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Novelty Statement
Most of the arable soils in Pakistan are alkaline calcareous in nature thereby rendering very low efficiency of applied fertilizers. Moreover, the loss in soil fertility due to continuous nutrient mining by crops without adequate replenishment is creating an immediate threat to environment and food security. Cattle’s farm yard manure and press mud from sugar industry are indigenous nutrient sources for crop production in Pakistan. We found that integrated use of these organic nutrient sources along with mineral fertilizer could be a sustainable strategy to maximize wheat productivity on low-fertile alkaline calcareous soils by improving root system architecture and nutrient efficiency. In addition, results further revealed that 25% mineral fertilizers can be saved through this integration approach without compromising yield in wheat crop.
Abstract
Depleting soil fertility and low fertilizer efficiency in alkaline calcareous soils are serious issues worldwide creating an immediate threat to environment and food security. Integrated nutrient management (INM) could be a promising eco-friendly strategy for improving crop performance and resource efficiency to resolve these concerns. A field study was conducted to investigate the integrated effect of organic sources [farm yard manure (FYM) and press mud (PM)] along with various NPK rates [100, 75, 50% recommended dose of fertilizer (RDF)] on root system, nutrient efficiency, and yield of wheat crop. Longest roots were measured in FYM + RDF50 while highest surface area and number of root tips were recorded in PM + RDF50, as compared to RDF alone. However, maximum root volume and average root diameter was observed in PM + RDF100 and PM + RDF75, respectively compared with RDF only. PM + RDF100 considerably enhanced grain yield and related traits i.e. spike length, tillers count m-2 and 100-grain weight as compared to RDF only. Conjunction of PM and 100% RDF showed higher NPK uptake, than RDF alone. Recovery efficiency (RE) was calculated maximum at low fertilizer rates and vice versa. The RDF100 only showed least whilst PM + RDF50 revealed higher RE of NPK. The results suggested INM could be a sustainable approach to enhance wheat productivity and nutrient efficiency in alkaline calcareous soils. Moreover, PM along with NPK fertilizers proved superior in improving root traits and nutrient accumulation thereby increasing wheat grain yield.
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Introduction
Soil is a non-renewable natural resource posing serious hazards of degradation worldwide. The loss in soil fertility due to continuous nutrient mining by crops without adequate replenishment is creating an immediate threat to environment and food security (Ahmad et al., 2007). Wheat (Triticum aestivum L.) is a leading food grain crop of Pakistan, contributing about 1.7% of the country’s GDP and 8.7% of value addition in agriculture. During 2019-20, area under wheat crop was 8.825 million hectare with annual production of 24.946 million tons while average yield stood at 2.83 tons per hectare (GOP, 2020). This current yield per hectare of wheat is very low than the potential yield. There are multiple soil related constraints behind low yield including low organic matter, high pH, calcareousness, nutrient depletion and less use of organic nutrient sources (Akhtar et al., 2007). Low soil organic matter (< 1%) and associated nutrient supply is among the leading yield limiting factors in intensive cereal based cropping systems of arid and semi-arid regions worldwide (Mulvaney et al., 2009). Moreover, discriminate use of chemical fertilizers deteriorates soil structure, pollutes ground water and increases nitrate concentration (Zhang et al., 2010). Although, the use of mineral fertilizers cannot be over-looked but due to their rising costs and environmental concerns, there is a need to supplement them with available organic resources (Jilani et al., 2007; Chaudhry et al., 2009). Additionally, soil fertility status can be restored, maintained and/or improved with the integrative use of organic and mineral nutritional sources (Akhtar et al., 2007).
Prior to green revolution, farmers usually replenish their soils for plant nutrients by adding different organic wastes. Synthetic fertilizers enabled farmers to get higher yields only with these fertilizers, thereby reducing the use of organic materials drastically (Ahmad et al., 2007). Use of mineral fertilizers alone in intensive cropping systems creates infertility and unfavorable soil physical, chemical and biological conditions for optimum plant growth (Speir et al., 2004). The high costs of chemical fertilizers and soil degradation concerns have forced people to reconsider the organic sources in agriculture again. The gradually deteriorating soil health can be mitigated by use of organic sources (Jilani et al., 2007). Inclusion of these materials has been advocated to improve soil organic matter, soil structure, water infiltration, water holding capacity, aeration and soil granulation (Ibrahim et al., 2012). Optimum use of organic materials also encourages biological activities in soil. Combined application of organic and chemical fertilizers influence positively on microbial biomass and hence soil health (Dutta et al., 2003). However, type and quality of organic materials and application method are crucial for influencing soil characteristics and nutrient recycling (Ahmad et al., 2007; Chaudhry et al., 2013). According to Pang and Letey (2000), different organic sources have different decay rates, so the rate of nutrient mineralization for various sources and the rate of nutrient uptake by different crops are unlike.
During the past few decades, cultivation of high yielding genotypes in intensive agriculture and imbalanced use of chemical fertilizers has negatively influenced soil fertility in many sub-optimal agro-ecosystems around the globe (Speir et al., 2004). Integrated nutrient management (INM) is of utmost significance for improving soil fertility, biological properties, soil carbon pools and sustaining crop productivity of intensive cropping systems (Brady and Weil, 2008; Kumari et al., 2011). The prime objective of this concept is to increase crop yield, reduce cost of production and improve soil health (Singh et al., 2008). Different components of this approach includes: recycling of crop residues, use of organic manures, integration of soil fertility restoring crop, cultivation of efficient genotypes, utilization of biological agents, and balanced use of fertilizers (Wu and Ma, 2015). Adoption of INM concept is imperative to enhance input use efficiency, soil health and crop production in order to ensure global food security. This is the best approach for better utilization of organic nutrient sources to produce crops with less expenditure (Swarup, 2010). It optimizes all aspects of nutrient cycling intended to synchronize nutrient demand by the plants and its release into the soil (Zhang et al., 2012). It also minimizes land degradation and enhances farm productivity by improving soil physical, chemical, biological and hydrological properties (Saikia et al., 2015).
