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Abstract

Integrated crop grazing systems can improve farm profitability due to enterprise comple-
mentarity. Utilizing the supply of N from legumes, livestock manure, and plant residues
will result in improving grain yield and quality. A long-term 12-year integrated systems
study evaluated continuous spring wheat (HRSW-CTRL) with spring wheat (HRSW-ROT)
grown in a five-crop rotation: (1) spring wheat, (2) seven-species cover crop, (3) forage corn,
(4) field pea/forage barley mix, and (5) sunflower. Yearling beef cattle steers grazed the field
pea/forage barley mix, unharvested corn, and a seven-species cover crop. Spring wheat
was marketed as a cash crop. Contrary to expectations, HRSW-ROT did not significantly
increase grain yield or improve quality over HRSW-CTRL. Improved soil fertility was
observed in the HRSW-ROT plots throughout the study relative to SOM, N, P, and K. How-
ever, the rotation with grazing management significantly reduced input costs but resulted
in negligible gross and net returns over the 12-year period. Year-to-year weather variability
was the cause of the differences between the two production management methods.

Keywords: annual forage grazing; beef cattle; diverse semi-arid environment; multi-crop
rotation; precipitation; spring wheat; soil health

1. Introduction
Spring wheat has been traditionally produced in the semi-arid rain-fed region of the

northern Great Plains. In many cases, it has been grown under a crop–fallow management
system on the same tracts of land for 30 to 50 years or more. The crop–fallow system was
designed for water capture and utilized intensive tillage for weed control. This encouraged
nutrient mineralization from native soil organic matter (SOM) and encouraged soil erosion,
resulting in a decline in SOM and soil fertility over time. National concerns about soil
degradation by long-term erosion resulted in legislation directed at reducing erosion rates
and maintaining soil productivity. The 1985 Farm Bill required maintaining residue on the
soil surface on highly erodible lands for farmers to be eligible for conservation assistance
by the USDA-NRCS [1]. This was a driver for change in cropping practices by which
maintaining a soil residue cover also conserved soil moisture and enabled farmers to
continuously crop their land rather than cropping it in alternating years. Also, during this

Agriculture 2026, 16, 73 https://doi.org/10.3390/agriculture16010073

https://crossmark.crossref.org/dialog?doi=10.3390/agriculture16010073&domain=pdf&date_stamp=2026-01-06
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/agriculture
https://www.mdpi.com
https://doi.org/10.3390/agriculture16010073


Agriculture 2026, 16, 73 2 of 19

time, improved plant genetics [2] resulted in higher yields and nutrient uptake, increasing
crop nutrient demand and additional fertilizer use to maintain yield.

Farmer and ranch enterprises produce commodities for sale and receive the price
offered for certain grades and qualities. The price offered for a given commodity produced
is based on supply and demand, and since commodities are traded on the world stage, the
price is generally not determined locally. Not only do producers have no control over the
price they receive for the products they produce, but they also have little control over the
price they pay for one of the costliest inputs, fertilizer, which is also influenced by world
markets [3]. Therefore, maintaining or improving soil productivity while maintaining crop
yields and enterprise profitability are desired outcomes in farming and ranching operations.

Management practices that improve soil OM content discourage intensive tillage and
monoculture farming practices and encourage replacement with no-till (NT) crop man-
agement, diverse complementary crop rotations that build both below and above ground
biomass, and systems that include livestock grazing. Cropping systems with livestock
grazing make building and sustaining soil OM and soil health easier than diverse crop-
ping systems without livestock grazing [4–6]. Diverse systems grown in the northern
Great Plains semi-arid region include (1) both warm- and cool-season legume, broadleaf,
and grass crops, (2) diverse cover crop mixes of seven or more species, and (3) grazing
a sequence of annual forages with yearling steers, which supports greater profitability
than conventional beef production methods [7]. A wide array of crop species are at the
farmer/rancher’s disposal to establish rotations that fit their individual needs for income
diversity and livestock production while (1) building and maintaining soil OM and soil
health [8,9], (2) increasing N credits from manure and legume crops [10], (3) strategically
sequencing crops in the rotation with low and high water use requirements [11], (4) im-
proving soil aggregation [12], (5) enhancing water infiltration and holding capacity [13],
and (6) controlling insect and soil diseases that are impacted by spatial separation [14].

Multi-crop cropping systems promote or enhance microbial and fungal interactions
within the plant root rhizosphere (e.g., soil health). When coupled with livestock grazing,
multi-crop systems can help maintain soil tilth and health over multiple cropping seasons.
We hypothesize that by utilizing the supply of N from legumes, livestock manure, and
decaying plant residue, the rotation system can maintain yield and reduce input costs,
demonstrating long-term economic viability. The objectives of this integrated systems study
using a comparison of continuous no-till (NT) spring wheat with NT spring wheat in a
rotation were to (1) evaluate the sustainability of the wheat production in a rotation system
vs. a continuous system with minimal application of exogenous fertilizer, (2) evaluate
spring wheat grain yield and quality, economics and net return to the two systems, and
(3) evaluate soil fertility trends between the systems.

2. Materials and Methods
2.1. Cropping Systems
2.1.1. Research Site and Design

The integrated systems study was conducted at the North Dakota State University,
Dickinson Research Extension Center, ranch headquarters located 3.2 km south and 4.8 km
west of Manning, North Dakota, 58601 (47◦11′43′′ N, 102◦53′51′′ W). The semi-arid region
of the northern Great Plains where this research study was conducted are characterized as
having cold, windy winters, comfortable spring and fall seasons, and warm, dry summers
(Köppen—BSk; cold, semi-arid climate).

Prior to initiation of this investigation, the study area was cropped in alternating
strips of forage-type silage corn and oats harvested for hay. For the crop year immediately
preceding initiation of study, the entire study area was seeded to hard red spring wheat
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(HRSW) and harvested in August 2010. Two major soil types, a Wyola (fine, smectitic,
frigid Vertic Argiustolls) (Blocks 1 and 2) [15] and a Vebar–Parshall complex (coarse-loamy,
mixed, superactive, frigid Typic Haplustolls and coarse-loamy, mixed, superactive, frigid
Pachic Haplustolls) [16,17] (Block 3) were identified on the landscape and used to assign
three replication blocks (Figure 1) with six crop plots 1.74 hectares in size (31.32 ha total) to
each replication. The plot size was designed to provide an adequate area to provide grazing
for eight 370 kg yearling beef cattle for 21 to 28 days. Crop sequencing information was
obtained from the USDA-ARS Crop Sequence Calculator (Updated Ver. 3.0) to determine
the rotation sequence of crops in the rotation. Crop treatments were rotated between plots,
with only the continuous hard red spring wheat (HRSW) being seeded on the same plot
each year. The entire study was managed under no-till (NT) culture.

