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Abstract

:

Long-term addition of manure increases soil organic carbon (SOC), provides nutrient supply, enhances soil quality and crop yield (CY), but may also increase global warming potential (GWP). In this study, a long-term experiment was conducted to investigate impacts of organic dairy manure and inorganic fertilizer on the spatial distribution of soil quality indicators in field scale. The experiment was initiated in 2008 (seven years), and includes three manure and two inorganic fertilizer treatments along with a control (no manure or no inorganic fertilizer addition). The study was set into a randomized complete block design with six treatments and four replications in a total of 24 plots with an equal size each of 6 × 18 m (108 m2). Soil physical, chemical and biological properties (total 26 properties) were considered as the total data set and principal component analysis (PCA) was used to determine long-term organic and inorganic fertilizer-induced changes in soil quality. Ordinary kriging interpolation methods were used to predict the spatial distributions of soil quality index (SQI) and mean soil quality values were compared with fertilization treatments by using Duncan’s test. Results showed that most measured soil quality index parameters showed significant differences (p < 0.05). The long-term dairy manure applications had positive impacts on soil quality index parameters where overall SQI scores were higher under high manure (HM) compared to medium manure (MM), low manure (LM), medium fertilizer (MF), high fertilizer (HF), control (CK) by 25%, 27%, 47%, 55% and 92%. A similar trend was observed for CY and GWP. This indicates that long-term dairy manure can be an option to increase SQI values and provide higher CY, however, this may lead to greater GWP.
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1. Introduction


Long-term fertilization not only helps to research nutrient dynamics [1], but also ensures greater chances to study crop yield trends, soil quality and environmental sustainability [2]. Manure application with/without inorganic fertilizer is a common fertility management practice to increase SOC and advance soil sustainability [2]. The theory behind positive manure impacts on the general soil quality concept is well documented. However, developing optimum rates for manure and/or inorganic fertilizer applications and their spatial impacts are still improvements that are needed in order to avoid long-term negative influences on soils and environmental health.



Soil quality is the capacity of the soil to maintain the crop productivity and the water and air quality in different ecosystems [3]. Soil quality implicates the combination of a soil physical, chemical and biological properties to define soil functioning [3,4]. Previous studies that developed conceptual frameworks to determine soil quality [4], generally use common approaches along with the combination of essential soil properties [3]. However, the complexity of soil processes and the spatial and temporal variability of soil properties [5] are prime challenges in order to delineate a single soil quality indicator and/or minimum set of indicators and hence the incorporation of soil quality aspects [6].



On the other hand, field-scale visualization of soil quality indexing comes with additional challenges due to availability of technology integrated with complexity in the soil. The developments in geo-computing and information technology brought new approaches like data mining and machine learning to understand large datasets by moving from existing soil maps [7] to the development of digital maps with greater resolutions and visualization of small-scale changes in the soil [8,9]. Therefore, soil quality mapping necessitates the integrative evaluation of essential soil properties and their spatial variations at different scales, locations and times [3].



Moreover, previous studies documented the positive effects of manure application on soil quality compared to inorganic fertilizers. For instance, in comparison to inorganic fertilizers, the application of manure increased SOC, water-stable aggregates (WSA), hydraulic properties [10], enzyme activities [11] and hence improved soil quality. However, manure application may also have negative impacts on soil properties compared to inorganic fertilizer applications such as electrical conductivity (EC) and greenhouse gas emissions [10]. There are few studies that spatially visualize soil quality indicators [3,12] and none of them visualize soil quality index for a field-scale evaluation under different rates of manure and inorganic fertilizer additions. The objective of this study was to evaluate the effects of different rates of manure and inorganic fertilizer applications on soil quality index and crop yield in field-scale.




2. Materials and Methods


2.1. Study Area, Treatments and Dairy Manure Characteristics


The study site (Figure 1) was established under a corn-soybean cropping sequence in 2008 (7-yr) near Brookings, South Dakota (44°22′07.15″ N lat., 96°47′26.45″ W long). The experiment was on a nearly flat with a slope gradient of <1%, a well-drained silty loam Vienna soil (Mollisols) and an altitude of 518 m from sea level. The study area was characterized by a humid continental climate, having a mean annual precipitation of 637 mm and a mean annual air temperature of −15.8 °C in the winter and 27.8 °C in the summer. The study layout falls into a randomized complete block design with six treatments and four replications (24 plots in total). Each plot has dimensions of 6 m in width and 18 m in length, indicating about a 108 m2 area (see Figure 1).