Cattle’s farm yard manure (FYM) and press mud (PM) from sugar industry are indigenous nutrient sources for crop production. The FYM is a cheap and easily available organic source which supplies macro and micronutrients, besides improving soil health (Sabah et al., 2014). The PM is a solid by-product of sugar industry which is about 3% from total quantity of cane crushed and is a rich source of organic carbon, NPK and micronutrients (Rakkiyapan et al., 2001). In Pakistan, it has been estimated that about 1.5 million tones of nutrients are available from FYM, while sugar industry is producing about 1.2 million tones of PM every year (Soomro et al., 2013). Several researchers have reported that long-term and balanced application of chemical fertilizers and organic sources can improve soil health, crop productivity, and nutrient use efficiency than any of these applied alone (Shah et al., 2009; Antil et al., 2011; Sabah et al., 2014; Ganaie et al., 2015). The present field study was therefore, planned to investigate the integrative response of FYM and PM along with various rates of NPK fertilizer on root system architecture, nutrient use efficiency and grain yield of wheat crop in alkaline calcareous soil.
Materials and methods
Site description
Experiment was conducted during Rabi, 2018-19 at the research area (Latitude 25º 24 ̍ 47 ̎ North and Longitude 68º 31 ̍ 07 ̎ East) of Nuclear Institute of Agriculture (NIA), Tandojam – Pakistan. The climate of the study area is arid with average annual precipitation of 136 mm. During the study period, the average daily maximum and minimum temperatures were 28.5 and 11.8 0C respectively, while average sunshine was 8.3 hours day-1, average relative humidity was 56.1% and average evaporation was 4.4 mm day-1. The maximum total rainfall (28.0 mm) was recorded in the month of January, 2019 (Fig. 1). The soil of the experimental site was silt loam in texture, slightly alkaline in soil reaction, deficient in organic matter, total nitrogen and available phosphorus, while adequate in available potassium. Detailed soil physico-chemical properties of the experimental site (down to 0 - 6ʺ and 7 - 12ʺ depth) are given in Table 1.
Field experiment
A field experiment was conducted to investigate the integrated effect of organic amendments i.e. farm yard manure (FYM) and press mud (PM) along with different rates of NPK fertilizer i.e. 100, 75, and 50% recommended dose of fertilizer (RDF) on yield, nutrient use efficiency and root morphology of wheat crop. The FYM and PM were applied at the rate of 10 and 5 tons ha-1 respectively, while RDF was used at the rate of 120-90-60 kg N-P-K ha-1. A randomized complete block design was employed with three replications and ten treatments (control, RDF, FYM, FYM + RDF100, FYM + RDF75, FYM + RDF50, PM, PM + RDF100, PM + RDF75, and PM + RDF50). Detail of treatments used in experiment is described in Table 2. Seed of wheat cultivar Kiran-95 was obtained from Plant Breeding and Genetics Division of NIA, Tandojam – Pakistan. Sowing of wheat crop was done in individual plots of size 5 m × 5 m using single row hand drill by keeping inter-row spacing of 30 cm and seed rate of 125 kg ha-1. Required amount of phosphorus and potassium according to treatment plan was applied at sowing, while nitrogen was applied in three equivalent splits i.e. at sowing, tillering, and booting stage. All other agronomic and crop protection measures i.e. irrigation, weeding, etc. were adapted uniformly to all plots. At maturity, the crop was harvested, threshed mechanically and data regarding yield and associated traits was recorded.
Soil analysis
For determining soil physico-chemical properties of experimental soil, five samples were randomly collected prior to crop sowing. A composite sample was air-dried and grounded to pass through a 2 mm sieve. Soil texture was determined using hydrometer method by performing mechanical analysis of soil separates (sand, silt, and clay) in which soil is dispersed with sodium hexametaphosphate solution (Bouyoucos, 1962). Soil reaction (pH) and electrical conductivity (EC) were determined using soil-water suspension (1:2.5, w/v) following Anderson and Ingram (1993). Organic matter was quantified by chromic acid digestion according to Walkley-Black method (Nelson and Sommers, 1982). Calcium carbonate, sodium and chloride contents in soil were estimated according to Estefan et al., (2013). Kjeldahl nitrogen was determined following Jackson (1962). While Phosphorus and potassium were estimated using ammonium bicarbonate-diethylene triamine penta-acetic acid (AB-DTPA) as extracting solution (Soltanpour and Workman, 1979).
Characterization of root system architecture
At anthesis, three plants were selected from individual treatment in order to characterize root system architecture. The selected plants were carefully removed from field with soil to ensure maximum protection of the plant root systems. Shoots were separated from roots at the crown level and the soil was gently washed away by slow agitation in a water tank. After washing the adhering soil, root system was gently blotted with absorbent paper. They were then scanned to determine following root parameters i.e. root length, surface area, number of root tips, average root diameter and root volume using root scanner (Epson Professional Scanner), and the images were analyzed using WinRHIZOTM Pro software (Regent Instruments Inc., Canada).
Plant analysis
Plant samples (grain and straw) were dried in a forced air-driven oven at 70°C for 72 hours. Dry samples were grinded to pass through a 0.42 mm screen using a Wiley’s mill. Plant samples were analyzed for total N concentration following modified Kjeldahl method using a fully automated distillation unit (2200 Kjeltic, FOSS, UK). Samples (0.3 g each) were wet digested using 10 mL of di-acid digestion mixture [(HNO3:HClO4 (5:1, v/v)]. Total P concentration in samples was estimated according to procedure as described by Estefan et al. (2013) at 470 nm wavelength using a double beam spectrophotometer (U-2900UV/VIS, Hitachi, Japan). While total K concentration was determined using flame photometer (Corning 400, UK).
Calculation methods
Nutrient uptake (NU), and nutrient efficiency relations i.e., recovery efficiency (RE), agronomic efficiency (AE) were calculated following Pan et al. (2017).



