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RESEARCH

The effect of N fertilizer on aboveground biomass has received 
a great deal of interest in both theory and practice. Nitrogen 

fertilizer effects on belowground biomass and biomass allocation 
strategies have received far less attention. Optimal partitioning 
theory (Bloom et al., 1985) posits that plants will respond to 
nutrient-limited environments by increasing root productivity 
while allocating less energy to aboveground crop components. In 
cases where access to nutrients is adequate or excessive, optimal 
partitioning theory predicts a reduction in root production and an 
increase in aboveground (grain and shoot) production. In contrast, 
optimal foraging theory states that plants are expected to invest roots 
in highly enriched areas vs. more depauperate patches (Charnov, 
1976; Loecke and Robertson, 2009; McNickle and Cahill, 2009).

There is evidence to support each of these competing theories; 
thus, belowground crop responses to N fertilizers in both annual 
and perennial crops remain poorly understood and contradic-
tory (Heggenstaller et al., 2009; Jung and Lal, 2011; Jarchow 
and Liebman, 2012). In annuals, Russell et al. (2009) reported 
no change in corn (Zea mays L.) root biomass with increasing 
N additions, whereas Durieux et al. (1994) reported a decrease 
in root mass with increasing N rates at corn harvest, espe-
cially in drier growing seasons. In a perennial system, Jarchow 
and Liebman (2012) found that inorganic N fertilizer additions 
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significantly reduced root biomass in a perennial C4 grass 
system. At the same site, Dietzel et al. (2015) found that 
inorganic fertilizer significantly increased root biomass in 
a mixed prairie system. Contradictory findings have also 
been reported with candidate perennial biofuel cropping 
systems, where roots responded both positively and nega-
tively to increases in N addition, depending on crop type 
(Heggenstaller et al., 2009).

As perennial crops are further developed for both 
biofuel and grain (Glover et al., 2010; Robertson et al., 
2011), assessing how N fertilization affects root biomass 
could have profound implications for ecosystem services 
that can be achieved with perennial crops. Soil C seques-
tration and reduced NO3 leaching are two of the most 
promising ecosystem services that can be achieved within 
perennial grain cropping systems (Culman et al., 2013). 
However, these ecosystem services are primarily driven 
by root production. For example, perennial root systems 
have been shown to capture large amounts of N, which 
can lead to reduced NO3 leaching (Syswerda et al., 2012; 
Jungers et al., 2017), and soil C accumulation is largely 
driven by the production and decay of fine roots ( Jackson 
et al., 1997). Given that practitioners will need to apply N 
fertilizer in order for perennial grains to reach their full 
yield potential, it will be crucial to know how N additions 
influence above- and belowground biomass allocation and 
fertilizer N use efficiency (NUE) in perennial grain crops.

To date, it has been difficult to assess and compare 
NUE across different cropping systems and species with 
different plant-life forms, largely because belowground 
plant components are not quantified and are therefore 
excluded from NUE calculations. Nitrogen use effi-
ciency as defined here is the ratio of N fertilizer added to 
a system relative to the amount of N that leaves via harvest 
(Robertson and Vitousek, 2009). Although there are a 
wide variety of methods and equations for assessing NUE 
in disciplines spanning from agronomy to economics 
(Martinez-Feria et al., 2018), rarely do they account for 
roots. Including roots is important because belowground 
plant biomass N in cereals can account for up to 60% of 
total plant N, whereas N rhiodeposits account for up to 
71% of total assimilated plant N (Wichern et al., 2008). 
Given that roots represent large pools of N, neglecting 
to include roots within NUE equations could ultimately 
underestimate NUE, especially in perennial cropping 
systems (Dawson et al., 2008; Martinez-Feria et al., 2018).

Understanding how different rates and sources of N 
fertilization influence belowground productivity by depth 
and overall crop N content in small grain cereal crops could 
have important implications for agronomic productivity, 
whole-crop NUE, and sustainability within agroecosys-
tems. Here, we compare crop biomass allocation, coarse 
and fine root vertical distributions, and NUE in annual 
winter wheat (Triticum aestivum L. ‘Caledonia’, referred 

to as “wheat” below) and perennial Kernza, a developing 
perennial grain crop. Kernza is the tradename of lines of 
intermediate wheatgrass [IWG, Thinopyrum intermedium 
(Host) Barworkth & D.R. Dewey], a cool-season grass 
that has been intensively bred for grain production over 
the last several decades (DeHaan and Ismail, 2017). The 
objectives of this study were (i) to quantify the amount 
of biomass that a novel perennial grain (IWG) allocates 
belowground relative to annual wheat and compare 
vertical root distributions between annual wheat and 
IWG; (ii) to determine how different sources and rates 
of N influence biomass partitioning and belowground 
dynamics; and (iii) to determine the effect of perenniality 
and N treatment on small-grain NUE.

