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Abstract 20 

Drought (40% field moisture capacity), organic fertilizer (O-F; 10%), and nano vs. bulk-ZnO 21 

particles (1.7 vs. 3.5 mg Zn/kg) were assessed in soil to determine their interactive effects on 22 

wheat performance and nutrient acquisition. Drought significantly reduced (6%) chlorophyll 23 

levels, whereas nano and bulk-ZnO alleviated some stress, thereby increasing (14-16%) 24 

chlorophyll levels, compared to the control. O-F increased (29%) chlorophyll levels and 25 

counteracted Zn’s effect. Drought delayed (3-days) panicle emergence; O-F,  nano and bulk-ZnO 26 

each accelerated (5-days) panicle emergence under drought, relative to the control and absence 27 

of O-F. Drought reduced (51%) grain yield, while O-F increased (130%) yield under drought. 28 

Grain yield was unaffected by Zn treatment under drought but increased (88%) under non-29 

drought condition with bulk-ZnO, relative to the control. Drought lowered (43%) shoot Zn 30 

uptake. Compared to the control, nano and bulk-ZnO increased (39 and 23%, respectively) shoot 31 

Zn in the absence of O-F, whereas O-F amendment enhanced (94%) shoot Zn. Drought increased 32 

(48%) grain Zn concentration; nano and bulk-ZnO increased (29 and 18%, respectively) grain 33 

Zn, relative to the control, and O-F increased (85%) grain Zn. Zn recovery efficiency was in the 34 

order O-F>nano-ZnO>bulk-ZnO, regardless of the water status. Grain Fe concentration was 35 

unaffected by drought, under which O-F significantly reduced grain Fe, and nano-ZnO 36 

significantly reduced grain Fe, in the absence of O-F. Nano and bulk-ZnO also significantly 37 

reduced grain Fe, with O-F amendment under drought. Drought can have dire consequences for 38 

food and nutrition security, with implications for human health. This study demonstrated that 39 

drought-induced effects in food crops can be partially or wholly alleviated by ZnO particles and 40 

Zn-rich O-F. Understanding the interactions of drought and potential mitigation strategies such 41 
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as fertilization with Zn-rich organic manure and ZnO can increase options for sustaining food 42 

production and quality under adverse conditions.  43 

Keywords: Cow manure; Drought; Organic fertilizer; Wheat; Zinc; Zinc oxide nanoparticles 44 

1. Introduction 45 

Drought negatively affects soil water availability, crop growth and productivity, leading to 46 

economic losses (Lesk et al., 2016). In addition, nutrient mobility and uptake by plants can be 47 

impeded in soil with low moisture (Al-Kaisi et al., 2013; He and Dijkstra 2014; Karim and 48 

Raman 2015; Moreno-Jiménez et al., 2019), with potentially cascading effects on metabolism 49 

(e.g., hormones and chlorophyll), phenological development and acquisition of nutrients 50 

(Hajiboland and Amirazad 2010; Nikolaeva et al., 2010; Defez et al., 2017; Dimkpa et al., 2017a, 51 

2019a, 2020). Not surprisingly, plant macronutrient (nitrogen, phosphorus and potassium; NPK) 52 

use efficiencies that are already low, <50%, under normal soil moisture conditions (Baligar et al., 53 

2001) are exacerbated by drought, further reducing fertilizer efficacy. The combined reduction in 54 

grain yield and nutritional quality induced by drought results in double burden, leading to food 55 

and nutrition insecurity in humans (Fischer et al., 2019). 56 

From a plant-soil perspective, the effects of drought on soil moisture and plant productivity can 57 

be mitigated by soil amendment or fertilization, of which among others, organic matter and zinc 58 

(Zn) have been described (Karim et al., 2012; Bodner et al., 2015; Bindraban et al., 2020a). As 59 

organic matter, manure can influence soil moisture holding capacity by increasing soil 60 

infiltration, minimizing soil evaporation, and capturing and storing water for plant’s future use. 61 

Together, these benefits of organic manure allow for plant root proliferation and penetration to 62 
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access soil nutrients under otherwise difficult conditions. However, organic manure, in and of 63 

itself, can serve as fertilizers, contributing substantial amounts of different nutrients to the soil 64 

(Haynes and Naidu, 1998; Sheppard, 2019), depending on the source - animal or plant - and its 65 

history. Accordingly, organic matter can also influence the effects of native nutrients or applied 66 

mineral fertilizer-nutrients by modulating their mobility and availability under varying soil water 67 

conditions (Tagwira et al., 1992; Moreno-Jiménez et al., 2019). Similarly, micronutrients such as 68 