Where TNUF and TNUCK shows total nutrient uptake (kg ha-1) from fertilized and control plots, respectively; GYF and GYCK is grain yield (kg ha-1) of fertilized and control plots, respectively; and FN is the amount of nutrient applied (kg ha-1).
Statistical analysis
The generated data was subjected to statistical analysis using computer based software STATISTIX 8.1 (Analytical Software, Inc., Tallahassee, FL, USA) to evaluate the response of integrated plant nutrient management on root system, yield and nutrient efficiency of wheat crop. All data reported in this manuscript are the means of three replicates and presented with standard errors. Treatment means showing significant differences among each other were identified through least significant difference test at 5% probability level. While graphical presentation of the data was performed using Microsoft Excel (Redmond, WA, USA).
Results
Variation in root system architecture of wheat under INM
The data pertaining to various root traits i.e. root length (RL), surface area (SA), number of root tips (NRT), average root diameter (ARD), and root volume (RV) of wheat plants is depicted in Fig. 2. Results indicated that integration of chemical fertilizers along with organic sources i.e. farm yard manure (FYM) and/or press mud (PM) significantly improved the studied root traits. The magnitude of RL varied from 190.7 cm in control to 494.3 cm in FYM + RDF50 treatment. However the treatments FYM + RDF50 and PM + RDF50 showed statistically identical results for RL. Overall, 14% higher RL was recorded with the integration of PM as compared to FYM. Root SA increased at lower rates of NPK fertilizer, irrespective of amendments. Highest root SA (96.9 cm2) was measured in treatment PM + RDF50 followed by FYM + RDF50 (90.2 cm2) while minimum was recorded in control (27.8 cm2). The NRT per plant varied with changing NPK rates along with organic interventions. The NRT increased from 598 in control treatment to 928 in PM + RDF50 followed by PM + RDF75 (900) and FYM + RDF50 (879). Wheat plants showed differential response for ARD to applied fertilizer with or without PM and/or FYM. The control treatment exhibited least ARD (0.50 mm), which escalated to 0.54 and 0.66 mm in response to FYM and PM, respectively. Averaged across amendments, PM resulted in 8% higher ARD than FYM. The maximum RV (1.35 cm3) was noticed in PM + RDF100 showing statistical similarity with FYM + RDF100 (1.32 cm3). However, least RV (0.43 cm3) was recorded in control plots.
Yield and associated traits of wheat in response to INM
Yield and associated traits of wheat crop influenced significantly (P ≤ 0.05) in response to integrated management of inorganic and organic intrusions. The data regarding yield associated traits i.e. spike length, 100-grain weight, and number of tillers m-2 is shown in Fig. 3a. Results revealed that different treatments contributed effectively in enhancing yield of wheat crop. Moreover, integrated effect of PM was more pronounced than FYM with respect to traits relevant to yield. Spike length increased but remained at par with corresponding increase in fertilizer rates with either organic source. Control plots revealed spike length of 8.1 cm which enhanced to 10.3 cm with the RDF100 while maximum spike length (10.7 cm) was recorded in PM + RDF100 treatment. Likewise minimum 100-grain weight (2.61 g) was observed in control treatment that was increased to maximum (4.77 g) in PM + RDF100 treatment. While treatments FYM + RDF100 and PM + RDF75 remained non-significant with each other (4.44 vs. 4.55 g). Variations among different treatments for number of tillers m-2 were found significantly. The data indicated that treatment PM + RDF100 produced highest number of tillers m-2 (576) followed by FYM + RDF100 (543) while minimum number of tillers m-2 were recorded in control (253). Treatments PM + RDF75 and FYM + RDF75 remained at par to each other (493 vs. 485).
Wheat yield increased significantly in response to organic sources alone and/or in conjunction with chemical fertilizers (Fig. 3b). In this regard, yield response of PM was observed higher when combined with chemical fertilizers thereby proving superior to all other treatments. Maximum grain yield (5.6 t ha-1) was recorded in PM + RDF100 treatment that showed statistical similarity to treatment FYM + RDF100 (5.3 t ha-1). Control produced grain yield of 2.7 t ha-1 which escalated to 4.9 t ha-1 with the addition of RDF100. The treatments PM + RDF75 and FYM + RDF75 remained non-significant to each other (4.8 vs. 4.7 t ha-1). Similarly, highest straw yield (7.8 t ha-1) was produced from treatment PM + RDF100 followed by FYM + RDF100 (7.4 t ha-1), and RDF100 (7.1 t ha-1), while minimum straw yield was recorded in control treatment (4.9 t ha-1). Integration of organic amendments and chemical fertilizers increased biological yield (grain + straw) of wheat as compared to sole addition of chemical fertilizers. Control plots showed least biological yield (7.6 t ha-1) while the treatment PM + RDF100 produced highest biological yield (13.4 t ha-1) followed by FYM + RDF100 (712.8 t ha-1). Treatments PM + RDF75 and FYM + RDF75 were statistically non-significant to each other (11.5 vs. 11.0 t ha-1). Similarly, treatments PM + RDF50 and FYM + RDF50 also remained at par to each other (10.4 vs. 10.0 t ha-1).
Differential nutrient uptake by wheat under INM
Data regarding nutrient (i.e. nitrogen, phosphorus and potassium) uptake by wheat crop under the integration of organic sources and chemical fertilizers is illustrated in Fig. 4 (a, b, c). Wheat crop exhibited variable response for nutrient uptake by grains and straw when grown with different treatments of organic and inorganic sources. Nutrient uptake improved significantly with the integrated use as compared to sole application of these materials. But the integrated effect of PM was more pronounced than FYM. Minimum grain N uptake (50.3 kg ha-1) was estimated in control treatment that was escalated to maximum (101.9 kg ha-1) in PM + RDF100 followed by FYM + RDF100 (98.5 kg ha-1). While treatments PM + RDF75 and FYM + RDF75 proved statistically non-significant with each other (94.0 vs. 91.5 kg ha-1). Control plots revealed straw N uptake 10.7 kg ha-1 which enhanced to 15.5 kg ha-1 with RDF100 while reached to maximum (21.9 kg ha-1) in PM + RDF100 treatment. Similarly, total N uptake (grain + straw) varied considerably among different treatments and indicated highest (123.8 kg ha-1) in PM + RDF100 followed by FYM + RDF100 (118.0 kg ha-1) while minimum was recorded in control plots (61.1 kg ha-1). Treatments PM + RDF75 and FYM + RDF75 (111.7 vs. 107.7 kg ha-1), and PM + RDF50 and FYM + RDF50 (99.4 vs. 97.4 kg ha-1) remained at par to each other.
Combined application of organic and chemical fertilizers significantly enhanced P uptake by wheat crop than the sole addition of chemical fertilizers. The control treatment showed minimum grain P uptake (6.6 kg ha-1) while treatment PM + RDF100 accumulated maximum grain P (20.3 kg ha-1). The grain P uptake in FYM + RDF75 (17.7 kg ha-1) and PM + RDF75 (18.2 kg ha-1) remained statistically identical to the treatment RDF100 (16.4 kg ha-1). The highest straw P uptake was estimated in PM + RDF100 treatment (10.5 kg ha-1) which remained statistically at par to FYM + RDF100 (9.6 kg ha-1). The total P uptake by the above-ground plant parts (grain + straw) was recorded minimum in control plots (9.7 kg ha-1) while the treatment PM + RDF100 showed maximum value of total P uptake (30.8 kg ha-1) followed by the treatment FYM + RDF100 (29.5 kg ha-1) and RDF100 (24.1 kg ha-1). Treatments PM + RDF75 and FYM + RDF75 remained at par to each other (27.3 vs. 25.6 kg ha-1). Similarly, treatments PM + RDF50 and FYM + RDF50 were also assessed statistically non-significant with each other (23.1 vs. 22.0 kg ha-1).
Different treatments comprised of inorganic and organic sources influenced significantly on K uptake by wheat crop. The grain K uptake ranged from 28.3 kg ha-1 in the control treatment to 55.8 kg ha-1 in PM + RDF100 followed by the treatment FYM + RDF100 (55.2 kg ha-1) and RDF100 (50.0 kg ha-1). Straw K uptake increased with the additional chemical fertilizers, irrespective of organic amendments. Highest straw K uptake (40.1 kg ha-1) was estimated in PM + RDF100 which remained at par to treatments PM + RDF75 (39.6 kg ha-1), FYM + RDF100 (38.1 kg ha-1), and FYM + RDF75 (36.7 kg ha-1). While minimum straw K uptake was recorded in control treatment (22.5 kg ha-1). Total K uptake (grain + straw) different significantly among various treatments and estimated maximum (96.0 kg ha-1) in PM + RDF100 treatment followed by FYM + RDF100 (93.3 kg ha-1) while minimum was recorded in control plots (50.8 kg ha-1). Treatments PM + RDF75, FYM + RDF75 and RDF100 indicating values for total K uptake of 88.9, 86.3 and 83.7 remained statistically identical with each other.
Variation in nutrient efficiency relations of wheat
The data regarding nutrient efficiency relations i.e. recovery efficiency, and agronomic efficiency in wheat in response to integrated nutrient management is depicted in Fig. 5 (a, b). Recovery efficiencies of NPK were observed higher at lower rates and vice versa. The magnitude of N recovery efficiency varied from 39.2% (RDF100) to 63.8% (PM + RDF50) followed by FYM + RDF50 (60.6%). All other treatment remained non-significant for N recovery efficiency. The minimum P recovery efficiency (16.1%) was calculated with RDF100 which escalated to 29.8% with PM + RDF50 followed by FYM + RDF50 (27.4%). While treatments PM + RDF75 and FYM + RDF75 (26.1 vs. 23.6%), and PM + RDF100 and FYM + RDF100 (23.5 vs. 22.1%) proved statistically non-significant with each other. The treatment RDF100 revealed K recovery efficiency of 54.8% which enhanced to 82.1% with FYM + RDF50 while reached to maximum (89.5%) in PM + RDF50 treatment.