MATERIALS AND METHODS
Site Description
The experiment was conducted at the W.K. Kellogg Biological 
Station (KBS) Long-Term Ecological Research site, located 
in southwestern Michigan (42°24¢ N, 85°24¢ W; 288 m asl). 
The mean annual precipitation and temperature at KBS are 
1005 mm and 10.1°C. Soils at KBS are in the Kalamazoo (fine-
loamy, mixed, active, mesic Typic Hapludalfs) and Oshtemo 
(Coarse-loamy, mixed, active, mesic Typic Hapludalfs) series. 
These soils typically have an A horizon of 30 cm, a deep Bw/Bt 
horizon that reaches to 80+ cm, and a BC horizon to 140 cm 
(Robertson and Hamilton, 2015). Prior to establishment in 
2009, the field was under a corn–soybean [Glycine max (L.) 
Merr.]–wheat rotation.

Experimental Design
The study was established in 2009 as a split-plot (3.1  ´ 4.6 m) 
randomized complete block design experiment with four repli-
cate blocks. The main factor was N treatment and the subfactor 
was crop type. The N treatments consisted of three different N 
levels that differed in source and rates of N: (i) Low N (Organic 
N) treatment, which received 90 kg N ha−1 of poultry manure; 
(ii) Mid N, which received 90 kg N ha−1 of urea; and (ii) High 
N, which received 135 kg N ha−1 of urea. These treatments 
were chosen to represent three N management regimes that 
might be encountered when growing rainfed IWG in the 
Upper Midwest. Since N release from manure is typically 
slower than N release from urea and inorganic fertilizers (Rees 
and Castle, 2002), the N availability in this study is ordered as 
Low N (Organic N) < Mid N < High N.

Prior to planting, all plots were chisel plowed to 20 cm 
in September 2009. Every October, 2.24 Mg ha−1 of pellet-
ized poultry manure plus sawdust at 4–3–2 N–P–K (Herbruck’s 
Poultry Ranch) was applied to the Low N (Organic N) system. 
This application rate delivered 90 kg N ha−1. The Mid N level 
is the recommended rate for conventionally grown wheat in the 
state of Michigan, whereas the High N (135 kg N ha−1) level 
received 50% more N than the Mid N level. Both the Mid N 
and High N levels received pelleted urea at three different times 
throughout the growing season. In the conventional systems, a 
starter of 33.6 kg N ha−1 and 53.8 kg K ha−1 as K2O for both 
Mid N and High N systems were applied immediately before 
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belowground crop parts were analyzed for C and N in a CHNS 
analyzer (Costech Analyzer ECS 4010, Costech Analytical Tech-
nologies). In 2011, biomass was not analyzed for C and N.

Fertilizer Nitrogen Use Efficiency
We used the mass balance approach to calculate fertilizer NUE. 
Total plant NUE [(straw kg N ha−1 + grain kg N ha−1 + coarse 
and fine root kg N ha−1)/fertilizer N applied (kg N ha−1)], 
aboveground NUE [(straw kg N ha−1 + grain kg N ha−1)/fertil-
izer N applied (kg N ha−1)], and root NUE [(coarse and fine 
root kg N ha−1)/fertilizer N applied (kg N ha−1)] were deter-
mined. Ratios >1.0 are an indication that the crop took up 
more N then was applied in a given growing season.

Statistics
Prior to analysis, data were tested for normality and homoge-
neity of variance. Once assumptions were met, all crop and soil 
responses were analyzed using Proc Mixed of SAS 9.3 (SAS Insti-
tute, 2011). Crop, N level, depth, and year were treated as fixed 
effects and block as a random effect. Significant differences were 
determined at a = 0.05. Double repeated measures were used 
to account for both depth and year in the model. Means were 
compared with an adjusted Tukey’s pairwise means comparison.

RESULTS
Weather and Soil Moisture
Cumulative precipitation and growing degree days between 
the months of March and October in 2011 and 2013 varied 
substantially from those in 2012 (data not shown). The site 
at KBS received above-average precipitation during the 
2011 and 2013 growing seasons, receiving 858 and 752 mm, 
respectively. Growing degree days were similar in 2011 and 
2013 (2497 and 2435°C d, respectively), and were compa-
rable with the 30-yr average (2431°C d). In 2012, southwest 
Michigan experienced drought conditions from June to 
August, with 557 mm of cumulative precipitation between 
March and October, 77% of the 30 yr average (721 mm).

Gravimetric soil moisture varied between crop types, 
but not across the N gradient (Table 1). Gravimetric soil 
moisture was heavily influenced by crop, year, and depth 
(p < 0.05). Although wheat consistently had greater grav-
imetric soil moisture than IWG, pairwise comparisons 
reveal that significant differences were mainly found at 40 
to 70 and 70 to 100 cm (Table 1).

