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Abstract

:

Soil quality deterioration, especially in intensive cropping systems, has become a serious problem for crop productivity; consequently, strategies for sustainable crop production and soil health are urgently required. Experiments on fields were organized to investigate the impact of organic manures on crop productivity, soil physiochemical properties and soil water availability in a maize-based cropping system. The experiment consisted of five treatments, including organic manures (OM) and inorganic nitrogen, phosphorus and potassium (NPK) fertilizers applied separately and in combinations: NPK = 250-150-125 Kg/ha (recommended rate), farmyard manure (FYM) = 16 t/ha, poultry manure (PM) = 13 t/ha, NPK + FYM = 150-85-50 Kg/ha + 8.5 t/ha and NPK + PM = 150-85-50 Kg/ha + 7.0 t/ha. The results showed that the combination of OM with mineral fertilizers increased crop productivity, fertilizer use efficiency and yield sustainability indices over the treatments amended with sole application of mineral fertilizers and OM. The analysis of undisturbed soil samples during different crop growth stages revealed that the addition of OM decreased the bulk density and increased the pore volume of soil at the beds of 0–20 and 20–40 cm. The application of OM to the soil not only increased saturated hydraulic conductivity of the soil but also improved total available and readily available water contents to the plants, especially when FYM was included at 16 t ha−1. Soil-water retention properties recorded over the entire seven-day monitoring period following irrigation in the OM-amended treatments were consistently higher than the sole mineral NPK application treatments. When testing the soil nutrient status during different crop growth stages, it was noted that by adding OM into the soil not only the status of the organic carbon of soil, extractable N and K and available P contents is increased, but the duration of their availability to the plants are also enhanced. The results of the study show that organic manures addition is of major significance for maintaining soil quality and crop production sustainably, and should be advocated in the nutrient management strategies of intensive water- and nutrient-demanding cropping systems.
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1. Introduction


Loss in the fertility of soil has become a primary root reason of less availability of among persons, especially in smallholder farms of the world, and water scarcity further aggravates this problem [1,2]. This trend is becoming more severe due to widely adopted practices of intensive and incessant cropping with poor soil management [3]. The unprecedentedly increasing population and gradually decreasing arable land, plus incessantly depleting soil fertility issues, represent a dire need to improve crop production and sustain the available natural resources by confronting agronomic management efforts [4,5].



Maize (Zea mays L.), due to its high production potential as compared to any other cereal crop, especially under favorable growing conditions, is considered to be one of the most eminent food security crops worldwide [6]. Nitrogen, phosphorus and potassium (named NPK collectively) are the primary nutrients required for plant growth and are applied to soil either through chemical fertilizers or organic manures to fulfill crop nutrient requirements [7,8]. Although increased crop production is attributed to genetic improvements and extensive chemical fertilizer applications, overreliance on synthetic chemical fertilizers has resulted in serious environmental hazards, deteriorated soil properties and decreased maize crop yields over time [9]. Long-term studies have shown that intensive maize-based cropping systems are showing signs of fatigue, proved by stagnating or declining crop productivity and soil quality [8,10,11]. The implication of organic manures (OM) in crop production not only improves soil physiochemical properties but also increases crop productivity and is eco-friendly, cheap, readily available and a potential source of nutrients [12]. However, OM cannot overcome the nutritional requirements of crop over the broad zones alone as it contains reduced and imbalanced amounts of nutrients and its application is labor-intensive due to its bulky nature [13]. However, its addition to soil is supportive in reducing the effects of heavy metals and their uptake in crops, depending on their quality and quantity and the level of contaminants present in the soil–plant systems [6].



Due to their limitations, neither inorganic fertilizers nor OM can ensure sustainable crop productivity when applied separately [6,10]; however, an integrated nutrient management system (combined use of inorganic as well as organic fertilizers) could be the best alternate strategy for maintaining and/or restoring the fertility of soil and productivity of crops on a sustainable basis [8]. The synchronization of OM with chemical fertilizers synergizes the efficiency of chemical fertilizers by producing more soil N and organic carbon, which in turn can reduce the requirements of chemical fertilizers for crop production [12]. Previous research indicated that N use efficiency was improved as a consequence of OM application, which in turn reduced the chemical fertilizer requirement of N by up to 30% for wheat crop [14]. OM has the potential to increase growth of plant by improving the soil’s chemical attributes (nutrient availability, nutrient retention, nutrient cycling), physical properties of soil like bulk density, permeability, porosity, water holding capacity, and soil biological activities [4,15,16].