The agronomic efficiency of nutrients was also recorded higher at lower levels of fertilizers, irrespective of organic sources. The maximum N agronomic efficiency (27.1 kg kg-1) was recorded in treatment PM + RDF50 followed by PM + RDF100 (24.3 kg kg-1), while RDF100 showed minimum value for N agronomic efficiency (18.5 kg kg-1). The treatment PM + RDF50 and PM + RDF100 exhibited higher P agronomic efficiency by showing values of 36.1 and 32.4 kg kg-1 respectively. However, the lowest P agronomic efficiency (24.7 kg kg-1) was observed in plots with RDF100 only. The treatment PM + RDF75 showed statistically identical results for P agronomic efficiency with the treatments FYM + RDF100, FYM + RDF75, and FYM + RDF50. The treatment RDF100 showed lowest value of K agronomic efficiency (37.0 kg kg-1), while the highest K agronomic efficiency was estimated in PM + RDF50 (54.2 kg kg-1) which remained statistically at par to PM + RDF100 (48.6 kg kg-1).
Discussion
Plant roots are the main conduit for water and nutrient acquisition from soil. Identification and manipulation of favorable plant root traits is a fundamentally important strategy to improve crop productivity on soils with poor fertility status (Meister et al., 2014; Li et al., 2016). Results of current study revealed that root system architecture (RSA) of wheat influenced significantly under the integrated use of FYM and/or PM along with mineral fertilizers. Root length, root surface area, and number of root tips increased at lower rates while root diameter and root volume increased at higher rates of NPK, irrespective of organic sources (Fig. 2). Among organic amendments, integrative response of PM was more pronounced in improving root traits as compared to FYM. The improved physical properties in response to INM system might have provided a more desirable soil environment for the better root development. Wheat plants have monocot root system having total root length, root volume, root surface area, root diameter and number of roots as major traits (York et al., 2018). Nutrient availability poses profound impact on RSA by manipulating the root length, root diameter, root angle, No. of roots and root hairs (Benjamin et al., 2013). Wutthida and Karel (2015) studied the effect of nutrient deficiency on RSA of wheat and found that total seminal root, lateral root length and root-shoot ratio increased under N deficiency, while P deficiency revealed higher total root area and average root diameter; nonetheless K deficiency influenced slightly on the RSA of wheat.
Improvement in crop yield is the ultimate target of any nutrient management strategy. Addition of organic amendments on long-term basis along with inorganic fertilizers may enhance soil fertility by increasing organic C, macro and micronutrient content (Antil et al., 2011). Our results clearly indicated that various treatments contributed effectively to increase wheat yield. Yield response of PM along with chemical fertilizers proved superior to all other treatments. PM + RDF100 showed maximum increase in yield and associated traits i.e. spike length, 100-grain weight and No. of tillers m-2 (Fig. 3). The benefit of organic sources was quite evident as they ensured a steady nutrient supply, important for better plant growth. Slow decomposition of organic manures better synchronize the crop demand with the continuous release and availability of nutrients in soil, necessary for sustaining high yields (Katkar et al., 2011). Higher availability of plant nutrients released from FYM and/or PM might have contributed in improving yield and related traits. Moreover, contribution of humic substances from these sources along with chemical fertilizers exert positive impact on crop performance by enhancing water and nutrient absorption from soil thereby resulting in yield improvement (Ganaie et al., 2015). Bhandari et al. (2002) found identical results for rice yield with the Sesbania green manure plus 50% recommended NPK dose and 100% NPK alone. Wheat yield significantly enhanced with the use of chemical fertilizers along with compost, FYM and Sesbania green manure when compared to control (Sabah et al. 2014). Likewise, integration of FYM (15 t ha-1) and chemical fertilizers (250-120-125 kg NPK ha-1) showed the maximum grain yield of 8.47 t ha-1 in maize crop (Randhawa et al., 2012). Soomro et al. (2013) reported 25% saving of chemical fertilizers in sugarcane crop under the INM with FYM and/or PM applied at the rate of 20 t ha-1.
Sharma and Sharma (2002) investigated the effect of INM on the sustainability of rice-wheat cropping system and observed higher N uptake of rice-wheat system by 38-45 kg ha-1, P uptake by 7-10 kg ha-1, and K uptake by 25-42 kg ha-1 in response to FYM + NPK fertilizer. In current study, nutrient uptake significantly improved with the conjunctive use of inorganic and organic nutrient sources as compared to sole application of these materials. But the integrated effect of PM was superior to FYM (Fig. 4). Mitra et al. (2010) described that higher nutrient uptake under INM might be due to the release of native nutrients, synthesis of complex intermediate organic molecules during decomposition, their mobilization with different nutrients, and accumulation in various plant tissues. More nutrient uptake under INM can be attributed to additional supply of nutrients through these organic sources. Moreover, the synergistic effect of organic matter addition on the availability of native and applied nutrients could be the reason behind higher nutrient uptake and crop yield. Singh et al. (2006) reported high uptake of macronutrients (N, P and K) in response to addition of FYM and green manure. According to Shah et al. (2009), combined application of organic (poultry manure, filter cake, and FYM) and inorganic sources in the ratio of 25:75 can increase grain yield and N uptake of wheat. Joint application of organic and chemical fertilizers has positive effect on N, P and K contents in sugarcane leaf tissues (Bokhtiar and Sakurai, 2005). Singh et al. (2008) stated that high P availability with the FYM and/or PM along with inorganic P might be due to the addition of P through organic sources in excess of the crop removal. Organic acids produced from decomposition of organic resources facilitate the release of K from the K-bearing minerals, and thus enhance the K uptake by wheat (Ganaie et al., 2015).
In present study, nutrient (NPK) efficiency relations i.e. recovery efficiency and agronomic efficiency were recorded higher at lower fertilizer rates and vice versa. Least recovery efficiency of NPK were calculated with RDF100 while highest were recorded in PM + RDF50. Treatments PM + RDF50 and PM + RDF100 showed higher agronomic efficiency of applied nutrients while RDF100 exhibited lowest values (Fig. 5). Recovery efficiency of any nutrient can be described as the amount of a particular nutrient absorbed by the plant per unit of nutrient applied, while agronomic efficiency refers to the grain yield produced per unit of nutrient applied (Fageria et al., 2010). The enhanced nutrient use efficiency under INM treatments might be attributed to the impact of organic sources on soil quality and the associated effect of organic matter content on soil structure and biological activity (Bronick and Lal, 2005). Better soil quality is a fundamental component of sustainable crop production as it favors the vital soil physical, chemical, and biological processes that must occur in order to support plant growth (Speir et al., 2004). Yaduvanshi (2003) reported that conjunctive use of mineral fertilizers and FYM increase nutrient efficiency in wheat (2.2%) and rice (30.6%). Similarly, Shah et al. (2009) found that organic and mineral nutrient sources in 25:75 are the best combination to achieve high nutrient use efficiency and sustainable yield of wheat crop. Abbas et al. (2016) reported that nutrient efficiency can be enhanced using suitable combination of organic and mineral sources and tightening the ratio amid nutrients signifying that a rational merger of elements is crucial to improve their efficiency.
Conclusions
The results of current study suggested that integration of organic and mineral nutritional sources could be a sustainable strategy to maximize wheat productivity and nutrient efficiency on low-fertile alkaline calcareous soils. Although both organic sources (PM and FYM) improved root system, grain yield and nutrient uptake by wheat, but the integrative response of PM was most evident than FYM. Integrated use of PM along with RDF100 proved superior to all other treatments, indicating the highest grain yield and NPK uptake. Moreover, treatments PM + RDF75 and FYM + RDF75 showed statistically identical yield with RDF100, suggesting that 25% mineral fertilizers can be saved through this integration approach. However, further evaluation of this approach on different soil types is warranted to devise concrete recommendations for adoption on a wider scale.
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	Table 1: Physico-chemical properties of experimental site (down to 0 - 6ʺ and 7 - 12ʺ depths) and nutrient composition of organic amendments (FYM and PM) used in the study

