ground unable to be collected, depending on the timing of 
when the harvest is conducted. In contrast, the higher DM 
yield of MG at KF is likely correlated to the later flowering 
of MG. Miscanthus matures much later than other species, 
allowing an increased vegetative growth window, which 
contributes heavily to biomass yield accumulation [52, 53]. 
The late vegetative growth, combined with the higher N use 
efficiency of MG [54] and year-on-year maturity, could be 
the reason for the noticeably higher yield in 2015.

Effect of N and Harvest Management on Tissue N, P, 
and K Content

The higher N, P, and K concentration in tissues at PEAK 
compared to KF across all species (Fig. 2) can be related to 
the morphology of perennial grasses. Delayed harvesting 
allows recycling of nutrients to the below ground tissues 
for overwintering [35–38]. Studies have found that up to 
50–60% of shoot N is remobilized to the underground tis-
sues when biomass is harvested after KF [55, 56]. In our 
study, average decline in tissue N across all species at KF 
was 45% and 30% in 2014 and 2015, respectively; P declined 
by 44% and 53% and K by 64% and 75% in 2014 and 2015, 
respectively.
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Remobilization of N to the underground storage 
organs may not be the only reason for the decline in 
tissue N of MG, as the decline in MG was striking com-
pared to the other species. The contrast in N concentra-
tion of MG compared to other species at KF is related 
to the higher biomass produced by MG, especially at KF 
in 2015. This dilution effect of MG has been reported 
by Cadoux et al. [54] in their meta-analysis, concluding 
that the lower N dilution curve could be the main rea-
son for the high nitrogen use efficiency of MG. Equally 
plausible is that considerable amount of N might have 
been lost in leaf drop, during senescence in the period 
between PEAK and KF. Amougou et al. [57] in north-
ern France demonstrated that MG leaves contained sub-
stantial quantities N and could contribute to as much as 
16 kg N ha−1 annually to the soil.

We observed an increase in tissue N with increasing 
N rate, but an inverse relationship between N rate and 
tissue P (Table 2). Coblentz et al. [58] also observed a 
similar trend in bermudagrass and attributed the decline in 
P concentration to the dilution effect related to increasing 
dry matter content. Further, our findings showing limited 
effect of N application on K concentration in tissues are 
similar to those obtained by Guretzky et al. [59], work-
ing with SW, and Evers et al. [60] who worked with a 
ryegrass–bermudagrass mixture.

Our results for P and K tissue concentrations are mostly 
driven by the relationship of harvest timing. When aver-
aged across all species, two notable significant differences 
are observed between 2014 and 2015. The concentration of 
P is significantly different at KF, whereas K tissue concen-
tration is significant for PEAK. Yet, differences from 2014 
to 2015 could be attributed to delayed harvest in 2015 
might have played a role in reduced P and K content, as 
nutrient content declines with harvest date [62]. Further-
more, significant differences of K at PEAK could also be 
a result of warm temperatures and below average rainfall 
in later summer months of July and August (Fig. 1). Given 
the scope of the evaluated treatment effects and no addi-
tions of P or K fertilization, an interest into the aspects of 
comparing these tissue concentrations to changes in the 
soil composition relative to baseline samples could have 
provided an additional dimension of discussion. However, 
we do not have any below-ground data available. We note 
the potential opportunity for continuing research into 
below-ground work with an increased focus on under-
standing interactions between perennial grass species, 
AMF, and the acquisition of nutrients. Currently, literature 
has attributed an enhanced P uptake to AMF, although it 
should be noted benefits have been dependent upon soil P 
levels and specific plant and fungal species-specific inter-
actions [63–65]. The role of AMF in the context of K is 
much more limited in knowledge, but increased interest 

in the relationship of plants and AMF in K acquisition is 
growing [61].

Effect of N and Harvest Management on Removal 
of N, P, and K

To reduce losses of nutrients from agricultural fields, nutri-
ent removal ability of perennials is of primary concern. Our 
results indicate that removal of all three nutrients is maxi-
mized when harvest is done at PEAK (Fig. 3 and Fig. 4). 
This response most likely correlates the higher concentration 
of nutrients in the biomass at PEAK compared to KF [37, 
47, 62]. The higher concentrations coupled with the higher 
biomass yields observed at PEAK allows for increased 
removal of these nutrients. The noticeably low P and K 
concentration in MG at KF but higher removal of especially 
of P could however indicate that removal of these nutrients 
is mostly driven by biomass yields (Fig. 2). Evers [60] and 
Coblentz et al. [58] found that P and K removal was mostly 
reliant on biomass yield, observing only the N concentra-
tions increased with increasing N rates. Further, these stud-
ies showed that concentration of P declined, yet removals 
still increased. Our study trends are better align with Evers 
[60] and Mohammed et al. [66] including the increasing N 
removals with increasing N rates (Table 2 and Fig. 3), which 
can be attributed to luxury consumption of N [11]. These 
results, however, conflict with those of [59] who concluded 
that switchgrass removes at least 4 k g N Mg−1 regardless of 
N application rates, and that the removals are uncorrelated 
with N application rates. We speculate that N removal is 
driven by both N concentration and biomass yield, while P 
and K removal is mostly driven by biomass yields. 

Other than the higher P removal with MG that is likely 
related to high biomass in 2015, our results show that the 
removal of nutrients do not differ between species when 
harvesting at KF (Fig. 4). We suggest that the differential 
rates of nutrient remobilization to the roots coupled with the 
differential losses in biomass between species confounded 
nutrient removals from soil. Future research needs to investi-
gate whether differences in nutrient removal between species 
become more apparent as the perennial grass stand ages. 
In contrast with KF, harvesting at PEAK showed a clear 
advantage for SW in removing N and P. Still, the average 
removals of N (96 kg ha−1) and P (23 kg ha−1) are consistent 
with results reported by Serapiglia et al. [55] and are driven 
by the high DM yields at PEAK.

Conclusion

Warm-season perennial grasses can play a critical role as 
bioenergy feedstocks, while potentially providing ecosys-
tems benefits, especially downstream nutrient removal. Our 
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results indicate that nutrient removal by perennial grass spe-
cies largely depends on their DM yield. Harvesting at PEAK 
might be considered effective in preventing nutrient move-
ment downstream albeit results are limited to short-term 
implications. Switchgrass might be the candidate grass for 
short-term removal. In the long-term, however, PEAK har-
vesting might compromise the DM yield leading to a reduc-
tion in removal potential. Our study indicates that for this 
environment, MG harvested at KF may provide better DM 
yield and nutrient removal outcomes. Overall, high N appli-
cation rates positively impact biomass yield and thus likely 
enhance nutrient removal. Finally, this study demonstrated 
that although the polyculture treatment was lower yielding 
relative to the evaluated monocultures, mixtures may not be 
prone to the wide fluctuations in productivity and might pro-
vide a good opportunity for a more reliable alternative crop. 
We recommend longer-term studies to continue to assess the 
removal capacities of the perennial grass monocultures and 
mixtures, with a focus on better understanding the influence 
of the surrounding and below ground environment.
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