Aboveground Biomass
Aboveground biomass greatly differed between the two 
crops (Table 2, p < 0.05) when analyzed over all years. In 
2011 and 2013, IWG aboveground biomass ranged from 
10.6 to 19.9 Mg ha−1 and was consistently greater than 
wheat aboveground biomass, which ranged from 8.4 to 
14.7 Mg ha−1 (Table 2). In the 2012 drought year, both 
crops had lower productivity; averaged across N levels, 
IWG biomass decreased by 69% and wheat decreased by 
53% between 2011 and 2012. In 2013, IWG aboveground 

planting. The following spring, plots were top-dressed with 
urea at 28 and 50.4 kg N ha−1 for Mid N and High N, respec-
tively, typically at the beginning of April.

The crop types in this experiment were (i) annual winter 
wheat ‘Caledonia’ (soft red wheat) and (ii) Kernza (IWG), 
which was developed through bulk breeding and mass selection 
at the Land Institute in Salina, KS (DeHaan et al., 2005; Cox et 
al., 2010). Planting for both crops occurred on 8 Nov. 2009 at a 
seeding rate of 310 seeds m−2 (1.25 million seeds acre−1) for IWG 
and 432 seeds m−2 (1.75 million seeds acre−1) for winter wheat. 
Both crops were planted at a 15-cm row spacing. Subsequent 
plantings of winter wheat occurred on 8 Oct. 2010, 22 Sept. 
2011, and 2 Oct. 2012 at the same seeding rate and row spacing. 
More details regarding planting and chemical application can 
be found in Culman et al. (2013).

Aboveground Biomass Sampling
Aboveground biomass was measured at grain maturity for both 
crops. In general, wheat was harvested in early to mid-July, and 
IWG was harvested at the end of July or early August. Aboveg-
round biomass and yields were determined by randomly placing 
two 0.25-m2 quadrats in every plot and clipping the crop biomass 
to 10 cm above the soil. Samples were then threshed to separate 
grain from straw and dried at 60°C for 48 h before weighing.

Belowground Biomass and Soil Sampling
Belowground biomass and soil samples were collected near 
peak biomass and anthesis every June from 2011 to 2013. In 
2011, belowground biomass was measured only in the Low 
N and High N levels. A hydraulic direct-push soil sampler 
(Geoprobe) was used to take three 1-m cores per plot. All cores 
were taken in between plant rows. The cores were 6 cm in 
diameter and were subsequently divided into five depths (0–10, 
10–20, 20–40, 40–70, and 70–100 cm). The three cores were 
composited by depth interval, and a subsample of 400 mL from 
each depth was taken for root analyses, with the remainder 
used for soil chemical and physical analyses. Gravimetric soil 
moisture was determined by calculating the difference between 
the fresh weight and dry weight of a 40-g soil sample ( Jarrell et 
al., 1999) and expressed on a dry weight basis: % soil moisture 
(dry weight) = 100 [(fresh weight − dry weight)/dry weight].

Roots were separated into two size classes: coarse (>6 mm) 
and fine (1–6 mm). Coarse roots were separated from soil by dry 
sieving through 6-mm sieves. Fine roots were obtained from 
soil sieved through 1-mm sieves by wet sieving. No attempt 
was made to determine live vs. dead roots. To clean roots prior 
to weighing and drying, roots were soaked in deionized water 
and hand washed. Both coarse and fine roots were dried at 
60°C for 48 h prior to weighing. To report root biomass on a 
kilogram per hectare basis, we converted root samples from a 
mass per volume basis to a mass per area basis by multiplying 
root mass per volume by length of the soil depth interval and 
areal conversion factors.

Crop Carbon and Nitrogen Analysis
Dried coarse and fine roots were ground to a fine powder using 
a mortar and pestle. Dried grain and stem crop components were 
ground separately to 1 mm with a Wiley mill. Both above- and 
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biomass increased with greater levels of applied N; 
however, the N level effect was not significant (p > 0.05).

Belowground Biomass
Intermediate wheatgrass consistently had greater coarse 
and fine root biomass than wheat across all years (Table 2, 
p < 0.05). Depending on the N level and year, IWG 
had between 3 and 12 times greater coarse and fine root 
biomass than wheat. There was no overall N level effect 
on coarse root biomass (p > 0.05). However, in 2013, 
IWG coarse root biomass under High N was significantly 
greater than Mid N and Low N coarse root biomass 
(Table 2, p < 0.05), reflecting a significant crop ´ N level 
´ year interaction (p < 0.05).

There was a significant overall N level effect on fine 
root biomass (p < 0.05). For example, in 2013, fine root 
biomass of IWG under Mid and High N was significantly 
greater than in the Low N system (p < 0.05). The crop ´ 
N level effect was significant (p < 0.05) because increasing 
levels of N influenced only IWG.