Zn can regulate plant response to drought and mitigate negative effects. Up-regulation of abscisic 69 

acid to optimize stomatal closure and conserve water; increased production and activity of 70 

oxidative enzymes, and up-regulation of genes involved in water stress have been noted as 71 

potential mechanisms (Zengin 2006; Karim and Rahman 2015; Taran et al., 2017; Yang et al., 72 

2018; Lamaoui et al., 2018).  73 

The form of Zn that plants are exposed to could differentially influence the nutrient’s role in 74 

modulating plant response to drought stress. ZnO nanoparticles (≤100 nm in at least one 75 

dimension) are more reactive than their bulk scale (≥ 1000 nm) counterparts due to their small 76 

size and enhanced surface area, as well as  potentially engineered specific properties through 77 

coatings and/or functionalization to facilitate nutrient delivery (Graham et al., 2016; Medina-78 

Velo et al., 2017). Multiple enhanced effects of nanoscale compared to bulk-scale ZnO have 79 

been observed in wheat under drought stress (Dimkpa et al., 2020). In contrast, no major 80 

differences were observed between ionic and nanoscale Zn in drought-stressed soybean, except 81 

for greater Zn accumulation due to ionic Zn treatment (Dimkpa et al., 2017a). This points to 82 

rapid dissolution into ions as a key fate of nanoscale ZnO in plant-soil systems (Wang et al., 83 

2013). However, soil organic matter status can influence the bioavailability of nanoscale ZnO to 84 

plants (Medina-Velo et al., 2017; Moghaddasi et al., 2017; Dimkpa 2018). 85 
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Many drought-impacted soils around the world suffer from a simultaneous lack of organic matter 86 

and Zn (Moreno-Jiménez et al., 2019), potentially making crops grown on such soils more 87 

susceptible to the impacts of drought. Nevertheless, studies are unavailable that simultaneously 88 

addressed the effects of drought, organic amendment, and ZnO nanoparticles on crop 89 

performance and nutrient acquisition. We postulate that Zn and organic manure may interact 90 

with drought to modulate the plant responses. Consequently, the objective of the present study 91 

was to explore the interactive effects of drought, organic amendment and ZnO nano vs. bulk 92 

particles on wheat performance (vegetative and reproductive) and accumulation of nutrients (Zn, 93 

N, P, K, Fe, Ca, Mg and S). In particular, grain accumulation of micro (Zn and Fe) and 94 

secondary (Ca, Mg and S) nutrients were of importance, as these nutrients are essential for 95 

human health, but often are lacking in many staple diets due, in part, to excessive stripping of 96 

nutrient from soil not accompanied by replenishment via fertilization (Jones et al., 2013). The 97 

soil used in this study is Zn-deficient and very low in organic matter. To this end, cow dung was 98 

used as the source of organic manure due to its prevalent use as an organic amendment in the 99 

United States. Comparisons were made with a non-drought condition to better highlight the 100 

impact of the drought, organic manure and ZnO treatment interactions.  101 

2. Materials and Methods 102 

2.1. Chemicals 103 

Commercial ZnO nanoparticles (18 nm) were purchased from US Research Nanomaterials, Inc., 104 

Houston, Texas, USA. Bulk (>1000 nm) ZnO powder was purchased from Sigma-Aldrich, St 105 

Louis, Missouri, USA. The ZnO nanoparticles were previously characterized in water 106 

suspensions using UV-vis spectrophotometry and transmission electron microscopy  (Dimkpa et 107 

al., 2018, 2020), showing a spectral peak of 374 nm that is indicative of ZnO nanoparticles, and 108 
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variably-shaped particles of both nano and super-nano scale dimensions, indicating propensity 109 

for aggregation. Organic manure was supplied through composted cow dung (Black KOW; 110 

Black Gold Compost Co. Oxford, Florida) that was acquired from a local Supply Store. The 111 

manure is labelled by the manufacturer as containing 0.5% each of N, P, and K; however, it was 112 

further characterized in this study using standard analytical methods: scalar segmented flow 113 

analyzer for N and P, inductively coupled plasma-optical emission spectroscopy (ICP-OES) for 114 

metals, and CNS analyzer for C and S, to obtain more detail on the chemical properties (Table 115 