 

Figure 1. Map showing replicated field block arrangement in relation to soil types. Block 1 Denoted by
red outline; Block 2 denoted by blue outline; Block 3 denoted by yellow outline. Image by M. Batool.

2.1.2. Rotation Crop Sequence and Planting Method

Within each treatment block, one continuous HRSW control treatment (HRSW-CTRL)
was compared to HRSW grown during five-year rotation (HRSW-ROT). The cropping
sequences, crops, species mix, seeding rate, and specific management information are
shown in Table 1. Weeds were controlled using a pre-plant burndown with glyphosate
and post-emergence chemical applications applied appropriately to the specific crops
(specifically HRSW, corn, and sunflower) with a pickup-mounted field sprayer (15.24 m
booms, 93.5 L water ha−1). A preplant chemical burndown of glyphosate was applied prior
to the pea-barley, triticale-hairy vetch, and cover crop plantings; however, post-emergence
chemicals were not applied to these crops after emergence.
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Table 1. Crop year sequence, crops, species mix, and seeding rate of crops in the cropping
systems study.

Year/
Sequence Crop(s) Species Mix Seeding Rate Comments

Continuous Cropping

1–5 Hard Red Spring Wheat
(Triticum aestivum L.) 100% 105 kg ha−1

Rotation Cropping

1 Hard Red Spring Wheat 100% 105 kg ha−1

1–2

Dual Cover Crop: Seeded September 10–15 after wheat
harvest. Harvested for hay during the first
two weeks the following June.

-Triticale (Triticale hexaploid) 78% 89.7 kg ha−1

-Hairy vetch (Vicia villosa L.) 22% 24.7 kg ha−1

2

Seven Specie Cover Crop Mix:

Residual vegetation from harvested hay
crops terminated with glyphosate. Cover
crops seeded in June and seasonal growth
grazed in August–September time frame.
Seeded crop percentage determined by
crop seed size.

-Field pea (Pisum sativum arvense L.) 40%

-Oat (Avena sativa L. var. Everleaf) 40%

-Hairy vetch 10%

-Canola (Brassica napus L.) 2%

-Kale (Brassica napus L. var. pabularia) 2%

-Turnip (Brassica rapa L. var. rapa) 2%

-Sunflower (Helianthus annus L.) 4%

3 Silage Corn (Zea mays L.) 100% 46,930–49,400 plants ha−1 95-day maturity variety seeded in
mid-May.

4
Field pea (Pisum sativum L. var.
Arvika) and forage barley
(Hordeum vulgare L. var. Stockford)

60%
40%

27.2 kg ha−1

18.1 kg ha−1 Seeded in May/June time frame.

5 Sunflower 100% 46,930–49,400 plants ha−1 Seeded in mid-May/June time frame.

2.1.3. Hard Red Spring Wheat Harvest and Forage Sample Collection

Spring wheat yields were obtained at maturity from a diagonal plot field cut using a
small-plot combine manufactured by Kincade Equipment, Haven, KS, USA. The winter
triticale/hairy vetch crop was windrowed using a Case IH self-propelled windrower
(Case IH, Headquarters, Racine, WI, USA). Four (4) grab samples were collected from
three equidistant locations along a diagonal transect as previously described and stored
in pre-weighed paper bags for transport to the forage laboratory. The samples were
dried as previously described, ground using a Wylie Laboratory Mill (Thomas Scientific,
Swedesboro, NJ, USA), and forwarded to the NDSU-NL for nutrient analysis. The seven-
species cover crop and pea-barley forage samples were collected using the same sample
location technique previously described for the other crops. For solid-seeded standing
crops, e.g., cover/forage crops, a one-quarter m2 metal frame was placed in the crop, and
all forage within the frame was clipped to ground level, placed in pre-weighed paper bags,
and dried at 40 ◦C.

Forage corn yield was determined each year by collecting whole plants from three
replicate equidistant sample locations along a diagonal corner-to-corner transect. At
each sample location, a 4.93 m row of corn was removed with a machete to a stubble
height of 12.7 cm and transported to the forage laboratory for further sample processing.
Approximately one-third of the plants were chopped using a Snapper forage chopper
(Model LS5000, Snapper, Inc., Parker Ford, PA, USA). The chopped corn was subsequently
subsampled, placed in pre-weighed paper bags, and dried at 40 ◦C.

The sunflower crop sampling procedure was similar to that used for forage corn
except that the whole plant was not harvested. After a 4.97 m row of sunflower plants
within the equidistant diagonal transect was identified and marked off, the mature heads
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were removed from each stalk, placed in a cloth bag, weighed, dried, and threshed us-
ing a stationary threshing machine, and dry matter seed weight was obtained. All dried
grain and forage samples were forwarded to the NDSU Animal Science Nutrition Labora-
tory (NDSU-NL) for further processing and analysis of quality factors. Other than crude
protein [18] for wheat grain, we are not reporting other forage or crop quality factors in
this paper.

2.2. Rotation Crop Beef Cattle Grazing

During this comparative spring wheat production management method investigation,
beef cattle grazed three of the five diverse rotation crops, i.e., field pea–forage barley mix,
unharvested forage-type silage corn, and the seven-species cover crop mix. Annual forage
grazing procedures and animal responses resulting from these grazing studies have been
described and summarized by Senturklu et al. [7,19]. Prior to annual forage grazing readi-
ness, yearling steers grazed triple-replicated crested wheatgrass (Agropyron cristatum L.)
and triple-replicated native range pastures consisting of the following grass species: west-
ern wheatgrass (Pascopyrum smithii L.), green needlegrass (Nassella viridula), blue grama
(Bouteloua gracilis), needleandthread (Stipa comate), buffalograss (Bouteloua dactyloides),
prairie sandreed (Calamovilfa longifolia), and little bluestem (Schizachyrium scoparium) until
the first annual forage crop, field pea–forage barley mix, was ready for grazing approxi-
mately the second week of July each year.