Coarse and Fine Root Biomass by Depth
Coarse root biomass of IWG was between 3.4 and 8 times 
greater than wheat coarse root biomass at surface depth 

intervals of 0 to 10 and 10 to 20 cm (Fig. 1, p < 0.05). 
There were a few marginally significant differences at 
mid- (20–40 cm) and subsurface (40–70 and 70–100 cm) 
depth intervals (p < 0.05), but in general, there were few 
differences between wheat and IWG coarse root biomass 
at lower depths (Fig. 1). Wheat vertical coarse root distri-
bution was fairly consistent across the 3 yr, with 93% of 
the roots found in the top 40 cm. Intermediate wheatgrass 
had similar vertical coarse root distributions, with 94% 
of roots typically found in the top 40 cm; however, IWG 
root biomass increased significantly in the surface depths 
over time (Fig. 1).

Although there were no overall N level effects on 
coarse root biomass, there was a four-way interaction 
between year, crop, N level, and depth (p < 0.05). Notable 
differences in IWG coarse root biomass across the different 
N levels at the surface depths likely caused this significant 
interaction. For example, pairwise comparisons revealed 
that in 2011 and 2013, High N IWG coarse root biomass 
at 0 to 10 cm was  significantly greater than Low N coarse 
root biomass (p < 0.05) In 2012, Low N IWG had greater 
coarse root biomass than Mid N IWG (p < 0.05) but was 
not significantly different from High N IWG. There were 
no differences between N levels at subsurface depths. 

Table 1. Gravimetric soil moisture at five depths throughout the soil profile in wheat and perennial intermediate wheatgrass 
(IWG) in 2011, 2012, and 2013, averaged across N levels (means ± SE).

Soil moisture
2011 2012 2013

Depth Wheat IWG Wheat IWG Wheat IWG
cm —————————————————————————————————————— % ——————————————————————————————————————
0–10 9.1 (0.6)a† 8.0 (0.5)a 9.4 (0.6)a 8.4 (0.5)a 11.4 (0.5)a 10.8 (1.2)a
10–20 8.0 (0.5)a 7.3 (0.4)a 9.6 (0.5)a 8.0 (0.4)b 11.3 (0.5)a 10.2 (0.4)a
20–40 8.8 (0.6)a 8.5 (0.7)a 8.0 (0.4)a 7.3 (0.6)a 11.8 (0.6)a 10.6 (0.6)a
40–70 10.4 (0.5)a 8.5 (0.4)b 8.9 (0.5)a 7.7 (0.5)b 11.7 (0.6)a 9.5 (0.6)b
70–100 8.4 (0.6)a 7.6 (0.5)a 7.9 (0.6) a 5.6 (0.5)b 9.9 (0.9)a 7.8 (0.5)b

† Different letters within years denote significant differences between crops for each depth combination at p < 0.05.

Table 2. Above- and belowground biomass in annual wheat and perennial intermediate wheatgrass (IWG) across three N levels in 
2011, 2012, and 2013 (means ± SE). Roots were sampled to 1 m.  Root size classifications were coarse (>6 mm) and fine (1–6 mm).

Aboveground Coarse roots Fine roots Total crop biomass
N rate Wheat IWG Wheat IWG Wheat IWG Wheat IWG

————————————————————————————————————————  Mg ha−1 ————————————————————————————————————————

2011

 Low N 12.63 (1.8)c† 14.9(1.1)b 1.1 (0.6)b 3.4 (0.5)a 0.31(0.02)b 0.99 (0.1)a 14.0 (2.2)b 19.29 (2.5)a

 Mid N 12.53 (1.2)c 19.9 (1.2)a NA‡ NA NA NA NA NA

 High N 14.73 (0.7)b 15.9 (0.8)b 0.4 (0.1)b 5.0 (0.7)a 0.34 (0.05)b 0.99 (0.3)a 15.4 (0.8)b 21.89 (1.1)a

2012

 Low N 5.99 (0.58)a 4.3 (0.6)b 0.7 (0.2)b 5.93 (0.5)a 0.26 (0.06)b 0.43 (0.07)a 6.95 (0.7)b 10.65 (0.8)a

 Mid N 5.16 (0.9)a 5.78 (0.9)a 0.9 (0.3)b 5.75 (0.5)a 0.24 (0.03)b 0.82 (0.2)a 6.25(0.8)b 12.36 (1.3)a

 High N 7.4 (0.8)a 5.33 (0.5)a 1.6 (0.4)b 5.8 (1.4)a 0.27 (0.03)b 0.78 (0.2)a 9.3 (0.3)b 11.9 (1.2)a

2013

 Low N 8.4 (0.81)b 10.6 (0.7)a 1.1 (0.3)c 5.3 (0.7)b 0.21 (0.02)c 0.76(0.07)b 9.77 (0.9)c 16.6 (0.6)b

 Mid N 9.68 (0.2)b 11.9 (0.8)a 0.8 (0.2)c 6.1 (1.0)b 0.33 (0.06)c 1.8 (0.33)a 10.8 (0.2)c 19.86 (1.5)a

 High N 8.99 (0.6)b 12.2 (0.5)a 0.8 (0.2)c 8.45 (0.6)a 0.43 (0.2)c 1.9 (0.4)a 10.2 (0.5)c 22.54 (1.4)a

† Different letters denote statistical differences across crop and N level means within a given year for each response variable.