The treatments of this study included different rates of dairy manure (LM, low manure; MM, medium manure; HM, high manure) and inorganic fertilizer (MF, medium-only nitrogen addition; HF, high-double the amount of MF) applications and control (CK, no application of manure or inorganic fertilizer). The South Dakota Department of Environmental and Natural Resources (DENR) was a tool used to determine the amount of manure and inorganic fertilizer to apply. In this calculation technique, the following equation was used:


  M A A =   C N N − S N S   / M N C  



(1)




where MAA is the amount of manure to apply. CNN is the crop nutrient (P or N) need, which is calculated according to crop yield goals (179.3 kg ha–1 yield goal for corn and 44.8 kg ha–1 for soybean). SNS is a soil nutrient (P or N) stock. MNC is the nutrient (P or N) content of manure. A similar process was applied to determine the amount of inorganic fertilizer application for corn (there is not any nutrient recommendation of inorganic fertilizer for soybean). The dairy manure used in this study on average contained about 32.5% moisture, 6 kg t−1 N and 2.5 kg t−1 P. In addition, the amount of manure applied on average ranged from 8.23 tons acre−1 for LM to 18.66 tons acre−1 for MM and 33.79 tons acre−1 for HM. Moreover, MF received 46 kg ha−1 N, whereas HF received 84 kg ha−1 N, 67 kg ha−1 P2O5, 80 kg ha−1 K2O, 8 kg ha−1 Zn and 28 kg ha−1 S. These analyses were conducted by South Dakota Agricultural Laboratories. The manure was disked at 6 cm deep within a few days before planting in the spring.




2.2. Data Collection, Sampling and Soil Quality Index Indicators Analysis


The soil [10,11,13,14] and greenhouse gas emissions [15] data used in this study was collected from existing publications from the same experiment, except for AEC-6. Crop yield data, which is also not published elsewhere, was also collected in 2015. Briefly, study samples were collected from 0 to 10 cm soil depth using five different methods: (i) intact core samples; (ii) a push probe auger; (iii) penetrometer used in the field for soil penetration resistance (SPR) analysis; (iv) CO2, N2O and CH4 gases; and (v) crop yield were collected by a chamber method and a total of these gasses were used to calculate global warming potential in the summer of 2015.



Intact core samples were used for bulk density (Pb), WSA and soil water release curve. Soil Pb was determined by core method [16] and the percentage of WSA (1–2 mm) was determined using the procedure of [17]. The soil water released curve was determined using the tension table and pressure plate method [18].



Moreover, push probe composited (a mixture of four replications) auger samples were collected per plot, where these soils were later sieved and passed through 2 mm for pending analysis. By using these samples, soil pH and EC analysis were measured using electronic Orion pH and EC meter with a glass electrode in 1:1 and 1:2 of soil/water ratio, respectively. The SOC and N contents were also analyzed using the method outlined by [19] from these samples after removing visible crop residues and sieved through at 0.5 mm. In addition, chemical SOC and N fractions (cold water extractable carbon, CWEC; hot water extractable carbon, HWEC; 1 molar HCL extractable carbon, AEC-1; 6 molar HCL extractable carbon, AEC-6; cold water extractable nitrogen, CWEN; hot water extractable nitrogen, HWEN; 1 molar HCL extractable nitrogen, AEN-1; 6 molar HCL extractable nitrogen, AEN-6) were determined using water and acid extractable methods [19,20] and Shimadzu liquid TOC analyzer. Soil microbial community composition analysis was determined using the PLFA method [21] and microbial activities (urease activity, UA and beta-glucosidase activity, βA) according to [22]. Further details about these experimental sites and study analyses can be found at [10].




2.3. Soil Quality Index Assessments


Soil physical, chemical and biological properties (totally 26 properties) were considered as the total data set. Principal component analysis (PCA) was used to identify the suitable indicators representing the minimum data set (MDS) due to its ability to reduce data redundancy, while minimizing the loss of information [23]. The principal components (PCs) with high eigenvalues were assumed to be indicators that best represent fertilizer-induced changes in soil quality. Therefore, only the PCs with eigenvalues >1 [24] and those that explained at least 5% of the data variation were selected [25]. The selected PCs were subjected to varimax rotation to maximize the correlation between PC and the soil properties by distributing the variance [26]. Under each PC, only the indicators with loading values within 10% of the highest value were retained [27]. When more than one indicator was retained in a PC, correlation values among them were analyzed. If the indicators were well-correlated (r ≥ 0.70), only the one with the highest factor loading was retained in the MDS to avoid redundancy.



After determining the MDS indicators, the standard scoring function was used to normalize observations by assigning scores ranging between 0 and 1 [4]. There are three standard scoring functions (SSFs) for SQI, which indicate whether the indicator has a “positive” or “negative” relationship according to their soil quality function or if it is positively related within an “optimum range”, after which it is negatively related [28]. The SSF Equations (2) and (3) were described as follows:


   f  x  =       1     x ≤ L        1 − 0.9 ×   x − L   U − L       L ≤ x ≤ U     Negative       0.1     x ≥ U          



(2)






  f  x  =       0.1     x ≤ L        0.9 ×   x − L   U − L   + 0.1     L ≤ x ≤ U     Positive       1     x ≥ U         



(3)




where  x  is the monitoring value of the indicator; ƒ( x ) is the score of indicators ranging between 0 and 1; and L and U are the lower and the upper threshold values of the indicator, respectively. For scoring some indicators, the optimum range or value is required. For such indicators, the optimum range or value is determined from the literature and the indicators are converted to a unitless score value using the equations according to whether they are above or below optimum range or value.