2.3. Beef Cattle Manure and Urine

Beef cattle grazing replaced mechanical harvesting of field pea-barley mix, forage corn,
and multi-species cover crop as hay or silage. Over the course of the twelve-year study,
multiple yearling steer and breeding heifer investigations have been published [7,19–21]
from which manure and urine patches have contributed to soil nutrient supply. Manure
and urine N contributions were not sampled directly. However, estimates of N addition to
soil from solid manure and urine patches were estimated from multiple sources [22–25]
and corrected for volatilization and leaching losses [26–29] to provide the animal-derived
N contribution to the cropping system.

2.4. Soil and Climate Data

Soil fertility was monitored with annual soil tests collected each fall beginning in
2010. Soils were sampled at three depths (0–15, 15–30, and 30–60 cm) using a handheld
soil probe. Samples were air-dried and delivered to the North Dakota State University Soil
Testing Laboratory for analysis. Soil samples were analyzed for pH, NO3-N, organic matter,
P (ppm), K (ppm), soluble salts (mmoles/cm), Zn (ppm), Fe (ppm), Mn (ppm), Cu (ppm),
S (SO4-S, kg/ha), Cl (kg/ha), and calcium carbonate equivalent (CCE) (%) [30]. Based on
soil test laboratory results and an HRSW yield goal of 2700 kg ha−1, NO3

−-N and chloride
fertilization were recommended during the first three years of the study and discontinued
for the remaining years of the study due to soil test levels being adequate to achieve the
target yield goal.

Soil test nitrate-N (NO3
−-N) from a given year’s fall sampling was credited as being

available to the subsequent season’s HRSW crop, while the soil test values following
a HRSW crop were both considered as residual N or credited as being available to the
following HRSW crop in the continuous wheat culture. For the HRSW in the rotation, the
fall soil test NO3

−-N values for the crop preceding the HRSW crop were credited as being
available to the HRSW crop, and the soil test values following the rotational HRSW were
considered as residual available N for the following crop. Thus, the data were grouped as
pre-crop N and post-crop N. The difference between the two values was due to crop uptake
or excess N not used by the crop.
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Monthly weather data (April through October) was obtained from the North Dakota
Agricultural Weather Network (NDAWN) over the twelve-year study [31]. Weather data
include precipitation and temperature (Daily: Max, Min, and Average; Monthly: Max,
Min, and Average). Precipitation during the growing period, April through August, in
the semi-arid region of western North Dakota for the 12-year period between 2011 and
2022 (Table A2) was variable but differed when separated into two six-year periods. The
first six years were considered wet years, whereas the second six years were dry years.
Precipitation for the 2011–2016 April–August period averaged 62.7 mm compared to
48.9 mm for 2017–2022 crop years. Coinciding with wetter precipitation differences between
the first- and second-six-year periods, maximum and minimum temperatures for the first-
six-year growing season periods from April through October were cooler than the second-
six-years, which were warmer (1st six years: Max: 15.03 ◦C, Min 3.95 ◦C; Min: 2nd six
years: Max: 20.56 ◦C, Min: 7.04 ◦C) in the semi-arid region of western North Dakota. [31].
Monthly data is reported in Table A1.

2.5. Crop Budgets and Economic Analysis

Crop budget direct expenses for the HRSW-CTRL, HRSW-ROT, dual cover crop (winter
triticale and hairy vetch), forage corn, field pea-barley mix, and sunflower were prepared
each year of the investigation for economic analysis. Expenses included in the budget
were seed, fertilizer, herbicide chemicals, fuel and oil, repairs, crop insurance, machine
depreciation, land rent, and operating interest were used to determine total input cost.
Actual dollars were used for the analysis, and operating interest was calculated annually,
coinciding with operating loan interest rate charged by local agricultural banks each year
of the investigation. Gross return and net return over total input cost were calculated for
the HRSW-CTRL and crops grown in the HRSW-ROT.

2.6. Statistical Analysis

The data were analyzed as a randomized complete block design using the PROC
MIXED procedure of SAS V9.4 [32] with treatment and year as independent variables and
grain yield, grain quality, soil test values, and economic factors as dependent variables.
Significance was reported at the p < 0.05. p < 0.01 or p < 0.001 levels. In certain instances,
significance was also reported at the p < 0.10 level because at this level, the differences
observed could have a reasonable impact on agronomic or economic results.

3. Results
3.1. Hard Red Spring Wheat Grain Yield, Test Weight, and Quality

Hard red spring wheat yield and quality were separated into two six-year periods and
combined for the 12-year period (Table 2). For the first six-year period, the yield for HRSW-
CTRL was similar to that of HRSW-ROT grown in the 5-year rotation. However, there was
a significant year effect (p < 0.001), given the long-term nature of the investigation. Spring
wheat grain yield fluctuated during the first six years such that HRSW-CTRL was greater
during years one through three, and the HRSW-ROT soil nutrient supply increased during
years four through six, resulting in a trend approaching significance for the interaction
between the spring wheat production methods and years of production (p < 0.10). Yield
results for the second six-year period (2017–2022) followed the precipitation difference
previously described, such that the precipitation over the period was lower, and mean
maximum and minimum temperatures were greater, resulting in lower grain yield between
the HRSW-CTRL and HRSW-ROT, but the difference was not significant. The year effect for
the second six-year period was not significant, and subsequently, the Trt × Yr interaction
also did not differ between production management methods.
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Table 2. Twelve-year yields and quality factors for hard red spring wheat in a long-term integrated
crop-livestock system separated into two 6-year periods.

Grain Yield
and Quality

HRSW
CTRL 1

HRSW
ROT 2 SEM 3

p-Value 4

Trt Yr Trt × Yr

First 6 Years
Yields, kg ha−1 2601 2702 122 ns <0.001 <0.10

Test Wt., kg 136.7 135.7 1.23 ns <0.01 ns
Protein, % 13.9 13.4 0.37 <0.10 <0.001 ns

Second 6 Years
Yields, kg ha−1 1823 1992 86.3 ns <0.05 ns

Test Wt., kg 136.4 135.7 0.54 ns <0.001 ns
Protein, % 11.9 12.9 0.24 <0.001 <0.001 <0.05

12 Years
Yields, kg ha−1 2212 2347 79.8 ns <0.001 <0.10

Test Wt., kg 136.6 135.7 0.59 ns <0.001 ns
Protein, % 12.9 13.2 0.25 ns <0.001 <0.01

1 HRSW-CTRL: hard spring wheat control; 2 HRSW-ROT: hard spring wheat rotation; 3 SEM: pooled stan-
dard error of the mean; 4 p-values: Trt; (treatment), Yr; (year), and Tr × Yr; (treatment × year interaction),
ns = not significant.