‡ NA, roots were not sampled for Mid N in 2011.
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compared with wheat, which allocated ?10% to roots. 
In 2011 and 2013, IWG root/shoot ratios were two times 
greater than wheat root/shoot ratios (Fig. 3, p < 0.05). 
The significantly higher root/shoot ratios evident in 2012 
in comparison with 2011 and 2013 were caused by large 
reductions in aboveground biomass, rather than gains in 
belowground biomass. In 2012, IWG root biomass was 
equal to that in 2011 and slightly lower than that in 2013 
(Table 2). There were no significant N level effects on 
root/shoot ratios (Fig. 3, p > 0.05).

Crop Nitrogen and Fertilizer Nitrogen  
Use Efficiency
Aboveground biomass N contents were statistically similar 
between the two crops. Aboveground N contents signifi-
cantly differed across the N gradient, with greater N content 
typically found in the High N system (Table 3, p < 0.05) for 
both crops. There were significant pairwise comparisons 
across N levels for aboveground N in 2013, but not in 2012.

The total N contained in IWG coarse and fine roots 
was consistently greater than that in wheat (Table 3, 
p < 0.05). The total N contained in coarse roots generally 
increased with increasing N fertilizer additions (Table 3). 
The significant crop ´ N level interaction (p < 0.05) along 
with pairwise comparisons indicate that N levels had a 
much stronger influence on IWG than on wheat, especially 
in 2013. There was an overall N level effect on fine root 
N content (p < 0.05). For IWG in 2012 and 2013, Mid N 

Greater amounts of variability occurred at surface depths 
than at subsurface depths, especially in 2012.

Fine root biomass distributions were very similar to 
coarse root biomass distributions, with the majority of 
roots concentrated in the top 20 cm. However, IWG allo-
cated a greater amount of biomass to fine roots than to 
coarse roots below 40 cm (Fig. 1 and 2). There were large 
differences in fine root biomass between crops (p < 0.05), 
across N levels (p < 0.05), over time (p < 0.05), and by 
depth (p < 0.05). There was also a significant three-way 
interaction among depth, year, and crop (p < 0.05), which 
reflected the range of fine root production over time for 
IWG at surface depths compared with greater stability in 
wheat. Furthermore, significant differences in fine root 
production between IWG and wheat were typically only 
in the top 0 to 40 cm. At the surface, IWG fine root 
biomass was typically between 1.5 and 4 times greater 
than wheat fine root biomass. The IWG fine root biomass 
tended to increase with increasing levels of fertilizer, espe-
cially at 0 to 10 cm, whereas wheat fine root biomass did 
not. The IWG fine root biomass increased over time, with 
the greatest values occurring in 2013 under Mid N and 
High N systems.

Crop Allocation and Root/Shoot Ratios
Differences in crop biomass allocation were evident for 
wheat and IWG (Fig. 3). In nondrought years, IWG allo-
cated between 23 and 50% of its total biomass to roots as 

Fig. 1. Coarse root biomass values in annual winter wheat (triangles) and perennial intermediate wheatgrass (IWG, circles) for three N 
levels (Low N [Organic N], Mid N, and High N) over 3 yr (2011, 2012, and 2013) at five different soil depths. Error bars represent the SEM, 
asterisks denote significance at p < 0.05, and t denotes significance at p < 0.1.
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Fig. 2. Fine root biomass values in annual winter wheat (triangles) and perennial intermediate wheatgrass (IWG, circles) for three N levels 
(Low N [Organic N], Mid N, and High N) over 3 yr (2011, 2012, and 2013) at five different soil depths. Error bars represent the SEM, 
asterisks denote significance at p < 0.05, t denotes significance at p < 0.1.

Fig. 3. Root/shoot ratios of wheat and perennial intermediate wheatgrass (IWG) in 2011, 2012, and 2013 over three N levels (Low N 
[Organic N], Mid N, and High N). The sum of total coarse and total fine roots was used to calculate total root biomass. Total straw and 
grain were summed to determine total shoot biomass. Error bars represent the SEM, and different letters denote significance at p < 0.05.
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and High N had significantly greater fine root N than the 
Low N system (Table 3). Although there was an overall 
crop by N level interaction (p < 0.05), wheat fine root N 
did not appear to be as strongly influenced by increasing N 
levels compared with IWG. Total N strongly differed by 
crop (p < 0.05) and N level (p < 0.05) and was substantially 
greater in IWG and always larger in the High N level.

There was a significant year effect for all crop parts, 
with N contents typically greater in 2013. Coarse and fine 
root N contents were also examined by depth (data not 
shown) and exhibited very similar trends to coarse and 
fine root biomass by depth (Fig. 1 and 2).