The transformed MDS indicators were weighted using the results of PCA. Each PC explained a certain amount (%) of the variation in the total data set. This percentage, divided by the total percentage of variation explained by all PC with eigenvalues >1, provided the weightage factor for variables [29]. When more than one indicator is selected from PC, the weightage factor given to PC is given by dividing it by the number of indicators selected from PC. The final step in soil quality assessment was combining the selected indicators into an overall SQI using the following Equation (4).


  S Q I =   ∑   i = 1  n  W i ×  S i   



(4)




where W is the PC weightage factor and S is the indicator score. The combination of selected indicators into the SQI is site-specific and can be used to recognize sustainable management practices and decisions in agricultural ecosystems [30]. Higher SQI values were assumed to mean better soil quality, as SQI is considered as the overall assessment of soil quality, reflecting the effects of management practices on soil function [31].




2.4. Data Analysis


Principal component analysis was used to create a minimum data set used to determine long term organic and inorganic fertilizer-induced changes in soil quality. Duncan’s test (p < 0.05) was used for mean soil quality comparisons and crop yields among organic and inorganic fertilization treatments. The data were analyzed using XLSTATTM statistical and data analysis solution (Addinsoft Inc., New York, NY, USA).




2.5. Spatial Evaluation and Mapping


Soil quality index of each of these 24 grids (Figure 2) was performed and mapped in the complete study area in a raster format through ArcGIS 10.5 software (ESRI) to show a visualization of their spatial variation within and among control, long-term manure and inorganic fertilizer treatments.



Ordinary kriging interpolation methods are a linear technique, which is used to predict unsampled locations based on sampled observations in its neighborhood [32]. Ordinary kriging interpolation methods were used to predict the spatial distributions of SQI through ArcGIS 10.5 (ESRI, USA). Root mean square error (RMSE; Equation (5)) was calculated to assess and indicate interpolation model performance for the most accurate kriging interpolation models among ordinary, simple and universal kriging interpolation methods. Thus, ordinary kriging interpolation was determined as the most accurate interpolation model based on the lowest RMSE compared to simple and universal kriging interpolation methods. To measure the prediction performance of the final map of SQI we used a cross-validation procedure and, consequently, we computed an RMSE value (Equation (5))


  R M S E =     ∑     Z i − Z    2   n     



(5)




Zi, Z and n are the indicated predicted value, observed value and a number of observations, respectively.





3. Results


3.1. Soil Properties and Pearson’s Correlation Analysis


Overall soil pH, EC, SOC, N, WSA, water content under −30 kPa and SPR were higher under dairy manure applications compared to those under inorganic fertilizer applications (Table 1). In addition, increasing manure application rates also increased these properties, whereas increasing inorganic fertilizer rates decreased them. However, Pb and water-filled pore space decreased by both the addition of manure in general and increasing the rates of manure compared to those under inorganic fertilizer and control.



Moreover, manure application in general significantly increased C and N fractions compared to inorganic fertilizer and control. Increasing rates of manure application also increased C and N fractions, except those of hot water extractable carbon and 1 molar acid extractable carbon. Hot-water extractable carbon was higher under HM compared to that of LM, MM, HF, MF and CK by 52%, 63%, 78%, 87% and 119%, respectively. Furthermore, 1 molar acid extractable carbon was higher under MM compared to those under HM, LM, HF, CK and MF by 0.4%, 8.8%, 28.5%, 30.0% and 30.0%, respectively.



Moreover, manure application increased soil microbial community compositions (eucaryote, AM-fungi, fungi, G+ bacteria and total PLFA), enzyme activities (urease and beta-glucosidase activities) and global warming potential compared to inorganic fertilizer and CK except those of G- bacteria and actinomycetes.



Soil G- bacteria was decreased by both manure and inorganic fertilizer applications compared to CK, where inorganic fertilizer decreased G- bacteria more than those decreased by manure applications. In addition, actinomycetes were higher under MF than those under HF, LM, MM, CK and HM by 1.2%, 19.4%, 20.3%, 29.3% and 30.3%, respectively.



Results of person’s correlation analysis showed that SOC, total N, SPR and C and N fractions were positively correlated with PLFA (Figure 3). In addition, SOC was also positively correlated with total fungi. Moreover, SOC, total N and C and N fractions were positively correlated with global warming potential and crop yield.