Soil attributes, such as water holding capacity, bulk density, permeability and contents of organic matter determine soil health and plant growth. When bulk density, the extent of the firmness of soil rises to a significant level, it becomes roots can hardly penetrate the soil, hence the root growth is hindered [17]. Similarly, soil porosity reflects the air or water-filled spaces between the soil particles, whereas water holding capacity is the capability of micropores of soil to hold water for plant [18]. These soil properties can affect the plant-available soil water status and root development that act positively in the uptake of water and nutrients. Organic matter is about five times lighter than mineral soil. It has been reported that an increase in OM from 1% to 3% can increase the available water capacity of soil by two [19]. Hathaway-Jenkins (2011) found that infiltration rates of organically managed grassland soils were significantly increased compared to conventionally managed grasslands, the amount of water held in soil being increased by 23% and the predicted runoff reduced by 28% [20].



However, investigating the optimum dose of integrated nutrient application is required to maintain an adequate supply of nutrients for improved and sustained crop production in a high nutrient-demanding maize cropping system. Pakistan is an importer of chemical fertilizers and maize is it’s the 3rd most vital cereal crop after wheat and rice, accounting for more than 10% of total agricultural production and 15% of total agricultural employment in Pakistan, 50% of which is contributed by small land-holding farms [21]. Maize is cultivated on an region of 1.016 million hectares with 3.037 million tons per annum production and 2864 kg ha−1 average grain yield [21]. Low soil fertility, low and uneven nutrient availability and disturbed soil properties are becoming the main yield-limiting constraints for small landholders with maize crop in Pakistan [10]. On the other hand, the country has a high population of livestock and poultry, so OM is readily available. Under such a scenario, there is a possibility of combined application of nutrient for viable production of crop in cropping arrangements based on maize. Therefore, it is very important to assess the outcome of integrated nutrient application on crop productivity under field conditions in relation to crop growth, of crop and soil properties at a given site. This work was designed to examine the effect of OM on yield growth and the physiochemical properties of soil in maize cropping areas when applied alone or with mineral fertilizers. The results of the study will provide economically attractive evidence to small landholders concerning soil use and management under conditions in which chemical fertilizers are expensive and limitedly available.




2. Materials and Methods


2.1. Depiction of Experimental Location and Crop Husbandry


A field experiment of two years was conducted at the Agronomic Research Farm, University of Agriculture, Faisalabad (32°16′ N, 119°10′ E) during the 2012 and 2013 growing seasons. This region is categorized as a subtropical and semiarid climate and receives 200–250 mm rainfall annually, concentrated in the monsoon period (June–August), but the mean pan evaporation value is 1725 mm which is very high. The mean maximum and minimum temperatures and the rainfall during the experiment period (August–November) for both years were 25–35 °C, 15–25 °C and 182 mm, respectively. The soil of experimental area was sandy clay characterized by sand, silt and clay at 54.0, 20.5 and 25.4%, respectably. With regard to physiochemical properties, the soil had an organic carbon content of 5.3 g kg−1, cation exchange capacity of 17.2 cmol kg−1, water saturation percentage of 35.8%, bulk density of 1.4 g cm−3, pH (1:2.5 H2O) of 7.6, total N of 0.07%, extractable K of 180 ppm and available P of 7.8 ppm. A complete block scheme with three repetitions was used and every plot size was 8 m × 4.5 m with 20 rows in both experiments. An inter-row spacing of 75 cm was used. A hybrid maize cultivar (Highcorn-8288) which was most widely cultivated in the region was used with a seed rate of 30 kg ha−1 each year. Thinning was practiced at the three-leaf stage with a plant × plant distance of 20 cm to maintain the plant population of approximately 12 plants per m−2 in each experiment.