The fertilizer NUE for above- and belowground 
biomass components were also calculated separately 
(Table 4). In terms of total crop NUE, IWG was more 
efficient at using fertilizer N than wheat (p < 0.05) during 
both years. Across both year and N level, IWG NUE 
ratios ranged from 0.8 to 1.5 and wheat NUE ranged from 
0.56 to 0.86 (Table 4).

The IWG within the Mid N system exhibited greater 
NUE than that in the Low N and High N systems (p < 
0.05). The significant interaction between crop and N level 
(p < 0.05) was an indicator that N level had little effect on 
wheat NUE. Significant gains in NUE from 2012 to 2013 
were visible in all three N levels for wheat and were most 
noticeable in the Mid N system for IWG. Nitrogen use effi-
ciency increased by up to 53% in wheat from 2012 to 2013 

and by up to 43% in IWG (Table 4). There was no crop effect 
on aboveground NUE, as wheat and IWG were statistically 
similar to one another (p > 0.05). However, there was an 
overall N level effect, where wheat aboveground NUE was 
greater in Low N systems and IWG aboveground NUE 
was greater under Mid N. Root NUE was substantially 
greater in IWG than in wheat (p < 0.05).

DISCUSSION
Annual versus Perennial Biomass Allocation
Annual and perennial species have different development 
and growth strategies (Fitter et al., 1998). Such differences 
are reflected in their rooting patterns, which has impli-
cations for nutrient resource availability and ecosystem 
function. In general, annual plants tend to have shallow 
root systems that are more advantageous in high nutrient 
conditions compared with perennials, which typically 
display a deeper and more dense (often herringbone) 
architecture (Fitter et al., 1998). Although annual crops 
are fast growing and have traits that allow for rapid acqui-
sition of resources (Fitter et al., 1991), perennials prioritize 
allocating biomass belowground, which allows them to 
conserve resources for long-term survivorship (Roumet 
et al., 2006). Thus, our findings that IWG allocated 23 to 
50% of biomass to roots, whereas annuals only allocated 
10% of biomass belowground, is not surprising and aligns 
with a larger body of literature. Furthermore, our findings 

Table 3. Total N content in annual wheat and perennial intermediate wheatgrass (IWG) across three N levels in 2012 and 2013 
(means ± SE). Roots were sampled to 1 m. Root size classifications were coarse (>6 mm) and fine (1–6 mm).

Aboveground Coarse roots Fine roots Total crop biomass
N rate Wheat IWG Wheat IWG Wheat IWG Wheat IWG

——————————————————————————————————————— kg N ha−1 ———————————————————————————————————————

2012

 Low N 53.4 (7.1)a† 35.9 (3.5)a 5.84 (1.6)b 41.4 (6.1)a 1.5 (0.3)c 3.2 (0.3)b 60.9 (8.1)c 80.5 (9.4)b

 Mid N 53.2 (14.2)a 49.2 (6.2)a 6.86 (2.1)b 40.7(2.7)a 2.2 (0.3)c 5.24 (0.7)a 62.3 (10.1)c 95.1 (8.3)b

 High N 67.6 (10.3)a 49.8 (3.0)a 13.2 (4.1)b 55.3(8.5)a 2.5(0.2)c 5.5 (1.6)a 83.3 (4.8)b 110.6 (5.0)a

2013

 Low N 58.2 (5.0)a 63.8 (5.4)ac 6.9 (1.9)c 20.0 (2.9)b 2.0 (0.2)c 5.0 (0.5)b 67 (5.8)d 88.8 (1.9)c

 Mid N 68.1 (6.1)c 88.5 (10.7)b 6.1(1.6)c 34 (6.0)b 3.3 (0.5)c 12.0 (2.4)a 77.5 (5.5)cd 134.5 (8.7)a

 High N 102.2 (15.8)a 76.2 (4.3)bc 6.3 (1.6)c 52.1 (3.5)a 3.9 (1.6)c 13.5 (3.7)a 112 (15.2)b 141.8 (9.9)a

† Different letters denote statistical differences across crop and N level means within a given year for each response variable.

Table 4. Fertilizer use efficiency in harvested N, root N, and total plant N. Nitrogen use efficiency (NUE) ratios >1.0 indicate that 
the plant took up more N than what was applied during the growing season. 