The grain test weight (Table 3) across both six-year periods and for the entire 12-year
investigation did not differ; nonetheless, there was a consistent Yr effect for all yield and
quality factors measured (p = 0.001).

Table 3. A comparison of input cost, gross, and net returns and statistics for hard spring wheat
separated into two 6-year periods, and for the 12-year study period.

Economic Factor HRSW
CTRL 1

HRSW
ROT 2 SEM 3

p-Value 4

Trt Yr Trt × Yr

First 6 Years
Input Cost, USD Ha−1 455.82 413.72 1.91 <0.001 <0.001 <0.001

Gross Return, USD Ha−1 597.38 596.93 66.61 ns <0.001 ns
Net Return, USD Ha−1 141.56 183.21 67.47 ns <0.001 ns

Second 6 Years
Input Cost, USD Ha−1 392.79 380.76 0.04 <0.001 <0.001 <0.001

Gross Return, USD Ha−1 398.08 432.38 37.07 ns <0.01 ns
Net Return, USD Ha−1 57.25 69.22 73.28 ns <0.05 ≤0.05

12 Years
Input Cost, USD Ha−1 424.31 397.24 0.96 <0.001 <0.001 <0.001

Gross Return, USD Ha−1 497.73 514.75 49.46 ns <0.001 ns
Net Return, USD Ha−1 99.42 126.22 68.10 ns <0.001 ns

1 HRSW-CTRL: hard spring wheat control; 2 HRSW-ROT: hard spring wheat rotation; 3 SEM: pooled stan-
dard error of the mean; 4 p-Values: Trt; (treatment), Yr; (year), and Tr × Yr; (treatment × year interaction),
ns = not significant.

The grain protein percent for the first six-year period showed no difference between
the two production management methods. There was, however, a consistent and significant
Yr effect (p < 0.001), but the Trt × Yr interaction did not differ. Grain protein content in the
second six-year period was greater for the HRSW-ROT management method compared
to the HRSW-CTRL (p < 0.0001), and there was a consistent Yr (p < 0.001) and Trt × Yr
interaction (p < 0.05) such that grain protein was consistently greater for HRSW-ROT
compared to the HRSW-CTRL. Collectively, over the entire 12-year investigation, grain
protein content tended to be greater for the HRSW-ROT treatment but did not differ from
the HRSW-CTRL. Overall, the Trt × Yr interaction was greater for spring wheat grown in
rotation (p < 0.01), which is likely due to the contribution of the legumes, legume residues
and manure, and N mineralization from these N-containing materials.
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3.2. Hard Red Spring Wheat Economics

Annual economic analysis was conducted for each replication of crops grown in the
HRSW-CTRL and HRSW-ROT system for the two six-year periods and the entire 12 years
(Table 4). Regardless of the two six-year periods or for all twelve years, the input cost was
significantly lower for HRSW-ROT grown in the five-crop rotation (p < 0.001) compared
to the HRSW-CTRL. When comparing gross returns, there was no difference between
treatments regardless of the period or for the entire 12-year investigation.

Table 4. Soil test nitrate-N mean levels pre-crop, post-crop, and the difference due to in-season crop
uptake for hard red spring wheat grown in continuous wheat culture or in a five-year rotation culture
over twelve years.

HRSW Culture
Soil Test Nitrate-N (kg ha−1)

Pre-Crop Post-Crop Difference

HRSW-CTRL 48.3 43.6 5.4
HRSW-ROT 55.4 33.6 19.3

p-value ns <0.05 <0.05

The net return per hectare for HRSW-ROT tended to be greater for the two six-year
periods, as well as for the twelve years of the study. While there was a trend for net returns
to be greater across periods for the HRSW-ROT, the difference was not significant, except
for the Trt × Yr net return interaction during the second six-year period.

3.3. Soil Fertility

The data summarized in Table 5 shows that the HRSW-ROT had slightly higher pre-
crop N than the continuous HRSW-CTRL, but the difference was not significant. However,
the post-crop N soil test values show significantly lower values (p < 0.05) in the rotational
wheat than in the continuous wheat. This is confirmed by a small difference between
the pre- and post-crop N values for the HRSW-CTRL, but a much larger difference in the
HRSW-ROT over the 12-year period.

Table 5. A comparison of annual soil test values in hard red spring wheat plots under grazing
management averaged over a 12-year period.

Management
Treatment Soil Test Values

pH a Organic Matter
(g kg−1)

NO3-N
(kg ha−1)

Olsen-P
(mg kg−1) K (mg kg−1) SO4-S

(kg ha−1) Cl (kg ha−1)

HRSW-CRTL 5.85 ± 0.48 36 ± 10.1 39.4 ± 20.4 21.5 ± 7.5 348 ± 153 37.3 ± 17.3 41.7 ± 27.2
HRSW-ROT 6.07 ± 0.67 40 ± 10.4 40.8 ± 23.4 26.2 ± 9.9 389 ± 180 38.5 ± 13.5 52.7 ± 34.2

p TRT <0.05 <0.01 ns <0.01 <0.10 ns <0.10
p YR <0.001 <0.05 <0.05 <0.05 <0.001 <0.001 <0.05

p TRT×YR ns <0.01 <0.10 ns <0.005 <0.05 <0.05
a ±value denotes standard deviation.

At the beginning of the study, soil NO3
−-N was relatively high in the continuous

HRSW-CTRL plots but declined within the first three years. After that, however, the
NO3

−-N levels appeared to stabilize near the levels shown in Table 5. Over ten years
of soil testing, the within-season pre-crop and post-crop NO3

−-N differences were only
reduced by 5.4 kg ha−1. The differences were likely made up by N mineralization from soil
organic matter in the period after harvest (August–October), moderated by late-season soil
moisture and temperature.
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The 0.24% higher protein (Table 3) and 135 kg ha−1 greater yield in HRSW- ROT
over the 12-year period reflects the 19.3 kg ha−1 decrease in pre-crop versus post-crop
NO3

−-N due to greater availability and uptake of N by the crop. However, the soil test N
in the HRSW-ROT wheat averaged 7.1 kg ha−1 greater than the HRSW-CTRL wheat. This
greater amount of N in the rotation is likely due to two factors: (1) N fixation and residue
decomposition of legume plant materials occurring at three points during the rotation cycle
(triticale/hairy vetch, multi-specie cover crop and pea/barley phases) and, (2) grazing
animal manure and urine deposition, also occurring three times during a 5-year rotation
period. Nitrogen mineralization from legume and manure decomposition occurs even
at times when no crops are growing, but soil temperature and moisture availability are
suitable for microbial activity.