3.2. Soil Quality Index Assessment and Spatial Distribution


The PCA results showed that 84.8% of the variance in the total data set was explained by the first six PCs with eigenvalues >1 (Table 2). The PC1 explained the highest variance (39.3%) in the data set. The indicators selected from PC1 were SOC, TN, CWEC, HWEC, AEC-6, CWEN and HWEN, which correlated significantly with each other (Figure 2). Since AEC-6 has the highest factor loading, it was the indicator included in the MDS from PC1. PC2 and PC4 accounted for 7.4% and 7.5% of the variance, respectively. The EUC from PC2 and FUN from PC4 were selected for the MDS. PC3 and PC5 explained 12.3% and 7.3% of the variation in the data set, respectively. While indicators selected in PC3 were SPR and UA, soil pH and WFPS were selected in PC5. SPR and UA from PC3 and pH and WFPS from PC5 were retained in the MDS due to not being correlated with each other. In PC6, G- and G+ were two indicators within 10% of the highest factor loading, which explained 10.93% of the variation. The relationship between G- and G+ was significantly important in the correlation matrix. Therefore G+, having the highest factor loading, was retained in the MDS from PC6. As a result of PCA, AEC-6, EUC, SPR, UA, FUN, pH, WFPS and G+ were selected for the MDS. The contributions of these indicators in the MDS to the variability within their PCs were also found to be statistically significant. These results indicate that AEC-6, EUC, SPR, UA, FUN, pH, WFPS and G+ are important indicators to reflect fertilizer-induced changes in soil quality (Table 3).



Biplot illustrates those soil indicators with the greatest effect on differentiating treatment combinations [27]. The PC1 and PC2 were selected for display in the biplot (Figure 3). The HM treatment was clearly differentiated compared to other treatments. Most of the indicators, except for EUC and Pb, were effective in the differentiation of this treatment. In particular, the HWEN, EC, CWEC, CWEN, AEC-6, AEN-6 and WSA indicators were effective indicators for HM treatment. Indicators with a positive effect for HM showed a negative relationship for MF. The PLFA, TN, SOC, HWEC, EC, HWEN and CWEC indicators generally showed a negative relationship with CK and HF located in the lower-left quadrant of the biplot with similar vector loading. This indicated less difference in soil indicators between CK and HF. MF, LM and MM treatments, on the other hand, were distributed on a larger scale, apart from CK and HF treatments.



The SSF equations were used to normalize indicators in the MDS. The positive SSF was used for AEC-6, EUC, UA, FUN and G+; the negative SSF was used for SPR. For pH and WFPS indicators, the optimum range and point were needed to normalize soil pH and WFPS, respectively. The most desirable pH limits for plant growth in determining soil quality are between 6.0 and 7.0 [33]. Therefore, pH values in the optimum range scored 1.0. The positive SSF was used for pH values below the optimum range, while the negative function was used for pH values above the optimum range. In scoring WFPS, 60% value considered in the studies of Linn and Doran [34] and Torbert and Wood [35] was taken into consideration as the criterion. The negative SSF was used for WFPS values above this value and positive SSF for WFPS values below.



The MDS indicators were weighted using the variability of each PC (Table 3). Finally, indicators were combined in an overall SQI by assigning their weights. Long-term organic and inorganic fertilizer treatments on SQI are presented in Table 4. Organic treatments obtained higher SQI than inorganic treatments. The highest SQI was obtained in HM with 69.56%. This was followed by MM with a decrease of 20% and LM with a decrease of 21%, respectively. However, the lowest SQIs were obtained in CK (36.28%), HF (44.89%) and MF (47.34%), respectively. HM treatment had 92%, 55% and 47% higher SQI compared to CK, HF and MF, respectively.



Nine different interpolation methods were performed to predict the distribution of soil quality index using the minimum data set based on the results of PCA analysis. A Gaussian model of simple kriging was obtained as the best suitable estimation model based on the lowest RMSE value. The distribution of the soil quality grid size visualization (Grid size of 8 × 16 m) and map were presented in Figure 4. The SQI value of the study area, in particular the center, southwest and southeast, increased with manure applications (Figure 4 and Figure 5), respectively.




3.3. Crop Yield and Global Warming Potential


The crop yield was higher under HM (3.65 Mg ha−1) compared to that of MM (3.53 Mg ha−1), HF (3.40 Mg ha−1), LM (3.34 Mg ha−1), MF (3.33 Mg ha−1) and CK (3.06 Mg ha−1) by 3.4%, 7.4%, 9.3%, 9.6% and 19.3%, respectively. On the other hand, global warming potential was greater under HM compared to those under MM, HF, LM, CK and MF by 57.5%, 160%, 871%, 2115% and 3264%, respectively.





4. Discussion


4.1. The Interactions among Individual Soil Properties


Long-term fertilization helps to manage soil nutrient availability and soil quality indicators [1,2], and manure application with/without inorganic fertilizer has positive impacts on the overall SOC [2] and soil structure [10]. In this study, SOC, total nitrogen (TN) and WSA represent soil structure, and these were higher not only due to the impacts of the overall manure application, compared to inorganic fertilizer applications and control, but also due to the increasing rates of manure additions. Like SOC, CWEC, HWEC, AEC-1, AEC-6, CWEN, HWEN, AEN-1 and AEN-6 were increased by overall manure addition. This showed that manure applications not only increase overall SOC and nitrogen (N) content, but also their chemical fractions. However, the positive impacts of inorganic fertilizer applications on these properties were not found. In previous studies, similar results were reported that showed manure applications enhance SOC, WSA and C and N fractions [11], and hence, improved soil structure [10].



