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Abstract: A long-term study was initiated in 2008 to determine effects of bioenergy sorghum
[Sorghum bicolor (L.) Moench.] production on soil quality. Sorghum biomass removal may
potentially deteriorate soil quality and productivity through nutrient removal and decreased organic
matter return. Study treatments included continuous bioenergy sorghum and a sorghum/corn (Zea
mays L.) biannual rotation, 0, 25, or 50% return of harvested sorghum biomass, no or non-limiting N
addition, and a complete nutrient return treatment. The study was conducted near College Station,
TX on Weswood silty clay loam soil. Soil quality indicators including soil organic carbon (SOC),
total soil nitrogen (TSN), and soil C:N ratio were determined in soil samples collected annually at
five depth increments to 90 cm for seven years (2009-2015) and compared to initial values in 2008.
The greatest sorghum biomass yield increase from residue return was observed with 25% return and
N fertilization. Nitrogen was essential for biomass and biomass C vyield for both sorghum cropping
systems, especially continuous sorghum. Increasing residue return from 25 to 50% tended to increase
SOC in the near surface regardless of N addition, but generally not with depth. From the initial year
in 2008 to 2015, SOC increased at all soil depths, except 15-30 cm, under continuous sorghum
receiving residue return and N fertilization. Increases in SOC were much higher with continuous
than rotated sorghum. For example, SOC storage for fertilized rotated sorghum averaged across
residue return rates increased by 10% (59.4 to 65.1 Mg ha *) and for continuous sorghum by 51%
(59.4 to 90.1 Mg ha™*) by 2015 compared to initial values in 2008. For both continuous and rotated
sorghum, changes in SOC stocks were greater in lower depths, principally at 30-60 and 60-90 cm,
implying that SOC increases at these depths were most likely associated with bioenergy sorghum
roots. After seven years of 25% residue return, SOC increased by 1.75, 5.25, 15.4, 32.9, and 39.2 Mg
ha !, respectively, at 0-5, 0-15, 0-30, 0-60, and 0-90 cm. Total soil N to 90 cm depth tended to
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follow similar patterns as those observed for SOC storage. Soil C:N ratio also tended to increase in
all depth increments with residue return, but especially in the surface 0-5 cm with N fertilization.
The highest C:N ratio increase were observed in surface soil under continuous sorghum at 25 and 50%
residue return rates with or without N fertilization. Increased soil C:N at deeper depths in continuous
sorghum was probably associated with sorghum roots. The return of 25% of aboveground biomass
from a continuous sorghum cropping system in conjunction with N fertilization appeared feasible for
maintaining soil quality in the long term.

Keywords: Sorghum bicolor (L.) Moench; bioenergy sorghum; biomass; soil quality; residue return;
soil organic C; total soil N; soil C:N ratio

1. Introduction

Bioenergy sorghum [Sorghum bicolor (L.) Moench.] is among the proposed agricultural
crops to assist the U.S. in developing renewable bioenergy and reducing greenhouse gas (GHG)
emissions [1-3]. Bioenergy sorghum is a novel second generation crop that does not compete
directly with food crops, possesses high biomass yield potential, is drought tolerant, and has
established production systems and a tractable breeding improvement program [1,4]. Texas and the
Southern Great Plains have been proposed as the most reliable areas for bioenergy sorghum
production [5]. However, removal of biomass for energy may potentially have adverse effects on soil
productivity and on soil and environmental quality [6,7]. Therefore, it is critical to examine the
consequences of removing produced biomass on SOC and other soil properties before biofuel
production expands [8].

Muth et al. [9] conducted a comprehensive study of crop residue removal that ranged from 22%
to 83% for bioenergy production at the soil-type level across the U.S. Their analysis showed that
over both the short- and long-term, 150 and 208 million metric tons of agricultural residues could be
sustainably removed for bioenergy production. Continued removal of crop residue, however, can
negatively impact soil properties including SOC, TSN and can also decrease aggregate stability, soil
microbial biomass, and particulate organic matter, while increasing soil bulk density [10]. According
to the USDA NRCS [11], monitoring of SOC should be conducted to ensure that soil quality is not
sacrificed in the name of renewable bioenergy, and should not jeopardize soil quality or SOC in
long-term cropping [8,12-14]. The removal of crop residues for bioenergy feedstock, or other
purposes, should be done with caution to avoid loss of soil organic matter (SOM) [15].

Soil organic C is the most reported indicator of soil quality and is an important attribute for
sustainable crop production [16,17] in that it impacts many soil physical, chemical and biological
properties [16,18]. Follett et al. [19] stated that sustainability of bioenergy crop production depends
on SOC sequestration. However, one direct source of the SOC pool is crop residues [20] and removal
of crop residues can deplete SOC pools [6]. Residue contributions to the SOC pool are influenced by
cropping systems, tillage methods and nutrient applications. For example, N fertilizer or crop
rotation has shown to be important for residue production and has increased SOC sequestration under
different cropping systems [19,21-24].
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Crop residues also contain substantial amounts of plant-essential nutrients [25] that are removed
when biomass is harvested. Therefore, in order to maintain the productivity of many soils, it will be
essential to recycle mineral nutrients from harvested biomass or animal manures or to directly add
nutrients to soil as chemical fertilizers. Somerville et al. [26] expressed concern that removal of even
half the stover produced would exacerbate SOC loss and would require additional inputs of fertilizers
to replace lost nutrients. Reijnders [14] suggested that in order to sustain fertility of cropland used for
bioenergy, nutrients in treated residues following biofuel production should be returned to soil.
Findings of Kirkby et al. [27] indicated that inadequate nutrient availability limits SOC sequestration
in arable soils and suggested that optimum C sequestration requires additional nutrients beyond that
required for crop production alone.