2.2. Analysis and Sampling of Organic Manures and Soil


Samples of soils were assembled from several points of the field (0–20 cm depth) each year before the start of the experiment. All collected samples were dried in air, sieved in 2 mm sieve and analyzed to calculate the physiochemical properties of soil. Particle size of soil was analyzed by using the Bouycous hydro-meter method [22]. Similarly, the organic manures (farmyard manure: FYM, and poultry manure: PM) that were used in this study underwent natural outdoor fermentation for 5–6 months and were obtained from the Veterinary Research Farm of the university. Fermented samples of all manures were randomly collected from their bulks separately, air-dried, cleaned, ground, sieved (2 mm) and then analyzed for the determination of total dry matter content, pH, total organic C, N, P, K, calcium, magnesium and ash contents (Table 1).




2.3. Treatments Application and Management


The experiment consisted of five treatments, including usess of organic composts and in-organic fertilizers separately and in combinations, which are given as: NPK = 250-150-125 kg ha−1 (recommended rate), FYM = 16 t ha−1, PM = 13 t ha−1, NPK + FYM= 150-85-50 kg ha−1 + 8.5 t ha−1 and NPK + PM = 150-85-50 kg ha−1 + 7.0 t ha−1 (Table 2). The OM and mineral phosphorus, potassium and 1/3 N were smeared while sowing seeds. The other two doses of N were applied as equivalent parts at the time of first irrigation and at the five-leaf stage of the crop, respectively. After the application of OM, they were incorporated into the soil using a double manual rotary hoe in each plot separately. All other agronomic and plant protection operations were kept uniform for all treatments according to local recommendations to avoid the effect of other factors.



The amounts of chemical fertilizers and organic manures required for each plot under a specific treatment were calculated by the equation given below:


   Amount   of   nutrient   source   to   be   applied    =    R    ×    A    ×   100   10,000   ×    C     



(1)




where R is the recommended rate of fertilizer (kg/ha), A is the area of the plot (m2), C is the concentration of a nutrient element in the source (%) and 10,000 is the hectare area (m2).




2.4. Analyses and Sampling of Soil


At the five-leaf (V5) and silking (R1) stages of the crop, six replicated and uninterrupted samples of soil were received from 0–20 and 20–40 cm depth for each plot, using a metal ring (with an inner diameter of 4 cm and a height of 6 cm), from the middle of plant rows. The maize developmental stages were identified according to the standard system proposed by Ritchie et al. (1992). The soil bulk density, porosity and permeability of the collected samples were determined. Bulk density of soil was measured from the mass dried in oven (105 °C) and soil samples volume (Blake and Hartage 1986). Soil porosity was calculated from the ratio of the bulk density to soil particle density, concidering a particle density of 2.65 g cm−3. Soil permeability was calculated by placing a column of soil under specific conditions and measuring the decrease in water level after 24 h (Rhoades 1982).



Soil water-related properties of plots such as saturation water content (SWC), saturated hydraulic conductivity (Ks), water holding capacity (WHC) and readily available water content (RAWC) were determined at the R1 stage of the crop everyday starting from the first day for seven days after irrigation (values from plots before starting treatments were assumed as 0 days for all treatments). The SWC of undisturbed soil samples was estimated by saturating them for 24 h and calculating the amount of water [23] and the Ks was determined using the constant head method [24]. The WHC of soil (w/w) was determined by calculating the difference between saturated and oven-dried (105 °C) soil samples [19]. The soil-water holding at different matric capacities of the treatments was observed using a high speed cold centrifuge (Model CR21G, Hitachi Co., Ltd., Tokyo, Japan), and RAWC of the soil was determined by calculating the differences in soil water holding at matric potentials of −10 and −100 kPa [25].



The soil samples for the determination of chemical properties with five replications for each treatment were collected at the five-leaf, silking, milking (R3) and physiological maturity (R6) stages of the crop. Organic carbon content of soil was analyzed according to Walkley and Black’s method (1947), available N according to Bremner’s method (1996), extractable P according to Bray and Kurtz’s method (1945) and available K according to Rhoades’ method (1996) [26,27,28,29]. Soil pH was assessed potentiometrically by using a pH meter in a solution of soil of ratio 1:2.5.