The development of better soil structure owing to impacts from manure applications was also matched with soil hydraulic status, in which Pb was decreased and the soil water content at −30 kPa and SPR were increased by manure application and increasing its rates. Previous studies reported similar results showing that manure decreases Pb and increases soil hydraulic properties [36,37]. Moreover, SOC and N contents were positively correlated with SPR. However, increases in soil pH may also have effects on all SOC, its fractions and soil hydraulic characteristics. It was found that SOC, TN, SPR and C and N fractions were positively correlated with soil pH where manure application increased soil pH. The liming effects of manure application on soil pH are well documented [38,39] whereas due to its natural pH content, the addition of inorganic fertilizers decreases soil pH [40].



Altering the soil structure and SOC hence had a greater influence on microbial communities and their activities. The improvements in soil physical properties were documented to be due to greater SOC [41] and higher microbial activity at the topsoil [42], while the impacts of manure found to increase microbial community composition, their activities [11] and SOC [10]. In this study, the SOC, TN, SPR and C and N fractions were positively correlated with phospholipid fatty acids. Manure applications particularly increased eucaryote, AM-fungi, fungi, G+ bacteria, total PLFA and enzyme activities such as urease and beta-glucosidase activities compared to inorganic fertilizer and CK. However, G- bacteria and actinomycetes had the opposite response to manure additions. Providing more organic additions like manure, and improving soil aggregation by using reduced tillage, may help microbial buildup. The greater fungal abundance was attributed to lower tillage operations due to its influences on soil architecture, particularly the hyphal network [42] and the lower mixture of topsoil with lower horizons [43]. In this study, we found a positive correlation between SOC and total fungi, which indicates that greater SOC and better soil structure come with a greater fungi population and microbial activities. The highest influence on soil quality in this experimental study was induced by increasing rates of dairy manure application across all measured soil physical, chemical and biological properties. However, inorganic fertilizer application resulted in lower positive effects or negative impacts on soil quality, especially due to changes in soil aggregation and C content.




4.2. Soil Quality Assessment under Manure and Inorganic Fertilizer Applications


The MDS used to determine fertilizer-induced changes in SQI was composed of SPR, pH, AEC-6, FUN, G-, UAC, EUC and PLFA indicators. The MDS indicators have been evaluated by numerous studies to determine the soil quality [44,45]. In this study, especially higher AEC-6, UAC, PLFA and FUN under manure applied plots contributed to better soil quality compared to inorganic fertilizer and control plots. This might be the result of SOC content, which is the energy source of microbial activity [46]. The long-term addition of C-rich manure to the soil increased SOC. These findings overlap with the results of previous studies [47,48,49] where increased SQI under manure applications was reported compared to those under inorganic fertilizer and control.



The AEC-6 indicator was one of the most important indicators for manure treatments since increasing manure application rates corresponded by the highest weight within PCA. In addition, it was seen that the contribution of other indicators to soil quality in manure treatments was quite significant. On the other hand, the SPR indicator had higher scores by taking lower values in inorganic fertilizer, which came into prominence. However, this situation showed that the SPR indicator alone would not be sufficient for the improvement of soil quality under inorganic fertilizer applications. Since soil quality is a product of physical, chemical and biological indicators [50], it is necessary to contribute to chemical and biological indicators for the improvement of soil quality in inorganic fertilizer plots. Although there was no significant difference, the SQIs under inorganic fertilizer applications were lower than those under control, with no manure or fertilizer applied. This small difference in the long-term experiments is an important sign of sustainable agriculture. Since the SQI assessment is an important strategy for defining management practices [51], the negative effects of long-term inorganic fertilizer applications on soil quality is an issue that should be considered regarding long-term sustainability.



Mapping is exclusively important to detect the spatial variation in SQI and to manage low SQI and high SQI for sustainable agriculture due to the exact locations where special management practices are needed. Therefore, digital soil mapping techniques have been used to detect and define SQI of a large area or field-scale with minimal soil sampling effort [9]. Ordinary kriging interpolation methods, which is one of the digital soil mapping techniques, have been successfully applied by many studies to predict the distribution of SQI [28,52]. The manure applications obtained higher SQI compared to inorganic treatments. According to Figure 4 and Figure 5, the SQI map illustrated that the study area has moderate SQI under long-term manure and inorganic fertilizer applications. In particular, the highest SQI was obtained in HM, whereas the lowest SQI was obtained in MF. The low-quality SQI that have HF and MF applications can be related. Therefore, the center, southwest and southeast have high SQI with increasingly applied manure applications, while other areas have low SQI with decreasingly applied manure applications. In particular, these areas have low SQI, mostly located at the north and south part of the study area.