However, little is known about the effect of bioenergy crop residue removal on SOC storage,
with major uncertainty regarding the impacts of cropping intensification on SOC loss and the
quantities of crop residue that can be sustainably harvested without jeopardizing SOC
stocks [8,12,13,28]. Studies on sustainable corn stover removal thresholds indicated that perhaps 30—
50% of harvestable biomass could be removed while maintaining SOC [15,29,30]. Anderson-
Teixeira et al. [31] estimated that corn stover removal rates of 25 and 100% would reduce the SOC
pool by about 3 and 8 Mg ha™* yr ' in the 0 to 30 cm soil depth. Johnson et al. [32] empirically
estimated the minimum corn residue return rate required to sustain SOC levels at numerous locations.
Based on duration and a relationship between the rate of residue returned and changes in
measureable SOC, a minimum return rate of 3.9 +2.18 Mg corn stover ha ' yr* was identified.
Wilhelm et al. [7,33] and Johnson et al. [34] suggested that a minimum of about 5.3 Mg ha* of corn
residue was necessary to maintain SOC in no till systems, while Halvorson et al. [35] suggested 6.8
to 7.6 Mg ha* yr* under limited irrigation. Depending on cropping system, crop species, tillage
management, and climate, estimates vary from 0.8 to 14 Mg residue ha™ for maintaining
SOC [7,34,36,37].

Information on harvest thresholds and soil quality for energy sorghum is scarce or has been
based on modeled assumptions from short-term research [12,13,38]. Meki et al. [13], using models to
evaluate several biomass sorghum removal rates and tillage systems, predicted that 75% biomass
removal was sustainable for no till bioenergy sorghum production, resulting in annual harvestable
biomass yield of 18.0 £0.9, biomass residue return of 6 +0.3, and a root biomass of 7.2 0.4 Mg
hat.

The impacts of crop residue removal on SOC has been reviewed for common agricultural
production systems [6,39] and mitigation strategies have been proposed, but management strategies
that might be used to counteract SOC losses from residue removal for bioenergy crops have not been
widely discussed. Sainju et al. [38] used cover crops to increase soil C and N storage under
bioenergy sorghum production, and suggested these increases might have been most associated with
contributions from roots. In fact, in order to properly quantify the amount of crop C incorporated into
SOC, belowground as well as aboveground biomass produced should be determined. Mazzilli
et al. [40] estimated the contribution of aboveground and belowground biomass to the formation of
SOC in four agricultural treatments by measuring changes in *3C natural abundance in particulate
organic matter (CPOM) associated with manipulations of C3 and C4 biomass. After two growing
seasons, CPOM was primarily derived from belowground C inputs, even though they represented
only ~10% of the total plant C inputs from residues. Belowground biomass contributed from 60% to
almost 80% of the total new C present in the CPOM in the top 10 cm of soil. Their results indicated
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that roots may play a disproportionately important role in the CPOM budget in soils. Simulation
modeling estimates of Meki et al. [12] predicted that, on average, root biomass contributed 24%,
37%, 54%, and 95%, respectively, of total sorghum biomass inputs when aboveground biomass was
removed at 0%, 50%, 75%, and 100%. Wilhelm et al. [7] reported that roots contributed more than
half of the soil C input, while Flesa et al. [41] concluded that 37% of root biomass was incorporated
into SOC. Wilts et al. [42] studied root- derived C in a long-term study of corn stover harvest, and
concluded that total C from the unharvestable portion of the crop (mainly roots) was 1.7 to 1.8 times
more than from aboveground sources whether or not fertilizer N was added. Liebig et al. [43] stated
that increased SOC under switchgrass was likely caused by belowground C input from both root
biomass and rhizodeposition. Schmidt et al. [44] suggested that SOM (especially in deeper soil layers)
originates from root exudates and microbial products rather than incorporation of above ground
biomass into deeper soils, and is further supported by growing deep rooted crops like switchgrass
and alfalfa to maintain SOC deeper in soils [43].

Most research on SOC changes in agricultural production systems has focused on the 0 to 30-
cm depth [7,36]. A main objective of the current research study was to determine effects of rotation,
sorghum biomass return, and N fertilization on the C economy and soil quality indicators of
bioenergy sorghum production systems to 90-cm depth.

2. Materials and Methods
2.1. Site description and experimental design

The experimental site was located at the Texas A&M AgriLife Research Farm, approximately 8
km southwest of College Station, TX (30°3'15" N lat; 96°25'37" W long), which is situated within
the Brazos River floodplain in south-central Texas [24]. The soil used was a calcareous (pH 8.2)
Weswood silty clay loam (fine-silty, mixed, superactive, thermic Udifluventic Haplustept), with
particle size distribution of 100, 560, and 340 g kg* of sand, silt, and clay, respectively, in the top 15
cm of soil. Climate at the site is classified as humid subtropical, with mean annual precipitation of
1017 mm and mean annual temperature of 20 <C. Before the start of the bioenergy sorghum study in
2008, the field was in cotton [Gossypium hirsutum (L.)] in 2007 and had been rotated biannually
with corn under conventional disk tillage for the previous ten years. Soil nutrient properties at the
initiation of the study and detailed field management practices performed were reported by Wight
et al. [45]. The study soil initially rated very low for extractable NOs—N, moderate for P, and high for
K, Ca and Mg [45].