Aboveground NUE Root NUE Whole-plant NUE

N rate Wheat IWG Wheat IWG Wheat IWG

2012

 Low N 0.52 (0.05)a† 0.4 (0.04)a 0.07 (0.01)b 0.5 (0.07)a 0.59 (0.04)c 0.89 (0.1)b

 Mid N 0.46 (0.1)a 0.55 (0.07)a 0.1 (0.02)b 0.51 (0.02)a 0.56 (0.12)c 1.05 (0.09)a

 High N 0.45 (0.07)a 0.37 (0.03)a 0.12 (0.04)b 0.45 (0.06)a 0.57 (0.03)c 0.83 (0.1) b

2013

 Low N 0.65 (0.06)a 0.71 (0.06)a 0.09 (0.02)c 0.27 (0.05)b 0.75 (0.06)c 0.98 (0.02)b

 Mid N 0.76 (0.07)a 0.75 (0.06)a 0.1 (0.02)c 0.51 (0.09)a 0.86 (0.06)c 1.5 (0.09)a

 High N 0.75 (0.1)a 0.56 (0.03)a 0.08 (0.01)c 0.49 (0.04)a 0.83 (0.1)c 1.05 (0.07)b

† Different letters denote statistical differences across crop and N level means within a given year for each response variable.
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concerning above- and belowground biomass in situ over 
a 3-yr period provide a valuable baseline to breeders 
working to enhance IWG via direct domestication.

Root and Biomass Allocation Responses  
to Added Nitrogen
Here, we compared different rates and sources of N fertil-
izer that practitioners apply to small cereal grains in the 
Midwest to enhance our understanding of biomass alloca-
tion patterns in annuals and perennials. In particular, we 
wanted to determine if greater applications of N fertilizer 
increase or decrease root biomass, given the important 
role that roots have in delivering ecosystem services.

We found that the different rates and sources of N had 
no influence on root/shoot ratios for either annual wheat 
or perennial IWG over the course of 3 yr. Additionally, 
we found that wheat root biomass remained stable across 
all N fertilizer levels in all 3 yr. There was also no IWG 
root response to N in the first 2 yr; however, root biomass 
of established IWG increased with greater N additions in 
2013. The lack of a root response to increased N additions 
in Years 1 and 2 for IWG could be due to environmental 
and developmental factors. In 2011, IWG stands were 2 yr 
old and still establishing, which could prevent observed 
responses to increased N fertilizer ( Jung and Lal, 2011). 
Although we might expect to see a root response to N 
level during the third year, 2012 was a drought year, 
which may have negated a response to added N. A root 
response to N was observed in 2013, when IWG was 
mature and growing conditions were favorable. In fact, 
in 2013, IWG root biomass significantly increased with 
higher levels of N, whereas root/shoot ratios remained 
stable. Root biomass also remained stable in wheat across 
N levels. This could suggest that perhaps water was a 
greater limiting factor than N (Meinke et al., 1997).

Our findings are at odds with optimal partitioning 
theory, which posits that where access to nutrients is 
adequate or excessive, reductions in root production and 
increases in aboveground (grain and shoot) production will 
occur. Our findings also contrast with at least one in situ 
study; Jarchow and Liebman (2012) reported greater root 
biomass of C4 grasses in unfertilized systems compared 
with their fertilized system. However, interpretation is 
clouded in their study by extreme nutrient limitations in 
the unfertilized system, which contrasts with this study, 
where each treatment received at least some N fertilizer. In 
contrast, Heggenstaller et al. (2009) reported that switch-
grass (Panicum virgatum L.) and big bluestem (Andropogon 
gerardii Vitman) belowground biomass increased with 
greater N fertilizer additions, which corroborates our 
IWG findings in Year 3. Increases in root diameter due 
to greater nutrient uptake in nutrient rich environments 
could explain greater root biomass in systems receiving 
greater N additions (Ryser and Lambers, 1995).

It is often predicted that when nutrients or water are 
limiting, crop allocation should shift to the production of 
fine roots that can capture resources available at greater 
depths (Bloom et al., 1985). We found no evidence for 
enhanced fine root production in either wheat or IWG 
within the Low N level at any depth to 1 m. Likewise, 
Jarchow and Liebman (2012), who found greater root 
biomass in an unfertilized C4 grass system at the surface, 
also found no evidence of increased root production at 
depth, although they did not distinguish between coarse 
and fine root biomass.

Thus, our findings seem to corroborate the optimal 
foraging theory, where plants are expected to invest roots 
in highly enriched areas vs. more depauperate patches 
(Charnov, 1976; Loecke and Robertson, 2009; McNickle 
and Cahill, 2009). In this study, roots increased under 
High N and were mainly concentrated in the top 0 to 
10 cm, rather than foraging deeper in the soil profile to 
obtain other available nutrients. Others have suggested 
that biomass partitioning is a function of ontogenetic 
drift, wherein biomass allocation is determined by growth 
and development rather than shifts in reallocation due to 
limiting resources (Coleman et al., 1994; Reich, 2002). 
The growth patterns of IWG in this study are consis-
tent with this theory, as root biomass increased over 
time, especially in the High N system. Perhaps in this 
system, the increased root biomass within the established 
IWG under High N is simply due to changes in devel-
opment, allowing IWG to gain access to greater nutrient 
capture. Monitoring belowground N responses over a 
3-yr period demonstrates that roots of IWG increase 
rather than decrease with greater N fertilizer additions. 
This has important implications for how perennial grains 
can be managed for optimal yields while still exhibiting 
an extensive root system that can contribute to essential 
ecosystem services.