Data summarized in Table 6 compares the effects of cropping and grazing management
across growing conditions and treatment interactions over the 12-year period of the study.
Hard red spring wheat in rotation with other crops and grazing versus continuous HRSW
clearly demonstrated significantly higher levels in pH, OM, and P (p < 0.05) as well as K
and Cl (p < 0.10). The higher soil test levels for the rotation treatment are likely due to the
return of nutrients in animal manure and urine to the fields; in effect, a form of recycling of
nutrients taken up by the crops and crop biomass through the animals. The animals were
also provided with free choice mineral supplements, which contained components such as
calcium carbonate (CaCO3), calcium monophosphate (Ca(H2PO4)), magnesium carbonate
(MgCO3), potassium chloride (KCl), potassium sulfate (K2SO4), salt (NaCl), and other
mineral constituents that are also components of fertilizers and plant nutrition programs in
crop production.

Table 6. Annual estimate of N available from animal manure dry matter production on the grazed
crops in the five-crop rotation [30,33].

Nitrogen Source Grazed Crop 1

CORN PEA/BLY C/CROP

Animal Number 8 8 8
Crop Grazing Days 72 30 15

Manure
Estimated DM Manure Production, kg ha−1 546 228 114
Estimated DM Manure N, kg ha−1 4.0 1.7 0.8
Estimated DM Manure Remaining after N Volatilization Loss of (45%) 2.2 0.9 0.5

Urine
Estimated Annual Urine Patch N, kg ha−1 4.9 2.0 1.0
Daily Urine Patch Volume, l 1.2 1.2 1.2
Daily N, g/ll 7.1 7.1 7.1
Annual Urine Patch N, kg 4.9 2.1 1.0
Annual Urine Patch 13% NH3 Loss, g 6.4 2.7 1.3
Annual Urine Patch 13% NH3 Loss, g ha−1 15.8 6.6 3.3
Annual Urine Patch 2% N2O Loss, g 9.8 4.1 2.0
Annual Urine Patch 2% N2O Loss, g ha−1 24.3 10.1 5.0
Annual Urine Patch 20% NH3 Leaching, kg 1.0 0.4 0.2
Annual Urine Patch 20% NH3 Leaching, kg ha−1 2.4 1.0 0.5
Annual Urine Patch 41% NH3 Leaching, kg 2.0 0.1 0.4
Annual Urine Patch 41% NH3 Leaching, kg ha−1 5.0 0.2 1.0
Annual Urine Patch 26% N Soil Immobilization, kg 1.3 0.5 0.3
Annual Urine Patch 26% N Soil Immobilization, kg ha−1 3.2 1.3 0.7
Total Urine Patch N Leaching, Forage Uptake, and Soil Immobilization, kg 4.3 1.8 0.9
Total Urine Patch N Leaching, Forage Uptake, and Soil Immobilization, kg ha−1 10.5 4.4 2.2

1 PBLY: pea barley; CCRP: cover crop.
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Year effects were all significant at the p < 0.05 or 0.001 levels. These reflect the dif-
ferences in seasonal weather patterns (particularly rainfall) as well as crop effects in the
rotation and whether a particular crop was grazed. The greatest effects were on soil pH, K,
and SO4-S levels. Interactions between management, treatment, and year were observed for
all soil test factors except soil pH and soil test P levels. The strongest interaction (p < 0.05
or 0.01) was observed for OM, K, SO4-S, and Cl. A small interactive effect (p < 0.10) was
observed for NO3-N, mainly due to the year effect (effects of grazing and seasonal precipi-
tation). Since no N fertilizer was applied after the third year of the study, soil NO3-N levels
were controlled by manure and urine spreading during the grazing periods. In addition,
conditions favorable for N mineralization from soil OM during seasons where soil moisture
was adequate for consistent microbial activity also contributed to N availability. With the
levels of SOM in this study, N mineralization from SOM can contribute as much as 50 to
67 kg N ha−1 yr−1 under favorable conditions [20,21].

3.4. Beef Cattle Manure and Urine Spreading

Since manure and urine were not sampled directly, estimates of N addition to soil from
manure and urine patches are summarized in Table 6 for the twelve-year study. Livestock
diet composition and forage consumption contain varying amounts of nitrogen, of which
70–95% [27,30,33] is excreted as solid waste and liquid urine. From these resources shown
in Table 6, the estimated kg ha−1 of solid manure DM from corn, pea–barley mix, and cover
crop (546, 228, and 114 kg ha−1, respectively) resulted in a combined total N of 6.54 kg ha−1

spread across the three crops during a single growing season. Using an estimated N
volatilization rate of 45%, primarily as ammonia (NH3), the manure N available for crop
use was calculated to be 3.59 kg ha−1. Table 6 also provides for the calculation of N from
animal urine. Daily urine patch volume was estimated to be 1.2 L per day per animal, and
daily urine N content to be 7.1 g N L−1. Accounting for N losses from urine due to leaching,
volatilization, and soil immobilization, urine N contribution in the corn, pea-barley mix,
and cover crop is 10.5, 4.4, and 2.2 kg ha−1, respectively, during a single growing season.
Although N from grazing animal manure and urine was not distributed uniformly across
the field landscape, the N contribution from manure and urine combined with potentially
fixed N from legumes and legume residues and N mineralization from SOM contributed to
the significant N difference between the HRSW-ROT and HRSW-CTRL soil tests shown
in Table 5.

4. Discussion
4.1. Effects on Grain Quality

Hard red spring wheat yield, quality, and economics were influenced by multiple
factors, most including N sourced from legumes, beef cattle manure, and decomposition of
organic matter from roots and litter. The objective was to determine the extent to which
HRSW yield could be sustained through crop rotation with minimal use of exogenous
chemical N fertilizer. This study showed that yields were similar between the two sys-
tems, but the HRSW-ROT system produced higher grain protein, which can result in
increased protein premium payments. Integrated crop and livestock systems are complex,
especially when considering agroecosystem carbon inputs and outputs enhanced due to
livestock grazing [34,35].