The experimental design was a randomized complete block with either continuous bioenergy
sorghum or sorghum rotated biannually with corn, two N rates (0 and 280 kg N ha * for sorghum; 0
and 150 kg N ha * for corn), three levels of sorghum residue (biomass) return (0, 25% and 50%; 100%
of corn stover was returned), and four replications. An additional nutrient return treatment received
280 kg N ha* and complete sorghum residue removal at harvest. Biomass yield from this treatment
was determined each year, and was subsequently analyzed for total concentrations of P, K, Ca, Mg,
Fe, Mn, Zn and Cu as described below. The amounts of these elements removed annually were
subsequently returned to these treatment plots in inorganic form prior to the next growing season.
The study utilized four row plots (1.02-m row centers) measuring 9.14 m long and 4.08 m wide. The
bioenergy sorghum cultivar used, “4Ever Green,” was a photoperiod sensitive, high-yielding hybrid
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forage sorghum (Walter Moss Seed Co., Waco, TX), while the corn hybrids were DKC64-69 and
DKC68-05 (DeKalb Brand, Monsanto Co., St. Louis, MO). Corn grain and aboveground biomass
were hand-harvested for yield at maturity (July 2"*-28") from a randomly selected 3-m segment of
the middle two rows from each plot. Stover from remaining non-sampled portions of the corn plots
was not incorporated into soil until at the later sorghum harvesting date. All corn residue was
ultimately returned to each plot, regardless of sorghum residue return treatment. Field management
practices were performed as described by Wight et al. [45]. Limited furrow irrigation was used to
prevent severe water stress. Treatments receiving N fertilization were side-dressed with subsurface
banded granular urea at approximately the four-leaf stage for sorghum and six-leaf stage for corn.
Sorghum harvest was performed with a silage harvester with an attached weigh-bucket and scale,
and occurred between August 5™ and September 13" for all years, except for October and November
harvests in 2008 and 2009 [45]. Biomass yield was estimated from the entire length of the middle
two rows of each plot, and a random grab sample of chopped residue was captured for determining
moisture and nutrient composition. The harvester chopped sorghum biomass into approximately 2
cm by 2 cm pieces. To physically simulate harvest strategies that would return 25% or 50% of the
sorghum crop residue, biomass harvested from the middle one or two rows was evenly distributed
across the area of the entire plot. All treatments were imposed in 2008 and continued annually
through 2014.

2.2. Soil sampling and analysis

Baseline composite soil samples for each plot were initially collected in March 2008 prior to
planting or treatment imposition using three, 3.8-cm diameter soil cores at 0-5, 5-15, 15-30, 30-60,
and 60-90 cm. Similar samples were taken for each plot prior to each growing season between
March 7" and April 5" from 2009-2015. Samples were oven-dried at 60 <C for 7 days, ground using
a flail grinder and sieved to pass through a 1.75- mm mesh screen. Residual soil inorganic nitrate-N
and extractable soil nutrients were measured and a subsample of each composite soil sample was
also finely ground in a ring and puck mill and analyzed for organic and inorganic C and total N [45].

Soil C and N content in each depth increment was calculated by multiplying soil C and N
concentration by soil bulk density which was estimated from measured SOC [46]. The bulk density
of soil for each depth increment initially was determined by dividing the weight of oven dried soil by
the volume of the core. The core method gave reasonable bulk density values in the top 30 cm of soil
with narrow depth increments [39,47] but beyond 30 cm with larger increments of 30 to 60 and 60 to
90 cm, bulk density measurements became unreasonably high. Therefore, the Adams [46] method
was used to determine bulk density for all depth increments.

2.3. Plant sampling and analysis

Sorghum was planted at a seeding density of 160,000 seed ha * between March 19" and April
17" during the seven years of study using a four-row planter (Case IH). The biomass was harvested
using a New Holland model 707U forage chopper (New Holland, PA, USA) that resulted in 18.65 m?
of field area for determination of each plot yield. Approximately 600 g of chopped plant material
was taken as a subsample and immediately weighed. Subsamples then were oven dried at 60 <C until
stable weights were attained. Dried plant samples were initially ground to pass a 1-mm sieve and
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then powdered in a ring and puck mill prior to total elemental analysis for C and N by
combustion [45,48]. Biomass C and N contents were calculated by multiplying dry biomass yields by
biomass C and N concentrations. The average C concentration of sorghum biomass was
approximately 42%, but ranged from 41 to 44% (data not shown). Inorganic constituents of biomass
from the nutrient return treatment were determined following nitric acid digestion [45].

2.4. Statistical analysis

The effects of N fertilization, biomass return, and their interactions on biomass yield and plant
and soil properties were tested using PROC Mixed in SAS 9.2 (SAS Institute (2010). All differences
discussed were significant at the P < 0.05 probability level or less. A least significant difference
(LSD) was calculated if overall treatment significance (P < 0.05) was established using ANOVA.

3. Results and Discussion
3.1. Harvested Residue Returned

Nitrogen fertilization significantly increased biomass and biomass C yields of both continuous
and rotated sorghum, but the rate of increase was influenced by the amount of residue (biomass)
returned to soil for continuous sorghum (Figure 1). Biomass and biomass C yields of rotated
sorghum were higher than those of continuous sorghum regardless of N fertilization or residue return.
Residue return had no significant effect on biomass or biomass C yield of rotated sorghum whether
or not sorghum was fertilized. In contrast, the effect of residue return on biomass and biomass C
yield was significant when continuous bioenergy sorghum was fertilized (Figure 1). Biomass and
biomass C yields averaged across residue return rates for rotated sorghum were 22.9 and 9.6 Mg ha™
and 19.1 and 8.1 ha*, respectively, with and without N fertilization. Corresponding biomass and
biomass C yields for continuous sorghum across residue return were 17.8 and 7.5 and 11.5 and 4.8
Mg ha’ with and without N fertilization, or approximately 55 and 20% yield increases for
continuous and rotated sorghum from fertilization. Wight et al. [45] also reported greater biomass
yield increases from N fertilization of continuous compared with rotated biomass sorghum. Hons et
al. [49] reported both higher cotton lint yields and N use efficiency for cotton following corn
compared to continuous cotton on a soil similar to that used in our study. Higher biomass yields of
rotated sorghum might potentially be related to nutrient cycling from corn stover or from the often
reported beneficial effects of rotation through improved soil physical condition [50], a reduction in
both pathogenic [51] and non-pathogenic deleterious microorganisms [52], the proliferation of
beneficial soil microorganisms, including mycorrhizae [53], and the breaking of insect and disease
cycles. However, not all mechanisms appear to be important in all cropping systems [54]. The
allelopathic influence of sorghum residues on crops has also been observed in both monoculture and
multiple cropping systems [55] and may be another reason for lower yields with continuous sorghum.