Fertilizer Nitrogen Use Efficiency in Annual 
versus Perennial Systems
Above- and belowground biomass responses to N addi-
tions can have profound impacts on internal and external 
crop N cycling. For this reason, we were also interested in 
determining whole-crop fertilizer NUE. As noted earlier, 
we consider whole-crop fertilizer NUE to be total crop N 
(aboveground + belowground biomass N) per fertilizer N 
added (Ladha et al., 2005; Robertson and Vitousek, 2009). 
This mass-balance approach allows us to determine the 
efficiency with which wheat and IWG assimilate added N.

Since aboveground NUE was not significantly 
different between wheat and IWG, it is likely that the 
extensive roots of IWG and their large capacity for N 
storage are the main drivers for their high NUE values, 
which gives them an efficiency advantage over wheat. For 
example, in 2013, IWG root NUE increased by 40% in 
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the Low N and Mid N treatments and by 87% in the High 
N treatments. In three cases, the IWG whole-plant NUE 
was >1, indicating that the crop took up more N than was 
applied, which demonstrates its ability to assimilate large 
amounts of N (Dawson et al., 2008). Traditionally, root N 
content has not been included in NUE calculations (Weih 
et al., 2011). However, excluding belowground compo-
nents from NUE calculations overlooks the important 
pool of N that roots represent and ultimately underes-
timates deep-rooted crops and their ability to retain N 
(Dawson et al., 2008; Martinez-Feria et al., 2018).

Nitrogen use efficiency significantly differed across 
N level in IWG, but not in wheat. The IWG NUE was 
greatest at the Mid N level compared with the Low N 
and High N levels. One explanation for greater NUE at 
the Mid N level could be that biomass production and 
N uptake kept up with N supply, unlike in the Low N 
system, which always had lower above- and belowground 
biomass. This study highlights that regardless of which 
rate and source of N is applied, perennial IWG has the 
ability to retain large amounts of N compared with wheat, 
which has important implications for N retention within 
this newly developed crop.

Implications for Enhanced Ecosystem 
Services by Perennial Grain Crops
These findings demonstrate that perennial grain cropping 
systems can significantly enhance ecosystem services in 
agriculture by increasing root biomass. Under a range of 
N additions, IWG produced up to eight times more total 
root biomass than wheat in the top 40 cm of soil. No 
differences were found between the two crops deeper in 
the profile, refuting the hypothesis that perennial grain 
crops are likely to have greater root biomass at depth than 
wheat (Cox et al., 2006; Glover et al., 2010; Kell, 2011).

Increased root biomass has been shown to enhance N 
cycling and accumulation (Fornara and Tilman, 2008). 
For example, increased root biomass in perennial systems 
can lead to N immobilization, and the quick release of 
fine root N during turnover can lead to N retention and 
accrual (Fornara et al., 2009). These results demonstrate 
that increased root biomass enabled IWG to take up 
large amounts of N and contributed to overall greater 
NUE. As a result, minimal N losses likely occur in these 
systems; for example, relative to wheat, IWG at this site 
reduced NO3 leaching by 86 to 99% in 2011 (Culman et 
al., 2013).

Greater root biomass could also lead to increases in soil 
organic matter over time (Robertson et al., 2000; West and 
Post, 2002). As perennial crops age, a greater standing stock 
of belowground biomass is established (Craine et al., 2003). 
This allows C to accumulate in root biomass and soil due 
to root turnover, which provides between 30 and 80% of 
organic C inputs to soil (Kalyn and Van Rees, 2006). In 

this study, IWG root biomass increased by 51% from 2011 
to 2013. However, despite such increases in root biomass 
and root C accumulation, Sprunger et al. (2018) found no 
evidence for early soil carbon gain under IWG at this site. 
This is consistent with the requirement that IWG may need 
to be grown for at least 4 yr to obtain observable C seques-
tration benefits relative to an annual cereal crop.

CONCLUSIONS
This study examined the effect that different sources and 
rates of N had on annual and perennial root biomass, 
biomass partitioning, and fertilizer use efficiency. Peren-
nial IWG had greater root biomass than wheat in the top 
20 cm, regardless of fertilizer rate or source. Overall, N 
availability had no influence on biomass partitioning for 
either crop. However, established IWG stands increased 
root biomass with increasing N inputs, whereas wheat root 
biomass remained stable despite varying levels of N. Roots 
of IWG enhanced N retention and NUE and appeared 
to have contributed to the reduction of NO3 leaching, as 
reported elsewhere. Given their C and N accrual and the 
retention of N by their extensive root systems, perennial 
grain crops could contribute significantly to the environ-
mental sustainability of cereal crops.
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