2.5. Measurement of Plant Root Length


Root samples were collected from the soil profiles at V5, R1, R3 and R6 for plant root length determination by using a sharp-edged iron box of 10 cm length, 5 cm width and 10 cm depth. The iron box was pressed into the soil vertically and opened into it, thus yielding soil cores of these dimensions. The sampling depth was determined by the actual growth of crop roots. Each sample was put into a 100-mesh nylon bag, cleaned with tap water and the root length measured with the measuring foot.




2.6. Measurements of Crop Yield Traits


In both experiments, the total arid matter and yield of grain traits were calculated by harvesting plants from three randomly identified areas of one m2 with five replications in each plot at physiological maturity. The harvested plants were sun dried and weighed to record the total biomass. The cobs were removed and shelled manually to determination yield of grain and associated components for each treatment. The final grain yield was set to 14% moisture and yield traits were determined as follows.




2.7. Harvest Index


Harvest index (HI) was studied as the ratio between the weight of grain and the total dry weight of the above powdered biomass:


  HI   ( % )   =     Grain   yield    Dry   weight   of   above   ground   biomass    × 100  



(2)








2.8. Agronomic Efficiency of Fertilizers


Agronomic efficiency of fertilizers (i.e., increase in grain yield per unit use of NPK) for each treatment was assessed according to Novoa and Loomis (1981).


   AE     (   kg   grain  /  kg   NPK   )    =  Y   F   NPK     



(3)




where, AE is the agronomic efficiency, Y is the yield of the treated plot and FNPK is the sum of nitrogen, phosphorus and potash applied in the treatment.




2.9. Yield Sustainability Index


The yield sustainability index (i.e., the quantitative assessment of the sustainability of a treatment) was calculated using the method given by Singh et al., (1990):


  YSI =      YM    −    Sd    YMax    



(4)




where YSI is the yield sustainability index, YM is the mean yield, Sd is the standard deviation and YMax is the maximum yield of the plot under a treatment.




2.10. Statistical Analysis


For all parameters, the difference between treatment means was evaluated by one-way analysis of variance (ANOVA) using Duncan’s multiple range test at p = 0.05. Statistical analysis was carried out using the SPSS statistical package (SPSS Inc., Chicago, IL, USA).





3. Results


3.1. Grain Yield and Total Biomass


The data for grain yield in Table 3 show that application of NPK, either through inorganic fertilizers or in combination with FYM or PM, significantly increased the grain and biological yields of maize. The maximum grain yield was obtained in those treatments where the integrated application of organic and inorganic manures was used. In the 2012 growing seasons, the highest grain yield (8.43 t ha−1) and total biomass (17.6 t ha−1) were recorded in the plots where inorganic fertilizers 150-85-50 kg ha−1 NPK were applied with 7 t ha−1 PM. However, more grain yield (9 t ha−1) and total biomass (18.1 t ha−1) were obtained under the same treatment in the 2013 growing season compared to the 2012 growing season. The second highest grain yield was achieved, with a slight difference, by the treatments in which inorganic fertilizers were applied along with FYM, in both years respectively. The highest HI (0.47 and 0.49) was also calculated for the treatments where inorganic fertilizers 150-85-50 kg ha−1 were applied with 7.0 t ha−1 PM during 2012 and 2013, respectively, and the second highest was achieved, with a nonsignificant difference, by the treatments in which inorganic fertilizers were applied along with FYM in both years. In brief, grain yield and total biomass were greater in treatments for which organic and inorganic nutrient sources were applied in combination as compared to their sole applications.




3.2. Agronomic Efficiency and Yield Sustainability Index


The AE of fertilizers was greater in all plots under the treatments that were amended with organic manures in combination with mineral fertilizers. The highest values of AE (10.52 kg grain/kg NPK) were recorded in the 2012 growing season in the plots where inorganic fertilizers 150-85-50 kg NPK ha−1 were applied along with 7 t ha−1 PM. This was followed by the treatments where mineral fertilizers were applied with FYM, which were higher than sole applications. The first growing season (2012) relatively gave lower AE values (10.32 kg grain/kg NPK) than 2013 (10.52 kg grain/kg NPK). Similarly, YSI, which indicates the quantitative assessment of the sustainability of the treatments, was recorded at higher rates overall for the treatments of mineral fertilizers application integrated with OM. The lowest values of YSI were recorded for the plots treated with sole application of OM, which were about 15% lower than treatments where organic manures were applied in combination with inorganic fertilizers.