Nitrogen fertilization has consistently been reported to increase bioenergy sorghum
yields [13,24,45,56,57]. Addition of residue without added N was not sufficient to support maximum
long-term bioenegy sorghum production (Figure 1). Shahandeh et al. [24] reported that even with 50%
biomass return, sorghum biomass yield was reduced by more than 35% after 6 years when no N was
applied. Meki et al. [13] used a simulation model to show that long-term sorghum biomass removal
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without N application would result in reduced total biomass yields due to soil N depletion and
eventual soil nutrient mining. The nutrient return treatment in our study resulted in either the greatest
or statistically equivalent biomass yield for both rotated and continuous bioenergy sorghum (Figure
1). The greatest yield increase from residue return was observed with 25% return and N addition
with continuous sorghum, having biomass and biomass C vyields statistically similar to that for
rotated sorghum receiving this treatment. Continuous sorghum had lower yields than rotated for all
other treatments.
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Figure 1. Average biomass and biomass C yields for continuous and rotated sorghum for
six and three years, respectively, during 2009 to 2014 as influenced by N fertilization and
biomass return rate. All nutrients represents the nutrient return treatment. Error bars
indicate one standard deviation.
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Table 1. Total and average annual sorghum biomass and biomass C and N returned to
soil in cropping systems with different rates of residue return and N fertilization during

2009 to 2014.

Fertilization ~ Residue Return Continuous Sorghum Rotated Sorghum

Biomass C N C:N Biomass C N C:N

% -—-Mgha® kgha' -—-Mgha® kgha'
Total Return
-N 25 21.0 8.7 162 54 146 6.1 145 42
-N 50 39.7 164 288 57 282 118 284 42
+N 25 34.5 144 318 45 16.7 6.9 217 32
+N 50 599 248 530 47 33.6 141 423 33
Annual Return

-N 25 3.5 15 27 55 24 1.0 24 42
-N 50 6.6 2.7 48 56 4.7 2.0 47 41
+N 25 5.8 24 53 45 28 1.2 36 32
+N 50 10.0 41 88 47 56 24 71 33

" Average of 6 years.

The amounts of harvested sorghum biomass returned to soil and corresponding C and N
contents and C:N ratios are shown in Table 1. Obviously, more sorghum biomass was returned to
soil in 6 years of continuous sorghum cropping than in 3 years of rotated sorghum, especially with N
fertilization. For example, at 25% return in continuous sorghum, the cumulative input of total
biomass returned was increased by about 64% (21.0 to 34.5 Mg ha ") over 6 years by N fertilization,
while at 50% return, biomass returned increased by 51% (39.7 to 59.9 Mg ha *). Cumulative residue
returned over 3 years with rotated sorghum and 25% residue return was increased by 14% (14.6 to
16.7 Mg ha %) with N fertilization, while the corresponding increase was 19% (28.2 to 33.6 Mg ha )
with 50% residue return. Model simulations conducted by Meki et al. [13] suggested the minimum
sorghum biomass return needed to maintain and/or increase SOC, and hence protect soil quality,
ranged between 6.2 and 14.8 Mg ha ' annually, indicating that the biomass removal threshold is
subject to many site specific factors. These authors predicted a permissible biomass removal range of
50-75% for bioenergy sorghum, which compared reasonably well with a suggested corn stover
removal of 67 to 74%, returning a minimum of 5.7 Mg stover ha ‘yr* [34]. The annual sorghum
residue returned at the 50% rate in our study varied from 4.7 Mg ha* yr* for rotated sorghum
without N fertilization to 10.0 Mg ha * yr * for continuous sorghum with N fertilization, respectively
(Table 1).

Greater amounts of harvested residue returned with N fertilization also resulted in larger
quantities of C and N and lower C:N ratios in returned residue for both continuous and rotated
bioenergy sorghum (Table 1). Trends for quantities of biomass C returned tended to follow those for
biomass yield since biomass C concentrations were similar with and without N fertilization. Biomass
N returned with N fertilization tended to be greater on a relative basis, however, because of the
greater proportional increase in biomass N concentration with fertilization. The average C:N ratio of
both continuous and rotated sorghum biomass was about 10 units higher within residue return rate
without than with N fertilization (Table 1). Average biomass C:N for continuous sorghum ranged
from 12 to 15 units higher compared to corresponding treatments with rotated sorghum. Cadoux
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et al. [58] also reported that sorghum biomass C:N was lowered by N application, while Halvorson
and Stewart [59] observed that corn stover C:N declined with increasing N addition rate. Bioenergy
sorghum biomass also had lower C:N ratios than for many cereal crops [56].

The C:N ratio of crop residue is considered to be an important parameter controlling the C
sequestration potential of various crops, and along with stover/residue yield, has been used to help
estimate the C sequestration potential of cropping systems [56,60]. Biomass with wider C:N ratios
may take longer to decompose, thereby potentially increasing SOC storage time and slowing the
release of CO, to the atmosphere. Decreased biomass C:N ratios with N fertilization might result in
faster decomposition and therefore a larger amount of returned residue required to maintain SOC.
The amount of crop residue C converted to stable SOC depends on the amount and quality of the
residue and cropping management [34,61,62].