The diverse HRSW-ROT cropping sequence was designed to capitalize on the strate-
gic placement of a crop mix with legumes before a high N requirement crop (corn and
sunflower) as a means to maintain or improve SOM [36,37] and facilitate N mineralization
for the subsequent crop. As such, a dual cover crop consisting of winter triticale-hairy
vetch planted in September and harvested for hay the next spring was followed by a seven-
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species cover crop consisting of 26.0% legume species that preceded forage corn planted
the next spring. Following corn, a 60% field pea-40% forage barley mix was grown that
preceded oil-type sunflower. During one complete 5-year rotation, N mineralization from
leguminous crop residues and SOM supplied nutrients to crops in the rotation, resulting
in greater amounts of post-crop soil residual N (19.3 kg ha−1, p < 0.05) (Table 5), which
was available for the HRSW in the rotation. While legumes served an essential role in the
soil–plant–nutrient supply, there was an additive effect from the distribution of manure
and urine from grazing livestock that enhanced N supply to the cropping system.

4.2. Soil Fertility and Soil Health

Growing spring wheat continuously on the same land, as a monoculture, requires
external fertilizer input to meet a specific yield goal [38]. However, for sustainable crop
production without importing exogenous N and other essential nutrients, crop diversifica-
tion is necessary for success, and the strategic inclusion and placement of legumes within
the rotation has proven to reduce N fertilizer use and decrease N2O emissions [39,40]. The
results reported here agree with these researchers and others. It is common knowledge that
the most important and critical factor relating to healthy, quality soil is the level of SOM.
One extremely useful laboratory measurement for determining N availability from SOM is
to measure NH4

+-N using procedures adopted from [41–43]. Linear regression analysis on
N mineralization data from soil samples obtained from this study [20] showed potential N
mineralization to be 8.4 mg N % SOM−1 kg−1 of soil (Appendix A, Figure A1). The low
R2 value (R2 = 0.21) is highly significant (p < 0.001) due to the large number of data points
(n = 148) collected over the long-term period of this study. This data represents potential
nutrient availability from SOM alone within the context of a diverse multi-crop system to
produce spring wheat.

Although the focus was on spring wheat grown in this diverse system, the interconnec-
tivity of the other crops grown and livestock production value were financially rewarding.
Exporting crops as grain or oilseed off the farm removes nutrients from the cropping
system, which, under conventional farming systems, needs to be replaced with fertilizer
and other crop amendments “imported” from off farm. The results of this project point
toward mechanisms within the HRSW-ROT system that promote sustaining or increasing
SOM from root and crop residue, and manure. Reducing soil disturbance via NT farming
minimizes soil water loss and reduces soil aeration, which promotes more dependence on
residue and SOM mineralization and promotes establishment and maintenance of a soil
environment that aids in the conversion and cycling of nutrients [44]. Maintaining low soil
disturbance and plant diversity can help maintain active populations of soil microorgan-
isms, such as arbuscular mycorrhizal fungi (AMF), that assist plants in obtaining H2O and
nutrients and assist in maintaining soil structure.

Diverse crop rotations are also important in the semi-arid region, where NT farming is
used extensively to assist with maintaining a desirable soil pH ranging between 6.5 and 7.5.
No-till and monocultures, i.e., spring wheat grown continuously on the same land resource,
can develop low soil pH caused by repeated use of acid-forming NH4

+-N fertilizers,
resulting in reduced crop performance [45]. Enhancing natural soil nutrient cycling utilizing
soil health principles without the addition of acid-based fertilizers encourages desirable
pH balance and system homeostasis can lower input costs [46].

4.3. Weather and Grain Yield

For capturing the soil health benefits from utilizing agricultural system diversity
(animal, plant, soil) using nutrient cycling, storing soil water in the semi-arid region of the
northern Great Plains is essential for crop production. In this region, atmospheric high-
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pressure systems often restrict critical water-laden weather systems from supplying timely
precipitation for rain-fed crop production during the early growing season between April
and June. Since timely rains are always a concern for agricultural producers, conserving
soil moisture is paramount, and, therefore, NT seeding and planting procedures are used
almost exclusively. Comparing long-term (24 years) NT to conventional and reduced tillage
in the rain-fed region of the Great Plains, NT sorghum yield was 120% of conventional
tillage, and reduced tillage sorghum yield was 55% greater than conventional [47]. Tillage
meta-analysis [48] showed that using NT resulted in better crop performance compared
to conventional tillage under drier semi-arid rain-fed conditions. However, the difference
was not as pronounced for NT under moist, higher-rainfall conditions and was dependent
on the amount of time a given system was in production [49]. Given that limited annual
precipitation is common to semi-arid environments, the 12 years of data in this study were
separated into two 6-year periods. The first six years were wetter than the last six years, as
evidenced by the six-year yield average differences (first six years: 2601 and 2702 kg ha−1

for HRSW-CTRL and HRSW-ROT, respectively; second six years: 1823 and 1992 kg ha−1

for HRSW-CTRL and HRSW-ROT, respectively).
Although this study evaluated all treatments and crops without N fertilization, neigh-

boring North Dakota annual county averages [50] for spring wheat during the same 12 years
of this study likely received N fertilization. These county average values were used to
compare with yields from this study. For the first six “wet” years, the county average was
2480 kg ha−1, the HRSW-CTRL yield was 5% greater, and the HRSW-ROT yield was 9%
greater than the county average. Precipitation shortfall was well pronounced in the spring
wheat yield measured over the course of the subsequent six “dry” years. During the dry
years, the county average was 2259 kg ha−1. The HRSW-CTRL yield was 19% lower, and
the HRSW-ROT yield was 12% lower than the county average. However, in each case,
the HRSW-ROT yields were higher than the HRSW-CTRL. This was likely due to heat
and moisture stress reducing the yield of the crop in spite of the improved fertility in the
HRSW-ROT plots.