4.3. Soil Quality, Crop Yield and Global Warming Potential


In general, soils with a greater quality index had a higher crop yield and global warming potential. Similarly, increasing rates of manure applications had higher SQI, crop yield and global warming potential. Our results are consistent with those of Lee et al. [53] and Liu et al. [48]. Lee et al. [53] reported that manure compost improved soil quality, and hence crop yield, compared to control. Liu et al. [48] found that adding manure to inorganic fertilizer increased soil quality and crop yield. However, even though soils under the highest manure application rate, HM, had significantly greater SQI and global warming potential compared to the highest inorganic fertilizer application, HF, differences for crop yield were not significant.





5. Conclusions


This study investigated the effects of different rates of manure and inorganic fertilizer applications on field scale distribution of soil quality indices, crop yield and global warming potential.



Results showed that long-term dairy manure applications had positive impacts on soil quality index parameters including SOC, N, WSA, water content under −30 kPa, SPR, soil microbial community compositions, enzyme activities, C and N fractions. The manure applications also produced higher SQI values than that of the inorganic fertilizer applications, where the most measured soil quality index parameters showed significant differences (p < 0.05). Moreover, overall SQI scores were higher under high manure (HM) compared to lower manure rates and inorganic fertilizer rates. This shows that not only manure application, but also increasing its application rates, further enhances soil quality. However, increasing the rate of inorganic fertilizer only increased global warming potential. Like SQI values, CY and GWP were also increased by manure applications compared to those of inorganic fertilizers. It can be concluded that field scale evaluations of manure applications indicate that long-term dairy manure can be an option to increase SQI values and providing higher CY but may lead greater GWP. Hence, the findings of this study draw attention to the mapping of spatial distribution patterns of SQI, which is exclusively important for site-specific management inputs for providing higher crop yields and global warming potential.
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Figure 1. Study location and experimental design in eastern, South Dakota, USA. (A): South Dakota State; (red circle is study location) (B): Treatments Design. LM, low manure rate based on recommended phosphorus rate; MM, medium manure rate based on recommended nitrogen rate; HM, high manure rate based on double of the recommended nitrogen rate; MF, recommended fertilizer; HF, high fertilize; and CK, control with no manure application. 
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Figure 2. Person’s correlation matrix for the highly weighted soil variables under the first six facts: pH, soil acidity; SOC, soil organic carbon; TN, total nitrogen; WSA, water stable aggregates; SPR, soil penetration resistance; CWEC, cold water extractable carbon; HWEC, hot water extractable carbon; AEC-6, six molar acid (HCL) extractable carbon; CWEN, cold water extractable nitrogen; HWEN, hot water extractable nitrogen; EUC, eucaryote; FUN, fungi; G-, gram negative bacteria; PLFA, Phospholipid fatty acid; GWP, global warming potential; CY, crop yield. 
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Figure 3. Plot of PC1 and PC2 separating fertilizer treatments (A) and plot showing how individual soil indicators contributed to the separation of treatments (B). LM, low manure rate based on recommended phosphorus rate; MM, medium manure rate based on recommended nitrogen rate; HM, high manure rate based on double of the recommended nitrogen rate; MF, recommended fertilizer; HF, high fertilizer; and CK, control with no manure application. 
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Figure 4. The soil quality index in the study area. Grid size of 8 × 16 m. LM, low manure rate based on recommended phosphorus rate; MM, medium manure rate based on recommended nitrogen rate; HM, high manure rate based on double of the recommended nitrogen rate; MF, recommended fertilizer; HF, high fertilizer; and CK, control with no manure application. 
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Figure 5. Spatial distribution maps of soil quality index under manure and inorganic fertilizer applications. 
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Table 1. Soil properties under different rates of manure and inorganic fertilizer applications.
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Property