3.2. Residue Return, Soil Organic Carbon (SOC) and Total Soil Nitrogen (TSN)

Soil organic C concentrations in 2015 under continuous sorghum receiving residue return and N
fertilization were increased at all soil depths, except 15-30 cm, compared to initial samples (Table 2).
Residue return without added N also significantly increased SOC at 0-5 cm, although increases were
smaller compared to corresponding treatments receiving N, and were not observed at deeper depths.
Increasing residue return from 25 to 50% tended to increase SOC in the near surface regardless of N
addition, but generally not with depth. The largest relative SOC increases were observed under
continuous sorghum receiving N fertilization and 25% residue return at 30—60 and 60—-90 cm depths
with 49% (4.9 to 7.3 g kg%), and 81% (3.7 to 6.7 g kg increases, respectively. Soil organic C
concentrations with N fertilization under continuous sorghum averaged across residue return rates
increased by 20, 10, 13, 31 and 44%, respectively, at 0-5, 5-15, 15-30, 30-60, and 60-90 cm. The
nutrient return treatment also increased SOC at 0-5, 5-15, and 30-60 cm compared with initial
values. After three years of bioenergy sorghum without added N in the corn/sorghum rotation, SOC
concentrations were either similar to initial values, or slightly decreased, even with residue return
(Table 2). Nitrogen fertilization only increased SOC concentrations at 0-5 cm under this cropping
sequence.
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Table 2. Soil organic carbon (SOC) concentrations with depth in 2015 after 6 years of
continuous sorghum and 3 years of rotated sorghum as affected by N fertilization and
rate of returned residue. +N, nutrients denotes the nutrient return treatment.

Fertilization Residue Return Soil Depth (cm)
0-5 5-15 15-30 30-60 60-90

% Continuous Sorghum, SOC, g kg*
-N 0 9.8 (9.3 8.3(8.0) 7.1(6.5) 4549  3.6(3.7)
-N 25 11.6* 8.5 7.3 4.9 3.7
-N 50 12.0* 8.9 6.2 3.9 4.0
+N 0 10.1* 8.1 7.4 5.7* 3.7
+N 25 12.1* 9.0* 7.6 7.3* 6.7*
+N 50 12.8* 9.4* 7.1 6.2* 5.6*
+N, nutrients 0 10.2* 9.1* 7.6 6.4* 4.6

Rotated Sorghum, SOC, g kg™

-N 0 9.6 (9.3 7.5(8.0) 56*(6.5) 39(4.9) 3.2(3.7)
-N 25 9.2 7.5 5.9 4.2 3.7
-N 50 9.2 7.5 6.3 4.1 2.8
+N 0 9.8 8.2 6.4 4.8 35
+N 25 10.5* 7.9 6.9 5.6 4.6
+N 50 10.4* 8.1 6.8 5.4 4.4
+N, nutrients 0 10.2* 8.3 6.5 5.0 3.6

1 Values in parentheses are SOC concentrations prior to study initiation in 2008.

* Indicates SOC values for different treatments within a soil depth increment are significantly
different at 5% level from initial SOC values in 2008.

As noted previously with SOC concentrations (Table 2), N fertilization and residue return also
affected SOC storage differently for continuous and rotated sorghum (Figure 2). Soil organic C
content to 90 cm depth increased significantly with time for all treatments in continuous sorghum
compared to initial content in 2008. Soil organic C content for rotated sorghum also tended to
increase compared to initial values, but differences generally were not significant. Increases in SOC
were much higher with continuous than rotated sorghum. For example, SOC storage for unfertilized
rotated sorghum averaged across residue return rates increased by 10% (59.4 to 65.1 Mg ha ™) by
2015 and by 9% (59.4 to 64.4 Mg ha ) for the seven-year average (2009—2015) compared to initial
values in 2008. The SOC stock was further increased by about 3% for both 2015 (65.1 to 66.7 Mg
ha™') and seven-year average (64.4 to 66.1 Mg ha ') values by N fertilization. In contrast, SOC
storage to 90 cm for continuous sorghum with N fertilization averaged across residue rates increased
by 51% (59.4 to 90.1 Mg ha*) by 2015 and by 50% (59.4 to 88.5 Mg ha ') for the seven—year
average (2009-2015) compared to initial values. The largest observed SOC content by 2015 was
approximately 95 Mg ha* and was associated with continuous sorghum, 25% residue return, and N
fertilization, and represented a 60% increase (59.4 to 95.2 Mg ha™*) from initial levels. This amount
was approximately 12 and 5 Mg ha * higher than SOC contents with either 0 or 50% residue return,
respectively. In comparison, SOC storage to 90 cm for rotated sorghum also receiving N and 25%
residue return was about 30 Mg ha ' lower than for continuous sorghum after seven years.
Significantly increased SOC storage was noted in 2009 after only one year of bioenergy sorghum
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(data not shown). Meki et al. [12] using a simulation model estimated that under conventional grain
sorghum production for 25 years in south central Texas, as much as 130 Mg SOC ha * could be
stored. Meki et al. [13] also modeled bioenergy sorghum systems and projected that with
conventional tillage after 51 years with 25 and 50% residue return, SOC would increase by 16% and
59% compared with 0% return. These authors further estimated that 75% of bioenergy sorghum
biomass could potentially be removed from a continuous no till system without any detrimental
effect on SOC storage. Dou et al. [56] using the DNDC model, suggested that SOC sequestration
will increase with time under bioenergy sorghum receiving residue return and the management