A critical factor associated with raising crops based on holistic cropping management
is the effect dryness has on microbial critical mass. To estimate the difference in critical
microbial biomass between wet and dry seasons, phospholipid fatty acid (PLFA) analysis,
total microbial biomass (MB), AMF, and soil pH were conducted by Ward Laboratories [15]
for the years 2016–2020. Although this span of years was during the dry period of the study,
there were years nestled amongst the dry years that were wetter. Reduced availability of
soil moisture for nutrient solubility and translocation likely impacted microbial activity
and severely hindered the availability of soil nutrients for crop production. Comparing
reduced soil properties due to exceptional drought and dry soil in 2017 to moist soil in 2019,
PLFA MB, AMF, soil pH, and soluble salt reflect the effect of soil dryness for HRSW-ROT
and HRSW-CTRL treatments. Adopted from [51] (Table A2) shows the inhibition effect
due to dryness on microbial biomass, AMF, pH, and soluble salt. Interestingly, as dryness
ensued, soluble salt concentration increased, and soil pH declined. However, soil wetting
due to increased rainfall increased soil MB and AMF, and soluble salt concentration was
diluted, and pH moved towards neutral.

Economic contrasts in this spring wheat management investigation fully reveal the
long-term environmental impact on wheat production. This has been illustrated by effects
on microbial factors within the predominantly wet or dry seasons. There are five principles
that influence soil health and soil productivity. These include (1) providing soil armor to
protect the soil surface from wind and water erosion as well as compaction due to animal
hoof action, (2) using seeding and planting equipment that minimizes soil disturbance
(NT), (3) incorporating a multi-crop rotation and cover crops providing to maximize plant
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diversity, (4) including plants known to maintain live roots continuously within the diverse
crop mix, (5) and whenever possible, including livestock grazing [52]. Since this research,
conducted in the semi-arid region of the northern Great Plains, employed all five of the soil
health principles without the addition of exogenous N fertilizer, the economic ramifications
were an important consideration for reducing crop input costs.

Systems complexity has numerous underlying aspects that lend credence to reducing
N fertilizer input. For example, acid-forming N fertilizer application combined with NT
seeding and planting practices contributes to soil pH decline over time. A common remedy
for low pH soils is to apply lime [45]. Using a recommended minimum rate of 5.5 Mt ha−1

costing USD112.00 Mt−1, liming would cost USD619.67 ha−1 and would need to be repeated
in five to seven years based on annual pH soil testing. This expense is paid for up front in
the year of application and would sharply increase input cost; however, when averaged
over a 6-year period, the annual lime expense would be USD103.28. Since acid-based
fertilizers combined with NT cropping can cause a decrease in soil pH over time, the
cultural employment of diverse crop rotations, the reduction of fertilizer application, and
the utilization of natural nutrient cycling can lessen the chance of a low soil pH problem
developing. Crop rotation diversity and a wide array of environmentally adapted crops
have been shown to have a greater effect on soil organic carbon and residual N than that
from N fertilizer [53].

4.4. System Considerations

Diverse multi-crop rotations with frequent legume crops preceding high input crops,
i.e., corn and sunflower as in this study, can yield financially rewarding returns without
the negative impact and need for fertility regeneration expense commonly associated with
conventional cropping practices. Meanwhile, SOM levels are maintained or improved,
providing for improved soil health and nutrient cycling (Table 6). Current N fertilizer
recommendations for spring and durum wheat in North Dakota include adjustments for
tillage, SOM levels, and residual soil NO3-N determined by soil tests [54]. Fertilizer N
recommendations are based on regional soil productivity indices and a soil NO3-N test
to a depth of 60 cm. Additional adjustments can be made if a field is in an early stage
of NT management (<5 years) with an addition of 22 kg N ha−1 or mature NT (>5 years)
with a reduction of 56 kg N ha−1 from the recommended rate. Another 56 kg N ha−1

can be subtracted from the recommended rate if SOM is >50 g N kg−1 soil. Based on the
transition of this study from young to mature no-till during the 12 period, we were able to
utilize the 56 kg N ha−1 credit for our spring wheat production program. The observation
that 18.4 kg N ha−1 was mineralized from each percentage of SOM in our study, with an
average SOM of 36 to 40 g kg−1 soil, provided an additional 66 to 74 kg N ha−1 available for
spring wheat production. With an average soil test of approximately 40 kg N ha−1 (Table 6)
added to the tillage and SOM credits, 162 to 170 kg N ha−1 was available for the wheat
crop. This provided adequate N for up to a potential 3695 kg ha−1 wheat crop, provided
the seasonal growing conditions (primarily precipitation) were ideal. However, due to
the variability in season-to-season precipitation during the study period, this potential
was not reached. Availability of N during the season in this study was directly related
to moisture and N mineralization at times when adequate moisture is also available for
biological activity in the soil. The greater NO3-N decline between the pre- and post-crop
soil samplings (Table 5) reflects greater crop uptake and improved N cycling efficiency in
HRSW-ROT and not soil depletion by the wheat crop. Grazing also increased soil P, K, and
Cl in the HRSW-ROT over HRSW-CRTL management, likely due to the return of manure
and urine back to the soil.
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The first four principles of soil health have generally been accepted by farmers to
improve the health and quality of their soils. The fifth soil health principle is the integration
of livestock grazing, which requires the availability of livestock on the farm or to the farming
operation. Yearling steers originating from the Dickinson Research Extension Center’s beef
cow herd were used to directly link the grazing animal to the diverse cropping system.
Economically, the diverse rotation provided income from rotation crops as well as from
the livestock that grazed the rotation crops (field pea/barley mix, forage corn, and multi-
species cover crop) prior to delayed feedlot entry. The combined economic value of the
rotation crops compared to the HRSW-CTL has been summarized by [46]. In that report, the
5-year net return from the diverse rotation crops was USD2035 as compared to USD1514 for
the HRSW-CTL, a 25.6% advantage for the HRSW-ROT system. Large frame (LF) and small
frame (SF) yearling steers grazed the integrated system crops for approximately 212 days.
Paralleling the integrated system steer grazing starting date, control yearling steers were
delivered to the University of Wyoming Sustainable Agriculture Research and Education
feedlot for growing and finishing. Grazing steers grazed for 212 days and were on high-
energy finishing diets for 82.0 days. Delayed feedlot entry grazing [7] in the integrated
system not only reduced the number of days on feed in the feedlot by 62.4% (p < 0.01), but
finishing cost for the SF and LF grazing steers was lower (SF: USD355 less, LF: USD427 less;
p < 0.01) showed the economic value of extended integrated system grazing and delayed
feedlot entry. The significantly higher returns for the diverse cropping system enhanced the
system’s profitability (Table 4). In a region of highly variable climatic conditions, a cropping
system such as this produces greater long-term system stability and reduces economic risk
to the farmer.