	Parameters
	Units
	
	Soil
	
	Organic amendments

	
	
	
	0 – 6″
	7 – 12″
	
	FYM
	PM

	Sand
	%
	
	8.10
	10.60
	
	-
	-

	Silt
	%
	
	73.58
	71.70
	
	-
	-

	Clay
	%
	
	18.32
	17.70
	
	-
	-

	Textural class
	-
	
	Silt loam
	Silt loam
	
	-
	-

	pH (1:2.5)
	-
	
	7.20
	7.50
	
	-
	-

	EC (1:2.5)
	dS m-1
	
	4.18
	2.14
	
	-
	-

	Organic matter
	%
	
	0.80
	0.72
	
	-
	-

	CaCO3 contents
	%
	
	5.92
	5.95
	
	-
	-

	Sodium (Na)
	mg g-1
	
	35.65
	23.00
	
	-
	-

	Chlorides (Cl)
	mg g-1
	
	0.14
	0.27
	
	-
	-

	Nitrogen (N)
	mg g-1
	
	0.53
	0.36
	
	7.00
	12.0

	Phosphorus (P)
	mg g-1
	
	0.0031
	0.0011
	
	2.30
	1.50

	Potassium (K)
	mg g-1
	
	0.158
	0.124
	
	26.0
	62.0

	FYM = farm yard manure; PM = press mud





	Table 2: Detail of treatments used in individual plot (n = 3)

	
	Treatments
	Abbreviation
	N
	P2O5
	K2O

	T1
	Control
	Control
	-
	-
	-

	T2
	RDF (100%)
	RDF100
	120
	90
	60

	T3
	FYM (10 t ha-1)
	FYM
	-
	-
	-

	T4
	FYM (10 t ha-1) + RDF (100%)
	FYM + RDF100
	120
	90
	60

	T5
	FYM (10 t ha-1) + RDF (75%)
	FYM + RDF75
	90
	67.5
	45

	T6
	FYM (10 t ha-1) + RDF (50%)
	FYM + RDF50
	60
	45
	30

	T7
	PM (5 t ha-1)
	PM
	-
	-
	-

	T8
	PM (5 t ha-1) + RDF (100%)
	PM + RDF100
	120
	90
	60

	T9
	PM (5 t ha-1) + RDF (75%)
	PM + RDF75
	90
	67.5
	45

	T10
	PM (5 t ha-1) + RDF (50%)
	PM + RDF50
	60
	45
	30

	RDF = recommended dose of fertilizer; FYM = farm yard manure; PM = press mud;
Fertilizer (N, P, K) levels are based on kg ha-1






Fig. 1: Daily maximum and minimum temperatures (ºC day-1), relative humidity (% day-1), sunshine (hours day-1), evaporation (mm day-1), and rainfall (mm day-1) during the whole growing period of wheat crop
[image: C:\Users\IRFAN\Desktop\Fig. 2.png]
Fig. 2: Variation in different components of root system architecture (i.e. root length, surface area, No. of root tips, average root diameter, and root volume) of wheat in response to integrated plant nutrient management. Treatment details are given in Table 2. Each plotted point is the mean ± SE of three replicates. Significant highest value for each root trait is indicated by * (LSD test, P ≤ 0.05)

Fig. 3: Spike length, 100-grain weight, No. of tillers m-2 (a) and grain yield, straw yield, biological yield (b) of wheat in response to integrated plant nutrient management. Treatment details are given in Table 2. Each individual bar/point is the mean ± SE of three replicates. Bars with the same color but not sharing identical letter(s) differ significantly from each other (LSD test, P ≤ 0.05)

Fig. 4: Nutrient uptake (i.e. grain, straw, and total) by wheat in response to integrated plant nutrient management; nitrogen uptake (a), phosphorus uptake (b), and potassium uptake (c). Treatment details are given in Table 2. Each individual bar/point is the mean ± SE of three replicates. Bars with the same color but not sharing identical letter(s) differ significantly from each other (LSD test, P ≤ 0.05)

Fig. 5: Recovery efficiency (a) and agronomic efficiency (b) of nitrogen, phosphorus, and potassium by wheat in response to integrated plant nutrient management. Treatment details are given in Table 2. Each individual bar is the mean ± SE of three replicates.
Grain yield	e
b
d
a
b
c
d
a
b
c

0.14224771546198944	8.8710629429516866E-2	5.6390278015095913E-2	0.14966450949187596	0.11611848287848447	3.0472315981485257E-2	9.9279909267904032E-2	9.0331367014250596E-2	0.15561981927104651	0.10083187245029172	0.14224771546198944	8.8710629429516866E-2	5.6390278015095913E-2	0.14966450949187596	0.11611848287848447	3.0472315981485257E-2	9.9279909267904032E-2	9.0331367014250596E-2	0.15561981927104651	0.10083187245029172	Control	RDF-100	FYM	FYM + RDF-100	FYM + RDF-75	FYM + RDF-50	PM	PM + RDF-100	PM + RDF-75	PM + RDF-50	2.6802666666666672	4.9026666666666694	3.1602666666666672	5.3472000000000008	4.6701333333333332	3.9882666666666666	3.2767999999999997	5.5970666666666666	4.8255999999999855	4.3050666666666668	Straw yield	f
ab
d-f
a
b-d
c-e
ef
a
bc
cd