practices of the current study.
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Total soil N to 90 cm depth tended to follow similar patterns as those observed for SOC storage
(Figure 3). For example, the largest increase in TSN occurred with 25% residue return and N
fertilization in continuous sorghum, similar to that for SOC. Total soil N averaged across residue
return rate after 7 years of continuous sorghum increased by 29% (9.2 to 11.9 Mg ha %) and 18% (9.2
to 10.9 Mg ha ') with or without N fertilization, respectively. The increase in TSN for rotated
sorghum was 23% (9.2 to 11.3 Mg ha ') and 21% (9.2 to 11.1 Mg ha ') with and without N
fertilization. Although quantities of sorghum biomass C returned annually were higher for
continuous vs. rotated sorghum (Table 1), amounts of biomass N were similar because of greater N
concentrations in rotated sorghum biomass, and may account for similar TSN sequestration over time.
Zhang et al. [63] reported that SOC and TSN storage to 60-cm depth for continuous corn with
varying straw addition ranged from 45 to 50 and 4.5 to 4.8 Mg ha *, respectively.
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Figure 3. Total soil nitrogen (TSN) content to 90 cm depth in continuous and rotated
sorghum after seven years compared to initial and the seven year average as influenced
by N fertilization and biomass return rate. All nutrients represents the nutrient return
treatment. Error bars indicate one standard deviation.
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Soil organic C sequestration was also analyzed by depth to determine where major changes in
storage occurred (Figures 4 and 5). For both continuous and rotated sorghum, changes in SOC stocks
were greater in lower depths, principally at 30-60 and 60-90 cm and especially for continuous
sorghum. Carbon sequestration increased with depth partly, but not totally, due to increased
thickness of the sampled soil layer. Continuous sorghum showed a trend for increasing SOC with
more residue return for both N regimes at depths to 15 cm (Figure 4). No residue return, however,
resulted in slightly greater SOC storage at depths greater than 15 cm compared to residue added
treatments in continuous sorghum without N fertilization.
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Figure 4. Average soil organic C (SOC) storage to 90-cm depth compared with initial
SOC storage in 2008 for continuous sorghum as influenced by N fertilization and residue
return rate. All nutrients represents the nutrient return treatment. Error bars indicate one
standard deviation.

In contrast, with N fertilization, 25% residue return resulted in greater SOC sequestration
compared with other return rates below 15 cm, but especially between 30 and 60 cm. Treatment
trends for rotated sorghum (Figure 5) were not as consistent nor differences as large as for
continuous sorghum. Increases in SOC for rotated sorghum averaged across residue return rates at 30
to 90 cm depth compared to initial SOC content were about 2 and 4 Mg ha * without and with added
N, respectively, while changes for continuous sorghum were approximately 2 and 15 Mg ha* for
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these same two N treatments (Figures 4 and 5). With 25% residue return, SOC storage at 30—60 cm
depth for continuous sorghum increased by 107% (14.9 to 30.8 Mg ha ') and 67% (14.9 to 24.9 Mg
ha ') with and without N fertilization, respectively. At 60—90 cm depth, SOC increased by 48% (16.3
to 24.1 Mg ha %) and 25% (16.3 to 20.4 Mg ha %) with these same treatments. Soil organic C contents
at 30-60 cm depth for rotated sorghum with 25% residue return increased by 19% (14.9 to 17.8 Mg
ha ) and 26% (14.9 to 18.8 Mg ha ) with and without fertilization, respectively. At 60-90 cm for
rotated sorghum with 25% residue return, SOC increased by 19% (16.3 to 19.4 Mg ha ') and 12%
(16.3 to 18.3 Mg ha %) with and without N fertilization, respectively. The SOC stock at all depths
was lower in rotated than continuous sorghum for all treatments.
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Figure 5. Average soil organic C (SOC) storage to 90-cm depth compared with initial
SOC storage in 2008 for rotated sorghum as influenced by N fertilization and residue
return rate. All nutrients represents the nutrient return treatment. Error bars indicate one
standard deviation.

In general, the results for SOC and TSN (Figures 2 to 5) differ somewhat from findings of
residue return for other crops, partly because changes in these characteristics usually take time and
should not be evaluated only in surface soil but at deeper depths [21,64,65]. With 50% residue return
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in our study, the total mean cumulative input of harvested biomass after 7 years for continuous
sorghum was ~60 Mg ha* with and ~40 Mg ha* without N, while for rotated sorghum, returned
sorghum biomass was ~34 and 28 Mg ha * with and without N fertilization (Table 1). Even though
the residue contribution with N fertilization for the two cropping sequences was considerably
different, the increase in SOC stock at 0—15 cm depth was relatively the same [7% (22.5 to 24.1 Mg
ha ) and 7% (18.8 to 20.2 Mg ha ) for continuous and rotated sorghum, respectively (Figures 4 and
5)]. However, with 50% residue return, N addition increased SOC storage for continuous sorghum at
30-60 and 60-90 cm depths by 39% (20.2 to 28.1 Mg ha ') and 24% (19.4 to 24.1 Mg ha™?),
respectively, compared to no N addition, while for rotated sorghum, SOC increased by only 10%
(16.4 to 18.1 Mg ha ') and 15% (16.8 to 19.4 Mg ha ") at these depths. Even 0% residue return,
especially with continuous sorghum, tended to increase SOC storage at all soil depths, but
particularly between 15 and 60 cm, compared to initial values and may imply that most SOC
increases at these depths were associated with bioenergy sorghum roots. Dalzell et al. [28] suggested
that SOC depends on crop root input and rooting depth. Follett et al. [19] found for both switchgrass
and corn that over 50% of the increase in SOC was below 30 cm. Muller et al. [66] quantified corn
derived-C transfer to soil by stable isotope analysis and concluded that corn root C input was three-
fold higher than total shoot C input, while Menichetti et al. [67] also suggested that corn root-derived
SOC contributed more to SOC than above-ground crop residues. Ontl et al. [68] showed that root
inputs associated with annual bioenergy sorghum and corn feed stocks influenced SOC, while Bai
et al. [69] indicated that roots are a major source of organic C input into soil and that root dynamics
play a primary role in regulating C- and nutrient-cycling in soil. Liebig et al. [43] reported that
bioenergy sorghum, like switchgrass and alfalfa, has a deep root system, and Richter et al. [70]
suggested that deep, extensive root systems of bioenergy crops might result in greater soil C
sequestration. Meki et al. [13] used simulation modeling to estimate that bioenergy sorghum roots
contributed 24, 37, 54, and 95% of total crop residue input, respectively, when above-ground
biomass was removed at rates of 0%, 50%, 75%, and 100%. In other words, root biomass becomes
more important to SOC when no residue is returned to soil. Bioenergy sorghum may potentially
produce 7.0 to 10.7 Mg ha * of root biomass [13]. In our study, increased SOC of surface soil may
mostly have come from returned residue, while that in the subsurface likely was primarily associated
with plant roots.