3.3. Effects on Hydrological and Physical Soil Properties


The physical and hydrological characteristics of untouched soils under each treatment are shown in Figure 1 and Figure 2. The data show that the soil parameters (soil bulk density, porosity and soil permeability) demonstrated a significant relation to OM application. The differences in these traits between the first sampling (V5) and second sampling stages (R1) were not found but they differed at varying soil layers, with lower bulk density and higher porosity and permeability at 0–20 cm and opposite trends at the 20–40 cm soil layer. More positive effects of OM application on these traits were observed in the single application of FYM and PM than in the sole application of NPK and its integration with OM. The OM use lessened the bulk density in the 0–20 and 20–40 cm soil layers from 1.67 and 1.82 g cm−3 to 1.25 and 1.33 g cm−3 under 16 t FYM ha−1 and to 1.37 and 1.34 g cm−3 under 13 t PM ha−1 treatments, respectively. The soil porosity and soil permeability were generally inversely correlated with soil bulk density. Significant increases in the soil porosity at the 0–20 and 20–40 cm soil layers from 48.33 and 37.86% in control to 59.9 and 47.5% in 16 t FYM ha−1 and to 52.5 and 42.1% under 13 t PM ha−1 were observed, respectively. Significant increases in the soil permeability from 389 and 371 cm day−1 in control to 485 and 400 cm day−1 in 16 t FYM ha−1 and to 445 and 380 cm day−1 in 13 t PM ha−1 were observed at depths of 0–20 and 20–40 cm, respectively.



Similarly, the positive effects of OM manures on soil hydraulic properties such as Ks, WHC, SWC and RAWC were observed after irrigation and these effects were more pronounced in the treatments amended with sole application of OM and its integration with mineral NPK than in the treatments with sole application of NPK (Figure 2). The Ks ranged from 1.5 to 1.0 mm min−1 at 0 to 7 days after irrigation in control, whereas it ranged from 1.56 to 1.6 and 1.55 to 1.5 mm min−1 at 0 to 7 days after irrigation in 16 t FYM ha−1 and 13 t PM ha−1 treatments, respectively (Figure 2A). OM increased the WHC which ranged from 0.8 to 0.3 g g−1 at 0 to 7 days after irrigation in control compared to a range of 0.82 to 0.8 and 0.8 to 0.71 g/g at 0 to 7 days after irrigation in 16 t FYM ha−1 and 13 t PM ha−1 treatments, respectively (Figure 2B). Likewise, the SWC increased from the OM application, ranging from 45.8 to 46% and 45.5 to 43% (v/v) at 0 to 7 days after irrigation in 16 t FYM ha−1 and 13 t PM ha−1 treatments, respectively, whereas in control it ranged from 45 to 27% at 0 to 7 days after irrigation. The RAWC increased from OM application to a great extent (Figure 2D). RAWC ranged from 18 to 12% (v/v) at 0 to 7 days after irrigation in control, and it ranged from 18 to 17% and 18 to 13% at 0 to 7 days after irrigation under 16 t FYM ha−1 and 13 t PM ha−1 applications, respectively.




3.4. Effects on Plant Root Length


Figure 3 illustrates the progressive increase in root length of maize plants, which reached a maximum at R6. The data show that the root length of maize plants was affected by the sources of nutrients. OM sole application, as well as its integrated application with chemical NPK, increased the plant root length at all growth stage of the crop. The highest root lengths (75 cm) were recorded in the plots where inorganic fertilizers were applied with 7 t ha−1 PM and 8.5 t ha−1 FYM.




3.5. Effects on Soil Chemical Properties


Significant differences were observed among the treatments for soil pH, organic carbon, extractable N and K and available P concentrations under application of OM and inorganic fertilizers during the transit growth stages of the crop (Figure 4 and Figure 5). The soil pH was higher at V5 and R1 and then it decreased during R3 and R6. Soil pH decreased with the application of OM and lower values were recorded under the OM application treatments, either alone or in combination with mineral fertilizers. The concentration of the nutrients in the soil was higher during the V5 and R1 stages and then a decrease was observed. It was observed that the plots treated with OM showed higher levels of organic carbon content. Maximum organic carbon was recorded under the treatment amended with 16 t ha−1 FYM and 13 t ha−1 PM applications. At V5 and R1, higher extractable N was recorded in the treatments using mineral NPK applications both in sole application and integrated application with OM, whereas, at the subsequent stages (R3 and R6), higher N content was recorded in the plots treated with sole applications of OM. Similarly, maximum available P and extractable K contents were observed under sole application of mineral NPK during V5 and R1 and then a decrease occurred in K and P during the subsequent stage. An opposite trend was recorded under the treatments using sole OM application or in combination with mineral NPK.