0.10250600488973703	0.13804946296931081	0.30148527674121456	0.25319949593484697	0.29796175737999575	0.23644773686975196	0.15197934855574163	0.29250056698708093	0.41910378747374782	0.14603244411653457	0.10250600488973703	0.13804946296931081	0.30148527674121456	0.25319949593484697	0.29796175737999575	0.23644773686975196	0.15197934855574163	0.29250056698708093	0.41910378747374782	0.14603244411653457	Control	RDF-100	FYM	FYM + RDF-100	FYM + RDF-75	FYM + RDF-50	PM	PM + RDF-100	PM + RDF-75	PM + RDF-50	4.8923999999999985	7.0821333333333394	5.6541333333333341	7.4490666666666714	6.3792000000000124	5.9973333333333434	5.3101333333333338	7.7965333333333424	6.6610666666666667	6.1342666666666661	Biological yield	0.24308907053207188	8.1952843160624581E-2	0.34725460347002612	0.39970568432084469	0.40443168551680841	0.25597077918032174	0.16147426864504708	0.20551206776488021	0.34571858248925313	4.730476117822742E-2	0.24308907053207188	8.1952843160624581E-2	0.34725460347002612	0.39970568432084469	0.40443168551680841	0.25597077918032174	0.16147426864504708	0.20551206776488021	0.34571858248925313	4.730476117822742E-2	Control	RDF-100	FYM	FYM + RDF-100	FYM + RDF-75	FYM + RDF-50	PM	PM + RDF-100	PM + RDF-75	PM + RDF-50	7.5726666666666684	11.9848	8.8144000000000027	12.79626666666667	11.049333333333335	9.9856000000000247	8.5869333333333326	13.393600000000006	11.486666666666764	10.439333333333332	
Grain / straw yield (t ha-1)
Biological yield (t ha-1)


Spike length (cm)	d
ab
c
ab
ab
ab
bc
a
ab
ab

0.5514099430155861	0.17341040462428162	0.45880080538691853	3.3372847930036045E-2	0.12032751442003189	0.14546887158517852	0.29662436066169651	0.23360993551026993	0.4168267370478686	0.20299910891816594	0.5514099430155861	0.17341040462428162	0.45880080538691853	3.3372847930036045E-2	0.12032751442003189	0.14546887158517852	0.29662436066169651	0.23360993551026993	0.4168267370478686	0.20299910891816594	8.1	10.3	9.1	10.366666666666752	10.366666666666749	10.166666666666721	9.7666666666666728	10.666666666666721	10.5	10.133333333333333	100-grain weight (g)	f
d
e
bc
c
c
e
a
b
c

8.9797149886177263E-2	8.1199643567261365E-2	4.1816058601560617E-2	0.11944496138595929	5.554348865278446E-2	2.0299910891816292E-2	7.8479429111432714E-2	0.11478513301430018	0.10275369268571972	2.336099355102535E-2	8.9797149886177263E-2	8.1199643567261365E-2	4.1816058601560617E-2	0.11944496138595929	5.554348865278446E-2	2.0299910891816292E-2	7.8479429111432714E-2	0.11478513301430018	0.10275369268571972	2.336099355102535E-2	2.6133333333333342	4.0433333333333534	3.4733333333333332	4.4400000000000004	4.3333333333333597	4.2733333333333707	3.6266666666666665	4.7666666666666684	4.55	4.3233333333333333	No. of tillers/m2	7.0637004931880814	8.7536159472833006	11.405509508245888	21.449554575036881	23.452846881249489	20.023708758021687	7.0320954107493874	28.2028014840654	3.3372847930026461	23.3461389638288	7.0637004931880814	8.7536159472833006	11.405509508245888	21.449554575036881	23.452846881249489	20.023708758021687	7.0320954107493874	28.2028014840654	3.3372847930026461	23.3461389638288	253.33333333333411	433.33333333333331	374.66666666666708	542.66666666666663	485.33333333333331	440	402	576	492.66666666666708	460	
Spike length / 100 grain weight
No. of tillers m-2


Grain K uptake	d
ab
d
ab
ab
c
d
a
b
c

0.3440056373681008	2.3188934615884977	2.0206428233105767	2.4828265130443761	1.3191040522077391	0.26627528958435731	2.4742287181268301	2.9239764695355732	0.64707924700933628	2.2815907494081413	0.3440056373681008	2.3188934615884977	2.0206428233105767	2.4828265130443761	1.3191040522077391	0.26627528958435731	2.4742287181268301	2.9239764695355732	0.64707924700933628	2.2815907494081413	Control	RDF-100	FYM	FYM + RDF-100	FYM + RDF-75	FYM + RDF-50	PM	PM + RDF-100	PM + RDF-75	PM + RDF-50	28.337794666666731	50.028829333333334	33.010448000000004	55.177149333333325	49.507120000000008	42.496896	34.099352000000387	55.822208000000003	49.330552000000012	42.794314666666644	Straw K uptake	c
b
c
ab
ab
b
c
a
a
ab

1.8688771348704345	1.3665801105732505	1.2421174514045503	1.7714835955257693	1.9519712373636671	2.0753013159876392	1.7329736482665459	2.2012843871027412	1.1798910837327639	2.2960756603200565	1.8688771348704345	1.3665801105732505	1.2421174514045503	1.7714835955257693	1.9519712373636671	2.0753013159876392	1.7329736482665459	2.2012843871027412	1.1798910837327639	2.2960756603200565	Control	RDF-100	FYM	FYM + RDF-100	FYM + RDF-75	FYM + RDF-50	PM	PM + RDF-100	PM + RDF-75	PM + RDF-50	22.475533333332905	33.664533333333338	22.957066666666691	38.093866666666095	36.743466666666059	32.949200000000005	23.536266666666691	40.136533333333361	39.617066666665941	34.881533333333294	Total K uptake	2.2007554207096107	0.98118874901251607	3.2222858990989023	4.2494312097383302	1.0597327538665215	2.0378374880514412	2.1070325667447851	1.1828201885717577	1.3783178970818981	2.2336568974825992	2.2007554207096107	0.98118874901251607	3.2222858990989023	4.2494312097383302	1.0597327538665215	2.0378374880514412	2.1070325667447851	1.1828201885717577	1.3783178970818981	2.2336568974825992	Control	RDF-100	FYM	FYM + RDF-100	FYM + RDF-75	FYM + RDF-50	PM	PM + RDF-100	PM + RDF-75	PM + RDF-50	50.813327999999991	83.693362666666658	55.967514666666183	93.271016000000003	86.250586666666649	75.446095999999997	57.635618666666645	95.958741333332355	88.947618666666727	77.675847999998936	
Grani / straw K uptake (kg ha-1)
Total K uptake (kg ha-1)


Grain P uptake	e
bc
d
a
bc
c
d
a
ab
bc

0.15711608093364121	1.0898991655478778	0.83659235254456432	0.67266069783371463	0.49187156323256243	1.1132938117895395	0.58982338114898558	0.57460046017584065	0.26468998984942177	0.69365162661501889	0.15711608093364121	1.0898991655478778	0.83659235254456432	0.67266069783371463	0.49187156323256243	1.1132938117895395	0.58982338114898558	0.57460046017584065	0.26468998984942177	0.69365162661501889	6.5853493333333892	16.411253333333189	9.1788293333333311	19.973327999999889	17.733560000000001	15.822064000000006	10.582437333333454	20.275375999999987	18.200682666666662	16.963338666666669	Straw P uptake	e
c
e
ab
c
d
e
a
bc
d