Water deficit can also alter relative shoot and root productivity. At least two (2011 and 2013) of
the seven growing seasons in our study experienced significant rainfall deficit, with 2011 being the
most severe drought year on record for the area [24]. Root/shoot ratio tends to increase with drought,
largely due to a stronger effect of water deficit on shoot than root growth. In some cases, plant root
systems may even continue to expand at very low water potentials, whereas above ground growth is
completely halted [71].

3.3. Residue Return and Changes in SOC and TSN

Effects of different residue return rates on changes in SOC and TSN stocks with depth after
seven years of continuous or three years of rotated bioenergy sorghum receiving N fertilization and
are shown in Figures 6 and 7. With N fertilization, the addition of harvested sorghum biomass
increased SOC within all depth increments for both sorghum cropping sequences (Figure 6). The
nutrient return treatment also increased SOC at all depths compared to complete biomass removal for
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continuous sorghum and to 30 cm for rotated sorghum. The largest gains in SOC storage occurred
with 25% residue return at soil depths of 0—60 and 0—90 cm for continuous sorghum cropping. After
seven years of this treatment, SOC increased by 1.75, 5.25, 15.4, 32.9, and 39.2 Mg ha * at 0-5, 0—
15, 0-30, 0-60, and 0-90 cm depths, respectively. Based on the results, the estimated annual SOC
gains with 25% residue return for continuous sorghum were 0.25, 0.75, 2.2, 4.7 and 5.6 Mg ha *yr*
at 0-5, 0-15, 0-30, 0-60, and 0-90 cm depths, respectively. The average annual quantity of biomass
C returned for N fertilized continuous sorghum at 25% residue return was 2.4 Mg ha * yr * (Table 1).
If one assumes, that at most, 50% of the returned biomass C was sequestered in soil, this amount (1.2
Mg ha™ C yr') only accounts for C sequestered at the 0—15 cm depth and part of the C sequestration
at 0-30 cm (Figure 6). The remaining SOC at this depth and below, therefore, was likely associated
with roots.

Treatments with rotated sorghum also showed no loss in SOC after seven years and the largest
gain occurred with 50% residue return to 90 cm depth (Figure 6). With 50% residue return, the SOC
gain for 0-5 cm was 1.4 Mg ha ' and increased to 3.0, 4.9, 9.9, and 14.8 Mg ha ' when calculated to
15, 30, 60, and 90 cm, respectively. Estimated annual rates of SOC gain for these same depths were
0.2, 0.4, 0.8, 1.4, and 2.1 Mg ha* yr'*. The SOC gain in the surface 0-5 cm was similar for this
treatment in both continuous and rotated sorghum, but SOC gain at deeper depths was two to three
times higher for continuous compared to rotated sorghum.

Soil organic C sequestration in our experiment was similar to or higher than that reported for
several bioenergy crops. Sainju et al. [38] reported that the SOC content for 0-30 cm depth after
three years of bioenergy sorghum cropping was 30.5 Mg C ha . After seven years of continuous
sorghum in our experiment, treatments receiving 0, 25, or 50% residue return and the nutrient return
treatment contained 33.2, 39.3, 38.4, and 37.2 Mg C ha *, respectively, to this same depth. Lemus
and Lal [72] reported that bioenergy crops can sequester C at rates ranging from 0 to 3 Mg ha * yr *
in the 0-5 cm depth. Liebig et al. [43] showed that SOC storage by bioenergy crops varied from —0.6
to 4.3 Mg C ha ' yr ' and varied both spatially and temporally. Meki’s et al. [13] simulation results
indicated that differences in SOC storage with bioenergy sorghum were most apparent in the upper
50 cm of the soil profile and were directly proportional to biomass inputs. In their study, averaged
across tillage and cropping treatments, SOC storage gains of 7 and 49% were observed with 50 and
100% biomass return, whereas SOC losses of 15 and 28% were estimated with 25 and 0% return.
Our experiment, however, showed no loss of SOC after seven years of bioenergy sorghum cropping
with 25% biomass return (Figure 6).

The nutrient return treatment (0% residue return +N + nutrients) also had a positive effect on
SOC stock and increased SOC at all measured depths with continuous sorghum, although quantities
were lower than those for residue return (Figure 6). Soil organic C increased by 35, 30, 23, 36, and
23% after seven years with this treatment when summed at 5, 15, 30, 60, and 90 cm depths,
respectively. Sorghum is known to have a deep rooting pattern that may allow it to capitalize on both
nutrient and water uptake with depth [1]. The nutrient return treatment was previously reported to
significantly increase P and K availability for bioenergy sorghum production [24]. Blanco-Canqui
and Lal [36] reported that greater than 75% stover removal reduced available P and exchangeable K*
by 40 and 15%, respectively.
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Total soil N increased at all depths after seven years of treatment regardless of cropping
sequence or residue return (Figure 7). Changes in TSN in continuous sorghum generally increased
with increasing biomass or nutrient return to 30 cm, but were less consistent at deeper depths, with
no return becoming more similar to other treatments. Increases in total N in rotated sorghum were
greater than that for continuous sorghum at depths greater than 30 cm, with the 0% return treatment
exhibiting similar or greater TSN increases compared to the other treatments at all depths.
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As would be expected, N in returned biomass was much smaller than associated amounts of
organic C. Even if all N returned in biomass over the duration of the study (Table 1) had been
conserved 1n soil, it still couldn’t account for the observed TSN increase even to 15 cm. Thus, N
fertilization effects on sorghum growth and root production were likely important contributors to
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TSN increases at deeper depths. Observed changes in TSN (Figure 7) followed general trends
exhibited for SOC (Figure 6), but changes in TSN for individual treatments were more variable.
Lal [25] and Khan et al. [73] showed that SOC sequestration rate, especially at lower depths,
depended on N availability. Li et al. [74] suggested that increased N might stimulate growth and C
accumulation of roots. Hendricks et al. [71], however, found that fine root biomass decreased with
increasing N availability. Halvorson et al. [35] and Menichetti et al. [67] reported that N fertilization
promoted SOC sequestration. Blanco-Canqui and Lal [36] reported that without N fertilization
complete corn stover removal for 4 years reduced total N by 0.82 Mg ha™* in the 0 to 10 cm depth.
Veenstra and Burras [75] found that continuous cropping decreased SOC in surface soil, but
increased it with depth.