4. Discussion


Crop production is a soil-based process that involves extracting nutrients from the soil and supplying staple foods for humanity. Effective and efficient approaches to slowing down and reversing nutrient depletion will be required in order to maintain and increase long-term soil quality and crop productivity. The results of this study show that increasing crop yields and sustaining them at a high level must include an integrated nutrient approach along with other complementary measures.



The increase in grain yields under integrated application of nutrient sources (Table 3) might have been due to the availability of nutrients throughout the growth period and the synergistic impact of OM, which could potentially have supplemented the chemical fertilizers to rapidly supply the immediately required nutrients to crop plants. Our results showing that crop productivity increased through application of inorganic fertilizers in integration with OM are in accordance with the findings of studies on different crops. The positive effect of OM addition on crop yield and soil productivity could be attributed to the improved physio-biochemical soil characteristics, favorable soil nutrient levels and greater soil water availability. Fasihi and Malik (1989) suggested in a 20-year study on sugarcane that to obtain the best potential yields, 50% of total N requirements should be made available in the form of FYM and 50% in the form of inorganic fertilizers [30].



The efficiency of inorganic fertilizers was improved when used in combination with OM and this might be attributed to the improvement of soil health including better soil nutrient levels through the application of OM [4]. Tayebeh Abedi et al. (2010) found that OM application in wheat improved the soil properties and use efficiency of the recommended N fertilizer, and suggested that 30% of the total required N fertilizer for wheat production could be replaced by OM application [14]. Thus, OM enhances the efficiency of chemical fertilizers and may reduce their use and thereby crop production cost. Greater HI values obtained from the integrated nutrient treatments reflect a greater partitioning of plant dry matter from the grains than the vegetative plant tissues. Similarly, greater yield sustainability values for integrated nutrient treatments than control and separate applications of nutrient sources indicate that crop yields were more sustainable under integrated nutrient application (Table 3).



The treatments without or with low OM application showed lower soil organic carbon and available N levels during both growing years, which might be the outcome of the suppressed rate of mineralization resulting from less activity of soil microbes compared to the treatments with the optimum amount of OM (Figure 5). The same results were reported by Smith et al. (1993) who found that addition of organic residues can increase microbial pool sizes and their activity, C and N mineralization rates and enzyme activities related to the nutrient cycling process. Soil nutrient status showed a better response to chemical fertilizers with OM than non-OM applied treatments [31]. These results confirm the fact that OM application reduces the leaching of applied inorganic N fertilizer and promotes better use of applied nutrients [32]. A decrease in soil pH observed under OM application (Figure 4) might be due to the presence of humic and fulvic acids in OM, which have been reported to reduce the pH level of alkaline soils [33].



Greater root lengths observed in plants under OM and their integrated application treatments might reflect the long-term effect of OM on soil structure improvement by increasing the soil pore spaces and decreasing the soil compaction. Long-term cultivation without application of OM tends to increase soil compaction and decrease permeability and soil organic matter contents [19]. In addition, the favorable root development environment induced by the addition of OM caused more and longer maize plant roots over the growth period of the maize, which could absorb more moisture over longer periods from the root zone to supply greater amounts of water to the crop. That organic manuring enhances the root development is also in line with the results of Bilalis et al. (2012) who recorded greater root lengths and above-ground dry biomass in plots treated with green manure [34].