0.22451061885178866	0.85209506424318526	0.52877935701629164	0.45284356627703298	0.48460876816290405	0.22796146500594541	0.44327668698757688	0.20987025489385522	0.37090221378681715	0.44269115477074306	0.22451061885178866	0.85209506424318526	0.52877935701629164	0.45284356627703298	0.48460876816290405	0.22796146500594541	0.44327668698757688	0.20987025489385522	0.37090221378681715	0.44269115477074306	3.0863599999999987	7.7058666666666662	3.9694000000000003	9.5504346666668045	7.8676559999999665	6.1632293333333434	4.1732933333333984	10.516040000000002	9.0589333333333357	6.1148506666665856	Total P uptake	0.11337374098368203	1.9396486104940538	1.1023999529542896	1.1071191331577521	0.96740891742010493	1.2479606109653989	0.99010361198190056	0.7345326313578413	0.50023598620701626	1.0918021311773549	0.11337374098368203	1.9396486104940538	1.1023999529542896	1.1071191331577521	0.96740891742010493	1.2479606109653989	0.99010361198190056	0.7345326313578413	0.50023598620701626	1.0918021311773549	9.6717093333333324	24.117120000000035	13.148229333333298	29.52376266666667	25.601216000000004	21.985293333332905	14.755730666666768	30.791415999999987	27.259615999999987	23.078189333333032	Grain / straw P uptake (kg ha-1)
Total P uptake (kg ha-1)


Grain N uptake	f
bc
e
ab
c
d
e
a
bc
d

1.6115344847868265	2.9071107650554713	2.3624494666516567	1.4120057725855852	1.0052527852724258	2.0641105136307192	3.3730409773455103	2.1585827593091151	1.6787175259200564	1.2590552611411161	1.6115344847868265	2.9071107650554713	2.3624494666516567	1.4120057725855852	1.0052527852724258	2.0641105136307192	3.3730409773455103	2.1585827593091151	1.6787175259200564	1.2590552611411161	50.328438755555567	92.591785955555508	61.799354666666645	98.504802488888984	91.548382933333258	83.427221688889659	62.203311288889367	101.9475168000007	94.045338666665842	83.607537066665756	Straw N uptake	f
cd
ef
ab
cd
de
d-f
a
bc
cd

0.77570635995052561	0.93108585517273501	0.81791549985234058	2.0313355426872612	0.75490085152694564	1.1059101965593199	0.438539118523673	1.167954441102113	0.4360268542161953	1.0931041539741218	0.77570635995052561	0.93108585517273501	0.81791549985234058	2.0313355426872612	0.75490085152694564	1.1059101965593199	0.438539118523673	1.167954441102113	0.4360268542161953	1.0931041539741218	10.730737333333332	15.544426666666666	11.82901866666667	19.457336000000002	16.13134666666669	13.985677333333356	13.097762666666666	21.889218666666665	17.621152000000031	15.75420666666667	Total N uptake	2.3829649625243352	2.2199500802370817	2.2251555271332593	3.2729056880347627	1.7482712108587626	3.1215379578642484	3.1033041458878596	3.0475351394641534	2.1115723005858307	2.2802226405888351	2.3829649625243352	2.2199500802370817	2.2251555271332593	3.2729056880347627	1.7482712108587626	3.1215379578642484	3.1033041458878596	3.0475351394641534	2.1115723005858307	2.2802226405888351	61.059176088888911	108.1362126222222	73.628373333332249	117.96213848888901	107.67972960000002	97.412899022222234	75.301073955555538	123.8367354666661	111.66649066666668	99.361743733333284	Grain / straw N uptake (kg ha-1)
Total N uptake (kg ha-1)


Nitrogen	1.8937476395273021	1.6690532027721658	1.2819430339673092	2.2439793094769347	1.855786425832453	2.0194791748422767	3.9828561072709197	1.8937476395273021	1.6690532027721658	1.2819430339673092	2.2439793094769347	1.855786425832453	2.0194791748422767	3.9828561072709197	Control	RDF-100	FYM	FYM +   RDF-100	FYM +   RDF-75	FYM +   RDF-50	PM	PM +    RDF-100	PM +    RDF-75	PM +    RDF-50	18.52	22.224444444444444	22.109629629629627	21.799999999999986	24.306666666666661	23.837037037037032	27.080000000000002	Phosphorus	2.5249968527030693	2.2254042703629087	1.709257378623106	2.9919724126358767	2.4743819011099242	2.692638899789729	3.3104748096945467	2.5249968527030693	2.2254042703629087	1.709257378623106	2.9919724126358767	2.4743819011099242	2.692638899789729	3.3104748096945467	Control	RDF-100	FYM	FYM +   RDF-100	FYM +   RDF-75	FYM +   RDF-50	PM	PM +    RDF-100	PM +    RDF-75	PM +    RDF-50	24.693333333333161	29.632592592592587	29.479506172839489	29.066666666666663	32.408888888888889	31.782716049382532	36.10666666666625	Potassium	3.7874952790546041	3.3381064055443321	2.5638860679346211	3.4879586189538387	3.7115728516649082	2.0389583496845587	3.9657122145418398	3.7874952790546041	3.3381064055443321	2.5638860679346211	3.4879586189538387	3.7115728516649082	2.0389583496845587	3.9657122145418398	Control	RDF-100	FYM	FYM +   RDF-100	FYM +   RDF-75	FYM +   RDF-50	PM	PM +    RDF-100	PM +    RDF-75	PM +    RDF-50	37.04	44.448888888888888	44.219259259259246	43.600000000000009	48.613333333333323	47.67407407407407	54.160000000000011	
Agronomic efficiency (kg kg-1)


Nitrogen	1.9292064820223978	3.4296593315529438	2.6168582791877513	1.6344093923443082	2.6067866509913338	4.9480515069737274	7.6740576605898676	1.9292064820223978	3.4296593315529438	2.6168582791877513	1.6344093923443082	2.6067866509913338	4.9480515069737274	7.6740576605898676	39.230863777777749	47.419135333333422	51.800615012345645	60.589538222222238	52.314632814814878	56.230349530864231	63.837612740740646	Phosphorus	2.0878586461128847	1.2311356637075144	1.3961523515180077	2.9311984650217187	0.88434673800345531	0.62297570362276733	2.6585617553409824	2.0878586461128847	1.2311356637075144	1.3961523515180077	2.9311984650217187	0.88434673800345531	0.62297570362276733	2.6585617553409824	16.050456296296293	22.057837037037036	23.599269135802491	27.363519999999877	23.466340740740613	26.056158024691491	29.792177777777667	Potassium 	2.253138626413866	4.3614395916317044	4.4972163210643972	3.2565290949754999	3.1229417308180687	2.6605017207146107	6.6223269165507253	2.253138626413866	4.3614395916317044	4.4972163210643972	3.2565290949754999	3.1229417308180687	2.6605017207146107	6.6223269165507253	54.800057777777774	70.762813333333312	78.749463703703697	82.109226666666657	75.242355555555548	84.742868148148162	89.54173333333334	Recovery efficiency (%)