3.4. Residue Return and Soil C:N ratio

Returned biomass was assumed to be the main source of SOC and recycled nutrients in this
study. However, the extent of aboveground residue or belowground root decomposition relative to
the SOC pool potentially depends on their C:N ratios [60], and the C:N ratio of soil organic matter is
also somewhat indicative of its stage of decomposition. Li et al. [74] suggested that crop residue with
low N concentration and high C:N ratio ( such as corn or sorghum) can be incorporated into soil to
immobilize N and potentially decrease CO, emissions. Soil C:N ratios in our study generally
decreased with depth. Ostrowska and Porebska [76] reported a similar pattern, and Langdale
et al. [77] and Gal et al. [78] showed that SOC concentration and soil C:N decreased with depth, but
were influenced by tillage systems and residue return rate.

Soil C:N under continuous sorghum tended to increase in all depth increments with residue
return, but especially in the surface 0-5 cm with N fertilization (Table 3). Nitrogen fertilization and
residue return with continuous sorghum also significantly increased soil C:N at 30—60 and 60-90 cm
depths compared with initial values. Soil C:N under rotated sorghum also decreased with depth and
were lower than those for continuous sorghum, but were not different than initial values. Cai et al [60]
concluded that N fertilization affected not only the composition of corn roots, but also their
decomposition rate.

The highest C:N ratios were observed in surface soil under continuous sorghum at 25 and 50%
residue return rates with or without N fertilization (Table 3) and may have resulted from returning
relatively large quantities of biomass with relatively high C:N ratios. Increased soil C:N at deeper
depths in continuous sorghum was probably associated with sorghum roots. Corn and sorghum root
C:N ratios have been reported to be around 50:1 and 80:1, respectively [56]. Wilhelm et al. [7] stated
that the greater contribution of roots to SOC than shoots was attributed to roots having greater lignin
and lower soluble C compared with shoots. Initial decomposition of crop residue correlated with
soluble C, but later decomposition correlated with the concentration of cellulose, hemicelluloses, and
lignin.
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Table 3. Soil C:N ratios with depth in 2015 after 7 years of continuous sorghum and 3
years of rotated sorghum with or without N fertilizer and different rates of residue return.

Fertilization Residue Return Soil Depth (cm)
0-5 5-15 15-30 30-60 6090
% Continuous Sorghum, C:N ratio
-N 0 8.4 (9.1 7.6(7.9) 7.5(7.3) 6.6 (6.6) 6.8(6.3)
-N 25 9.7 8.0 8.1 7.3 6.3
-N 50 12.1* 8.1 7.2 6.4 6.3
+N 0 9.2 7.8 7.9 7.4 6.9
+N 25 10.5* 8.5 7.6 7.9% 8.0*
+N 50 10.2* 8.0 7.7 7.4 7.9%
+N, nutrients 0 10.2* 8.0 7.5 7.3 6.9
Rotated Sorghum, C:N ratio
-N 0 8.9(9.1" 75(7.9) 6.9 (7.3) 5.7 (6.6) 5.5(6.3)
-N 25 9.0 7.2 6.5 5.8 6.1
-N 50 8.9 7.1 6.6 5.7 5.7
+N 0 9.1 6.9 6.7 5.8 59
+N 25 8.9 7.3 6.9 5.9 5.8
+N 50 8.4 7.1 6.5 5.8 6.3
+N, nutrients 0 8.7 7.2 6.4 6.2 6.2

1 Values in parentheses are soil C:N ratios prior to study initiation in 2008.
*Indicates soil C:N ratios are significantly different at 5% level from initial C:N ratio values in 2008.

4. Conclusion

Based on SOC and TSN from various biomass sorghum residue return rates with N fertilization,
75% removal of bioenergy sorghum biomass would appear to be feasible for maintaining soil quality
of the soil under investigation in the long term. Harvesting 75% and returning 25% of residue
without detrimentally affecting SOC storage agreed with previous crop model results [13,56].
Nitrogen fertilization was essential for maintaining high biomass yield over time, especially with
continuous sorghum. For bioenergy sorghum grown in rotation with corn, biomass yield was
maintained over time with N fertilization, but minimal sorghum residue return. Soil organic C and
TSN increased with time for both continuous and rotated biomass sorghum, but sequestration was
higher for continuous. For continuous sorghum after seven years of N fertilization and 25% biomass
return, SOC increased by 1.75, 5.25, 15.4, 32.9, and 39.2 Mg ha*, respectively, when summed over
0-5, 0-15, 0-30, 0-60, and 0-90 cm depths. The largest SOC gains for rotated sorghum occurred
with N fertilization and 50% residue return, amounting to 1.4, 3.0, 4.9, 9.9, and 14.8 Mg ha* when
calculated to 5, 15, 30, 60, and 90 cm depths, respectively. Relatively greater sequestration with
depth may indicate the importance of biomass sorghum roots for SOC sequestration.
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