Long-term and non-sustainable agricultural practice has resulted in poor soil qualities such as degradation, fertility exhaustion, erosion and compaction [3,19,35]. The addition of organic amendments in this study demonstrated a significant improvement in the soil physical properties associated with the structural stability of the soil (Figure 3). These results are also in accordance with previous findings that soil aggregation and porosity are essentially improved by the presence of soil organic matter and microbiological activity [4,32,36]. The lower soil bulk density resulting from OM addition may decrease the degree of soil compaction, while improved soil porosity could enhance the aeration and moisture preservation capacity. Readily available water is the content of water that a plant can uptake from the soil while available water is the amount of water retained in the field between water holding capacity and the permanent wilting point of the soil. We determined the effect of OM application on water retention properties during the silking stage because the period between silking and maturity is the crucial period for kernel formation and maize requires enough water to maintain its reproductive growth. The incorporation of OM improved both the soil readily available water contents and saturation water contents after irrigation, both of which were available to plants. The increased water availability might be related to the increased micro- and macro-porosity of soil. Hathaway-Jenkins et al. (2011) reported that the soil permeability rate was about three times higher in organically managed grassland soils than conventionally managed soils [20]. In addition, they noted that organically managed soils reduced the predicted runoff by up to 28% by increasing the soil saturation and permeability rates. Similarly, Gangwar et al. (2006) concluded that integrated application of FYM with chemical fertilizers resulted in 44% more organic matter in the soil, 25% higher porosity and 16 times more water holding capacity than the sole application of chemical fertilizers [12]. From the results of our study, it can also be suggested that soil bulk density, porosity, soil structure and soil-water properties are not constant and can be altered positively through nutrient management.



All types of OM significantly increased the water holding capacity of soil, suggesting that this is the best option for retaining more water in soil and thus saving time, money and energy in the cost of frequently irrigating the crops. Additionally, the increased water retention due to OM application may contribute to overcoming the problem of uncertain water limitations under field conditions. Charles (2012) concluded that for every one percent of organic matter content, soil can hold 16,500 gallons of plant-available water per acre of soil, which roughly equals 1.5 quarts of water per cubic foot of soil for each percent of OM [37,38]. From all these soil-based positive aspects of OM and their synergistic effects with inorganic fertilizers, a practical recommendation for a maize-based cropping system would be to combine chemical fertilizers with 7–9 t ha−1 FYM or PM.




5. Conclusions


From the results of this study, it can be concluded that integrated use of organic manures can ensure an ecologically sound technology for improving physiochemical and hydrological properties of soil and crop productivity. Therefore, either type of organic manure can be applied by farmers to minimize the risks of soil degradation and fertility depletion to gain higher crop productivity and agricultural sustainability. With added organic manures, the soil bulk density decreased and the porosity increased. Organic manures improved the water retention capacity of the soil (i.e., increased soil permeability, saturation and total available and readily available water contents). The successively higher water contents after irrigation application in the soils amended with organic manures also indicated that organic matter could hold and sustain more soil moisture levels under natural conditions. Eventually, the application of organic matter improved the plant root development, final grain yields and chemical fertilizer use efficiency in the maize-based cropping system. The higher levels of soil nutrients and the physical properties observed during the late crop growth period under organic manures application suggest that the benefits of organic manures application could be long term. However, long-term residual impacts of slowly and rapidly decomposing organic amendments may differ significantly over time. Moreover, it is likely that the effects of organic manures may differ in different soil types depending on the soil moisture status and the plant available water contents under different precipitation frequencies and intensities. Therefore, further research efforts are required to explore the residual effects of organic manures as well as their effects on soil moisture status and plant available water contents under different levels of water application.
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Figure 1. Effect of organic manures and inorganic fertilizers on porosity, bulk density and permeability of soil from the 0–20 cm (A,C,E) and 20–40 cm (B,D,F) soil layers at five-leaf (V5) and silking (R1) stages. Data use the mean of two years’ measurements. Vertical bars above means indicate the standard error for six replications (n = 6) and bars followed by different lowercase letters are significantly different at p < 0.05. 
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Figure 2. Effect of organic manures and inorganic fertilizers on saturated hydraulic conductivity (Ks; (A)), water holding capacity (WHC; (B)), saturation water content (SWC; (C)) and readily available water content (RAWC; D) after applying the irrigation; 0 indicates the measurements of the plot soils one day after irrigation before the start of experiment. Vertical bars indicate the standard error of six replications (n = 6) at p < 0.05. 
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Figure 3. Effect of organic manures and inorganic fertilizers on root length of maize plant at five-leaf stage (V5), silking stage (R1), milk stage (R3) and physiological maturity stage (R6). Vertical bars above means indicate standard error for six replications (n = 6) and bars followed by different lowercase letters are significantly different at p < 0.05. 
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Figure 4. Effect of organic manures and inorganic fertilizers on soil pH at five-leaf stage (V5), silking stage (R1), milk stage (R3) and physiological maturity (R6). Vertical bars above means indicate standard error for ten replications (n = 10) and bars followed by different lowercase letters are significantly different at p < 0.05. 
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Figure 5. Effect of organic manures and inorganic fertilizers on contents of soil organic carbon (A), extractable N (B), available P (C) and extractable K (D) at five-leaf stage (V5), silking stage (R1), milk stage (R3) and physiological maturity (R6). The values are the means of at least three replications (n = 3) at p < 0.05. 
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Table 1. Characteristics of organic manures and in-organic fertilizers used in the experiment.
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	Nutrient Source
	OC (%)
	C:N
	DM