5. Conclusions
A long-term 12-year integrated systems study evaluated spring wheat grown continu-

ously (HRSW-CTRL) on the same land resource when compared to spring wheat grown in
a five-crop rotation (HRSW-ROT): (1) spring wheat, (2) seven-species cover crop, (3) forage
corn, (4) field pea/forage barley mix, and (5) sunflower. Yearling beef cattle steers graze
the field pea/forage barley mix, unharvested corn, and a seven-species cover crop. Over
the 12-year period, HRSW-ROT showed a 6% grain yield advantage over HRSW-CTRL. In
addition, when considering the entire cropping and grazing system over a 5-year rotation
period, the HRSW-ROT has shown a 25.6% economic advantage over the HRSW-CTRL
system. The central hypothesis for this study was that crop nutrient needs would be sup-
ported by N from legumes, livestock manure and urine, and crop residue decomposition,
resulting in similar grain yields, but at a lower cost. The diverse crop rotation supported
higher spring wheat yield and protein content, although the differences were not significant.
Economically, input costs for spring wheat grown in the diverse rotation were reduced,
thereby increasing gross and net returns per hectare. However, the differences were not
significant. Over the 12-year period, variability due to wet and dry production years
contributed to a significant year effect, resulting in production variability. The two spring
wheat production management methods were similar, but the integration of beef cattle
grazing and forage production added value to the rotation system.

Recently, cropping systems in this semi-arid region have successfully replaced HRSW
with millet (Setaria italica L.), canola (Brassica napus L.), and soybean (Glycine max (L.) Merr.).
Including cash crops such as this and evaluating them in place of HRSW would provide
farmers with additional flexibility and value-added within their enterprises. This would
allow them to utilize the nitrogen made available from legumes in integrated crop grazing
systems and enhance the profitability of their operations. Farmers who want to establish
a diverse crop rotation with grazing need to create a crop grazing plan with special con-
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sideration focused on crop complementarity in the proposed system. When integrating a
cropping system with grazing, consideration must be given to establishing infrastructure
for livestock water and fencing.
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Appendix A

Table A1. Seasonal temperature and rainfall measurements for study site in the semi-arid region of
western North Dakota, USA [31].

Year

Month Rain
& Temp 1 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022

April Rain (mm) 42.2 60.5 26.7 27.7 15.2 87.4 33.0 12.2 34.3 15.0 6.6 105.7
Temp (Max) 8.5 14.7 6.3 2.6 13.6 12.3 12.1 7.7 12.2 10.6 12.0 5.9
Temp (Min) −1.4 0.5 −4.7 −9.6 −1.5 −2.2 −1.9 −6.7 −0.3 −4.2 −3.2 −3.8
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Table A1. Cont.

Year

Month Rain
& Temp 1 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022

May Rain (mm) 174.5 40.1 191.8 110.7 41.9 57.4 21.3 31.0 64.0 36.8 128.8 80.5
Temp (Max) 14.6 19.7 18.7 −17.8 17.9 20.8 20.2 7.4 15.0 18.6 18.0 17.6
Temp (Min) 4.4 4.4 4.4 −17.8 3.2 4.8 4.3 −17.8 2.2 3.4 3.1 3.9

June Rain (mm) 54.6 110 56.6 128.3 118.9 49.8 32.3 107.4 66.0 27.9 27.2 51.3
Temp (Max) 22.7 25.6 22.6 −17.8 24.5 26.4 26.0 26.9 23.5 27.2 27.7 23.7
Temp (Min) 10.8 11.2 10.4 −17.8 11.1 11.3 9.1 11.8 10.5 10.6 11.3 10.1

July Rain (mm) 59.2 50.3 54.1 15.0 72.9 91.7 18.3 51.1 40.9 67.8 26.2 94.2
Temp (Max) 28.1 31.7 27.5 −17.8 28.7 28.7 32.5 28.2 27.3 28.3 31.6 28.9
Temp (Min) 14.2 15.3 12.1 −17.8 13.5 13.0 13.0 12.5 13.3 13.1 14.3 14.1

Aug. 2 Rain (mm) 68.6 20.8 71.4 126.0 42.9 47.2 67.8 14.0 119.4 65.0 41.4 7.1
Temp (Max) 27.1 27.8 27.8 −17.8 28.3 28.7 25.6 29.0 26.8 29.1 28.3 29.5
Temp (Min) 13.2 12.2 12.3 −17.8 11.2 12.7 10.4 11.7 11.9 12.6 11.8 13.5

Sep. 3 Rain (mm) 44.7 5.3 62.0 50.8 34.3 67.6 57.9 46.7 231.1 21.8 3.6 23.6
Temp (Max) 22.1 24.4 23.9 −17.8 24.3 21.1 22.0 18.0 20.4 22.0 26.3 25.6
Temp (Min) 6.7 7.3 8.8 −17.8 8.4 8.1 6.9 5.4 8.1 5.9 8.2 9.4

Oct. 4 Rain (mm) 11.2 59.7 85.1 1.8 49.8 45.7 2.0 16.8 32.0 6.6 68.6 46.7
Temp (Max) 15.5 11.3 10.4 −17.8 15.2 13.6 13.6 10.9 8.0 10.2 15.3 13.5
Temp (Min) 1.7 −0.6 −0.5 −17.8 2.1 1.1 −1.0 −2.1 −2.8 −3.3 2.7 1.3

Means Rain (mm) 65.0 49.5 78.2 65.8 53.7 63.8 33.2 39.9 84.0 34.4 43.2 58.5
Temp (Max) 19.8 22.2 19.6 −14.9 21.8 21.7 21.7 18.3 19.0 20.9 22.8 20.7
Temp (Min) 8.5 8.3 7.9 −17.8 8.2 8.5 7.1 3.6 7.2 7.1 8.6 8.7

1 Temp: temperature; 2 Aug.: August; 3 Sep.: September; 4 Oct.: October.

Table A2. A comparison of selected microbial and physical properties for 2017 vs. 2019 [47].

Treatment Year Microbial
Biomass AMF pH Soluble Salt

(ng g−1 soil) (mg kg−1) (dS m2)

HRSW-CTRL 2017 1466 45 5.9 0.22
2019 4485 125 6.0 0.07

HRSW-ROT 2017 1527 51 6.4 0.25
2019 4462 117 7.0 0.08

 

Figure A1. Nitrogen mineralizable potential as influenced by soil organic matter [20]. Each 1%
increase in soil organic matter will potentially mineralize 18.8 kg N ha−1. *** indicate significance
at <0.001.
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