	
Mean

	
p-Value




	
LM †

	
MM

	
HM

	
HF

	
MF

	
CK






	
pH

	
6.91 ‡

	
6.90

	
7.05

	
6.38

	
6.66

	
6.86

	
<0.01




	
EC

	
1.15

	
1.51

	
2.01

	
0.66

	
0.75

	
0.72

	
<0.01




	
SOC

	
27.6

	
30.9

	
38.3

	
25.8

	
24.0

	
23.3

	
<0.01




	
TN

	
2.52

	
2.80

	
3.45

	
2.64

	
2.30

	
2.24

	
<0.01




	
WSA

	
91.9

	
93.5

	
98.6

	
87.4

	
89.2

	
90.1

	
0.01




	
Pb

	
1.13

	
1.07

	
0.87

	
1.23

	
1.22

	
1.20

	
<0.01




	
SPR

	
311

	
365

	
335

	
312

	
302

	
285

	
0.1




	
WC300

	
0.50

	
0.53

	
0.51

	
0.42

	
0.43

	
0.45

	
<0.01




	
CWEC

	
0.14

	
0.15

	
0.31

	
0.12

	
0.09

	
0.08

	
<0.01




	
HWEC

	
0.75

	
0.70

	
1.14

	
0.64

	
0.61

	
0.52

	
<0.01




	
AEC-1

	
9.12

	
9.92

	
9.88

	
7.72

	
7.62

	
7.63

	
0.01




	
AEC-6

	
8.56

	
8.93

	
11.00

	
8.19

	
7.68

	
7.69

	
0.01




	
CWEN

	
0.04

	
0.04

	
0.09

	
0.03

	
0.03

	
0.03

	
<0.01




	
HWEN

	
0.12

	
0.12

	
0.19

	
0.09

	
0.08

	
0.07

	
<0.01




	
AEN-1

	
1.73

	
1.89

	
1.94

	
1.47

	
1.50

	
1.45

	
0.02




	
AEN-6

	
1.79

	
1.94

	
2.38

	
1.78

	
1.73

	
1.66

	
0.01




	
EUC

	
9.17

	
6.86

	
7.28

	
6.79

	
10.94

	
6.49

	
0.01




	
AMF

	
3.28

	
4.50

	
4.93

	
3.70

	
3.40

	
2.65

	
0.04




	
FUN

	
4.74

	
5.90

	
5.17

	
3.82

	
4.91

	
4.10

	
0.05




	
G-

	
46.7

	
47.9

	
48.5

	
45.0

	
43.7

	
58.2

	
0.5




	
G+

	
18.8

	
18.0

	
18.3

	
21.0

	
17.2

	
12.7

	
0.06




	
ACT

	
14.4

	
14.3

	
13.2

	
17.0

	
17.2

	
13.3

	
<0.01




	
PLFA

	
83.5

	
91.2

	
106.3

	
84.0

	
73.4

	
42.3

	
0.4




	
UA

	
23.9

	
24.4

	
24.9

	
20.5

	
20.4

	
19.7

	
<0.01




	
βA

	
24.3

	
25.0

	
25.6

	
23.7

	
22.2

	
20.3

	
<0.01




	
WFPS

	
51.8

	
52.8

	
47.1

	
48.5

	
54.7

	
53.4

	
0.01








† CK, control with no manure application; HF, high fertilizer; HM, nitrogen-based double of recommended manure application rate; LM, phosphorus-based recommended manure; MF, recommended fertilizer; MM, nitrogen-based recommended manure. ‡ Means followed by different letters between each treatment within each depth represent significant differences due to manure and inorganic fertilizer application at p < 0.05.
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Table 2. Results of principal component analysis.
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Property