(%)
	N

(%)
	P

(%)
	K

(%)
	Ca

(%)
	Mg (%)
	Ash (%)





	FYM
	18.2
	14
	65.3
	1.3
	0.41
	0.73
	1.9
	0.8
	42.5



	PM
	24.2
	16
	78.5
	1.75
	0.65
	1.07
	2.2
	0.6
	40.1



	Urea
	-
	-
	-
	46
	0
	0
	-
	-
	-



	DAP
	-
	-
	-
	18
	46
	0
	-
	-
	-



	SOP
	-
	-
	-
	0
	0
	50
	-
	-
	-







OC: organic carbon, DM: dry matter content, FYM: farmyard manure, PM: poultry manure, SOP: sulphate of potassium.
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Table 2. Description of treatments applied in the study.
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	Treatments
	Application Rate





	NPK
	250-150-125 kg ha−1



	FYM
	16 t ha−1



	PM
	13 t ha−1



	NPK + FYM
	150-85-50 kg ha−1 + 8.5 t ha−1



	NPK + PM
	150-85-50 kg ha−1 + 7.0 t ha−1







FYM: farmyard manure, PM: poultry manure, NPK: nitrogen, phosphorus and potassium.
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Table 3. Effect of organic manures and inorganic fertilizers on crop yield and related traits in maize during the 2012 and 2013 growing seasons.
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Treatments

	
Grain Yield

(t ha−1)

	
Total Biomass

(t ha−1)

	
HI

	
AE

(kg Yield/kg NPK)

	
YSI






	
2012




	
NPK

	
7.50 c

	
16.71 c

	
0.44 b

	
6.6 cd

	
0.71 c




	
FYM

	
6.07 e

	
14.83 e

	
0.40 d

	
5.3 e

	
0.67 d




	
PM

	
7.13 d

	
15.90 d

	
0.43 bc

	
6.8 c

	
0.72 c




	
NPK + FYM

	
8.00 b

	
17.10 b

	
0.46 ab

	
8.3 b

	
0.83 b




	
NPK + PM

	
8.43 a

	
17.60 a

	
0.47 a

	
10.3 a

	
0.87 a




	
2013




	
NPK

	
7.61 c

	
16.83 c

	
0.46 bc

	
6.8 d

	
0.75 c




	
FYM

	
6.33 e

	
14.85 e

	
0.42 d

	
5.5 e

	
0.71 d




	
PM

	
7.25 d

	
15.96 d

	
0.44 c

	
7.1 c

	
0.75 c




	
NPK + FYM

	
8.17 b

	
17.24 b

	
0.48 ab

	
8.5 b

	
0.84 b




	
NPK + PM

	
8.54 a

	
17.75 a

	
0.49 a

	
10.5 a

	
0.90 a








HI: harvest index, AE: agronomic efficiency, YSI: yield sustainability index. In the Treatments column, NPK = 250-150-125 kg ha−1 (recommended rate), FYM = 16 t ha−1, PM = 13 t ha−1, NPK + FYM = 150-85-50 kg ha−1 + 8.5 t ha−1 and NPK + PM = 150-85-50 kg ha−1 + 7.0 t ha−1. Different lowercase letters following the data within a column indicate significant differences at p < 0.05. The data are the means of five replications (n = 5).
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