Rainfall	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	16	10	0	0	0	0	0	0	0	0	2	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	1	0	0	0	0	0	0	0	0	1	0	0	0	5	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	Maximum temperature	32.5	34	36	33.5	31.5	29.5	30.5	33	32.5	31.5	30.5	28.5	29.5	33.5	28	33	34.5	31.5	28	28	27	29	33.5	34	27.5	27	31.5	29	26	27.5	27.5	28.5	23.5	23	23.5	23.5	22.5	22.5	22.5	24	28.5	24	23.5	24	23	21.5	24	27	26.5	28	28	24.5	23.5	28.5	25.5	26	27	23	21.5	22	23.5	24	28	23	22.5	22.5	23.5	26.5	25	23.5	25.5	23.5	29.5	18.5	22.5	21	21	23.5	24.5	21.5	24.5	27	30	22.5	20.5	21.5	23	25.5	27.5	26.5	22	22.5	24	26.5	24.5	25	24	27	27	28.5	29.5	30.5	29.5	26.5	24	25.5	26	28	28.5	27.5	27	28.5	29.5	25	22	25	29.5	30.5	32	27.5	28	30.5	28.5	28.5	26	27.5	29.5	29.5	32	34.5	34	31.5	32.5	34.5	37	30	33.5	36	40	40.5	41.5	39	39	41.5	43	43	43.5	42	41	43.5	41	41.5	Minimum temperature	15	14.5	15	12.5	19	15	16	15	14.5	14	17.5	16.5	16	14.5	14.5	14.5	15	14	16.5	15	14	14.5	13.5	13	14.5	14	13	12.5	13.5	12.5	13	13	13	12	10	9.8000000000000007	7	7.5	7.5	7	4	6.5	7	7	7.5	7	8.5	7.5	5.5	5.5	5	6	7	8.5	10	7	8.5	12	11.5	9.5	8	7.5	9	9	11.5	9.5	8.5	7	7.5	9	7	7.5	7	10	6.5	6.5	7	6	6.5	7	7	7.5	7.5	11	7	8	8	8	9	11	8.5	6.5	7.5	8	9	10	10	10.5	9	8.5	8.5	12.5	14.5	16.5	10.5	9.5	11.5	11.5	12	12	12.5	9.5	11.5	13.5	10.5	11.5	11	13	13.5	15	14	15	13	13	14	11	13	13.5	13.5	14	13	15	15	17.5	17.5	18	17	16.5	18	18.5	17.5	18	17.5	17	18	19	21.5	20.5	22	22.5	21	20.5	Relative humidity	57	58	55	61	69	62	54	52	62	68	59	63	59	55	61	55	59	60	65	60	66	60	52	60	65	62	56	66	65	64	69	71	69	65	63	57	53	58	64	64	53	57	55	56	56	62	61	51	53	52	55	54	57	57	60	59	57	62	58	58	57	58	68	68	62	63	58	55	62	59	57	63	64	86	72	62	60	58	60	55	51	55	54	69	62	65	64	62	58	52	48	42	47	50	51	52	58	53	50	45	47	56	60	71	65	57	55	54	53	57	48	45	62	77	69	64	56	50	51	57	59	56	50	47	57	53	42	45	41	41	44	52	49	43	42	56	52	44	42	37	45	36	38	39	39	43	41	49	52	41	44	46	Sunshine	8.1	8.1	7.9	5	4.5	6.7	8.3000000000000007	8.2000000000000011	7.8	7.2	8.2000000000000011	7.5	8.2000000000000011	7.8	8.2000000000000011	8.2000000000000011	7.3	4.3	1	8.2000000000000011	8.2000000000000011	8.2000000000000011	7.7	6.8	8	8.4	8.8000000000000007	8.7000000000000011	8.7000000000000011	7.6	7.4	7.3	7.8	8.2000000000000011	8.6	8.7000000000000011	9.3000000000000007	8.9	8.7000000000000011	9.2000000000000011	9.4	9	8.5	8.9	8.6	7.9	8.6	8.8000000000000007	7.9	7.7	8.6	9.3000000000000007	8.7000000000000011	8.7000000000000011	8.6	8.6	3.6	6.5	7.9	8.1	8	7.7	6.1	1.9000000000000001	7.1	8.4	8.4	8.7000000000000011	8.2000000000000011	9	9.1	8.4	7.9	2.7	7.5	9.2000000000000011	9.3000000000000007	9.4	9.2000000000000011	9.2000000000000011	9.5	9.2000000000000011	6.1	7.6	8.9	9.3000000000000007	9.2000000000000011	8.9	8.9	8.6	8.9	8.7000000000000011	9	8.9	9.1	9.4	9.2000000000000011	9.1	9.3000000000000007	9	6.6	6.3	6.4	5.5	6.8	8.4	7.1	9.5	7.1	9	9.7000000000000011	8.6	6.3	4.2	5	9	9	9.8000000000000007	9.7000000000000011	9.4	9.7000000000000011	8	9.9	5.3	9.2000000000000011	10.1	10.4	7.9	10.7	10	10.7	10.6	10.6	10.200000000000001	10.4	9.9	8.6	9.1	9.8000000000000007	9.5	7.8	10.4	10.200000000000001	10.200000000000001	10.4	9.6	10.3	9.9	9.9	8.6	10	8.5	Evaporation	4.8	5	4.8	3.6	4.8	2.8	4.5999999999999996	4.4000000000000004	3	3.3	4.5999999999999996	4.0999999999999996	4	3.3	4	4.3	4.3	4	3.8	4	3.6	3.8	3.5	4	4.5	4	4.3	4.3	3.7	4.2	4.0999999999999996	4.2	4	3.3	3.5	3.3	3.5	3.6	3.3	3.3	4.3	3.8	3.6	3.3	4.0999999999999996	3.5	3.6	4	3.8	3.8	3.8	3.6	3.6	3.5	3.3	3.6	4	4.3	4	4.5999999999999996	4.5	4.2	5.3	4.5	4.3	3.6	3.1	3.8	4	3.5	4.3	3.8	3.1	0.5	1.8	2.8	2.2999999999999998	3.8	4.8	4.3	3.3	3.8	3.3	3	3.6	3.7	4.5999999999999996	3.8	5.5	5.6	5.0999999999999996	5.5	5.9	7.1	6.9	5.3	4.8	2.8	3.9	3.1	2.2000000000000002	5.6	3.1	2.8	3.8	4.5	4.0999999999999996	4.5	3.8	4.5999999999999996	4	4.5999999999999996	3.8	3.2	4.3	5.0999999999999996	5.8	6.1	6.6	6	5.9	3.8	5.3	5.8	5.6	4.5999999999999996	5.3	4.9000000000000004	4.5999999999999996	5.6	5.3	5.6	4.5	6	5.5	4.5999999999999996	5.3	5.9	6.1	6.1	6.3	5.9	5.3	5.6	6.1	6.1	6.1	6.6	5.6	5.3	5.9	6.8	Days
Max. & min. temperature (ᵒC d-1), relative humidity
(% d-1), sunshine (h d-1) and evaporation (mm d-1)
Rainfall (mm d-1)
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