	
Factor Loading ‡

	
Contribution of Variables (%) #




	
PC1

	
PC2

	
PC3

	
PC4

	
PC5

	
PC6

	
PC1

	
PC2

	
PC3

	
PC4

	
PC5

	
PC6






	
pH

	
0.34

	
−0.03

	
0.32

	
−0.12

	
0.76

	
−0.22

	
1.13

	
0.04

	
3.18

	
0.74

	
30.5

	
1.63




	
EC

	
0.81

	
0.01

	
0.41

	
0.14

	
0.26

	
−0.07

	
6.42

	
0.00

	
5.28

	
0.97

	
3.48

	
0.18




	
SOC

	
0.91

	
0.08

	
0.31

	
0.17

	
0.03

	
0.06

	
8.04

	
0.34

	
2.97

	
1.56

	
0.04

	
0.12




	
TN

	
0.85

	
0.17

	
0.20

	
−0.01

	
−0.01

	
0.07

	
7.13

	
1.55

	
1.30

	
0.01

	
0.00

	
0.19




	
WSA

	
0.65

	
−0.34

	
0.32

	
0.19

	
0.23

	
−0.15

	
4.10

	
5.89

	
3.25

	
1.90

	
2.66

	
0.82




	
Pb

	
−0.89

	
0.08

	
−0.29

	
−0.31

	
0.02

	
0.19

	
6.71

	
0.30

	
2.69

	
4.82

	
0.02

	
1.24




	
SPR

	
0.20

	
0.11

	
0.85

	
0.09

	
0.03

	
0.02

	
0.40

	
0.67

	
22.5

	
0.38

	
0.05

	
0.01




	
WC300

	
0.32

	
−0.19

	
0.49

	
0.45

	
0.54

	
0.04

	
1.00

	
1.83

	
7.40

	
10.3

	
15.2

	
0.05




	
CWEC

	
0.92

	
−0.01

	
0.24

	
0.07

	
−0.05

	
0.07

	
8.21

	
0.00

	
1.78

	
0.28

	
0.15

	
0.18




	
HWEC

	
0.87

	
0.04

	
0.29

	
−0.03

	
0.08

	
0.13

	
7.37

	
0.08

	
2.53

	
0.04

	
0.31

	
0.60




	
AEC-1

	
0.61

	
−0.23

	
0.31

	
0.39

	
0.16

	
0.31

	
3.66

	
2.64

	
2.92

	
7.80

	
1.27

	
3.43




	
AEC-6

	
0.93

	
−0.06

	
0.08

	
0.17

	
−0.03

	
0.11

	
8.46

	
0.16

	
0.18

	
1.42

	
0.03

	
0.45




	
CWEN

	
0.93

	
−0.04

	
0.04

	
0.07

	
0.03

	
0.07

	
8.44

	
0.07

	
0.05

	
0.24

	
0.04

	
0.16




	
HWEN

	
0.87

	
0.01

	
0.43

	
0.03

	
0.11

	
0.08

	
7.36

	
0.00

	
5.75

	
0.05

	
0.58

	
0.22




	
AEN-1

	
0.62

	
−0.15

	
0.17

	
0.37

	
0.23

	
0.50

	
3.71

	
1.12

	
0.92

	
7.06

	
2.71

	
8.88




	
AEN-6

	
0.82

	
−0.15

	
−0.07

	
0.21

	
0.07

	
0.28

	
6.63

	
1.19

	
0.14

	
2.23

	
0.25

	
2.79




	
EUC

	
−0.18

	
0.84

	
−0.04

	
−0.03

	
0.15

	
0.13

	
0.31

	
37.0

	
0.05

	
0.03

	
1.16

	
0.59




	
AMF

	
0.51

	
−0.24

	
0.20

	
0.16

	
0.01

	
0.56

	
2.50

	
3.00

	
1.25

	
1.35

	
0.00

	
10.8




	
FUN

	
0.15

	
0.12

	
0.19

	
0.90

	
−0.09

	
−0.12

	
0.23

	
0.79

	
1.14

	
41.4

	
0.43

	
0.47




	
G-

	
−0.01

	
−0.48

	
−0.07

	
0.09

	
0.13

	
−0.84

	
0.00

	
11.9

	
0.13

	
0.37

	
0.92

	
24.7




	
G+

	
0.12

	
0.26

	
−0.03

	
−0.16

	
−0.01

	
0.86

	
0.14

	
3.38

	
0.03

	
1.34

	
0.01

	
26.2




	
ACT

	
−0.35

	
−0.03

	
0.05

	
−0.45

	
−0.48

	
0.44

	
1.23

	
0.04

	
0.07

	
10.3

	
12.0

	
6.77




	
PLFA

	
0.30

	
0.72

	
0.19

	
0.28

	
−0.22

	
0.32

	
0.88

	
26.9

	
1.15

	
3.98

	
2.61

	
3.67




	
UA

	
0.31

	
−0.02

	
0.80

	
0.15

	
0.07

	
0.03

	
0.95

	
0.02

	
19.9

	
1.13

	
0.28

	
0.03




	
βA

	
0.54

	
−0.07

	
0.63

	
0.06

	
−0.04

	
0.37

	
2.84

	
0.22

	
12.2

	
0.16

	
0.10

	
4.72




	
WFPS

	
−0.47

	
0.12

	
−0.20

	
−0.06

	
0.69

	
0.17

	
2.14

	
0.79

	
1.27

	
0.17

	
25.2

	
1.06




	
Eig

	
12.8

	
3.33

	
1.92

	
1.49

	
1.34

	
1.21

	

	

	

	

	

	




	
Var

	
39.3

	
7.39

	
12.3

	
7.5

	
7.33

	
10.9

	

	

	

	

	

	




	
Cum

	
39.3

	
46.7

	
59.0

	
66.5

	
73.9

	
84.8

	

	

	

	

	

	








‡ Bold values under each PC were highly weighted and underlined bold values were selected to MDS. # Bold values represent the importance of the principal component for a given variable.
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Table 3. MDS indicators and weights.
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	Indicator
	Weight
	Indicator
	Weight





	AEC-6
	0.464
	FUN
	0.088



	EUC
	0.087
	pH
	0.086



	SPR
	0.073
	WFPS
	0.086



	UA
	0.073
	G+
	0.129







AEC-6, six molar HCL extractable carbon; EUC, eukaryote; SPR, soil penetration resistance; UA, urease activity.
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Table 4. Effects of long-term manure and fertilizer treatments on SQI.
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	Treatment
	SQI

(%)
	Crop Yield

(Mg ha−1)
	GWP

(kg CO2-eq ha−1 yr−1)





	LM
	54.8 b
	3.34 b
	258 b



	MM
	55.8 b
	3.53 ab
	1028 b



	HM
	69.6 a
	3.65 a
	1565 a



	MF
	47.3 bc
	3.33 b
	93 b



	HF
	44.9 bc
	3.40 ab
	568 b



	CK
	36.3 †c&
	3.06 c
	91 b



	ANOVA
	<0.01
	<0.01
	0.01







†: standard error of the mean, &: Different letters in a column indicate significant differences (p < 0.05) among treatments. LM, low manure rate based on recommended phosphorus rate; MM, medium manure rate based on recommended nitrogen rate; HM, high manure rate based on double of the recommended nitrogen rate; MF, recommended fertilizer; HF, high fertilizer; and CK, control with no manure application.
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