1).  116 

2.2. Soil preparation 117 

The soil used in the study is a sandy loam collected from Plains, Texas. Its chemical properties 118 

are presented in Table 1. The soil was divided into two portions and one portion was amended 119 

with cow manure at 10% of the soil weight. Separately, the manure-unamended and amended 120 

portions were fertilized (by mixing in a rotary shaker) with N and P at 100 and 75 mg/kg, 121 

respectively. Because the soil contained more than adequate levels of K, no additional K was 122 

provided (see also Wang et al., 2018). Subsequently, 8 kg of each soil was weighed into 123 

individual pots.  124 

2.3. Plant growth 125 

A greenhouse-based pot experiment involving winter wheat (Triticum aestivum L. var. Dyna-Gro 126 

9522) was conducted in Muscle Shoals, Alabama (34.7448° N, 87.6675° W) between November 127 

and May (temperature, 1-33 oC; relative humidity, 25-92%). Three wheat seeds were sown in the 128 

potted soils, which upon germination was thinned down to one. Two weeks post-germination, the 129 

soils were fertilized with ZnO nano (2.17 mg/kg) and bulk (4.34 mg/kg) particles by subsurface 130 

incorporation, whereby 3 cm-deep holes were made about 3 cm away from the base of the 131 
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plantlets and the dry powders were placed and the holes covered with soil. These levels of ZnO 132 

amounted to Zn rates of 1.7 mg Zn/kg for ZnO nanoparticles, and 3.5 mg Zn/kg for bulk ZnO 133 

particles. Thus, twice the rate of Zn was used in the case of the bulk product. Lower rate of nano 134 

Zn was used due to increased reactivity of nanomaterials compared to bulk materials. Moreover, 135 

using a lower rate of the nanoparticles allowed to assess one of the goals of nanotechnology, 136 

which is to reduce the input rates of chemical fertilizers in agriculture (see Kottegoda et al., 137 

2017; Dimkpa et al., 2020). One-week post Zn treatment, a portion of the plantlets was exposed 138 

to drought stress by maintaining the soil at 40% of field moisture capacity (FMC) until harvest, 139 

approximately 210 days after sowing. The method for achieving 40% FMC is as previously 140 

described (Dimkpa et al., 2020). Ultimately, three Zn treatments were established in 3 replicates: 141 

control; nano ZnO and bulk ZnO, without and with amendment of cow manure. Each of these 142 

treatments was then duplicated for  drought stress and non-drought (80% FMC) conditions. This 143 

resulted in a total of 12 treatments, which were placed into a randomized complete block design. 144 

During the growth period, chlorophyll was measured at three intervals (two, six and ten weeks 145 

after drought stress imposition) using a Soil-Plant Analyses Development (SPAD) meter (Konica 146 

Minolta). The time to panicle emergence from the primary shoot was monitored on a daily basis 147 

after drought imposition. At full maturity, plant height was measured, and plants were harvested 148 

and processed for shoot biomass and grain yield.  Shoot tissues were analyzed for N, P, K, Zn, 149 

Fe, S, Ca and Mg.  150 

2.4. Plant nutrient analyses 151 

Harvested plant tissues were separated into shoot (leaves, stems and panicle head) biomass and 152 

grain, and separately oven-dried (60 °C) to constant weight. Shoot biomass and grain weights on 153 

dry basis were collected, and the dried tissues were ground into powder using a Model 4 Thomas 154 
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Wiley Laboratory Mill (Pennsylvania, USA) for shoot biomass, or using a ZM 100 Retsch 155 

grinder (Restch GmbH, Haan, Germany) for grain. A subset of ground tissue was acid-digested 156 

(in 3 mL sulfuric acid + 1 mL H2O2), heated for one h at 350 oC and cooled to ambient 157 

temperature, before being equilibrated with d-H2O and subjected to the following analytical 158 

procedures to determine elemental content: Skalar segmented flow analysis for N and P, and 159 

ICP-OES (model Spectro Arcos, SPECTRO Analytical Instruments GmbH, Kleve, Germany) for 160 

K, S, Zn, Ca, Mg, and Fe. Sulfur was extracted using a nitric and perchloric acid (5 mL; 1:1, v:v) 161 

digestion that oxidizes the plant S to sulfate (SO4) (Blanchar et al., 1965). This digestion was 162 

done for 1 hr at 150 ºC, followed by capping with a funnel, and increasing the temperature to 200 163 

ºC until only 1 mL of solution remained. Soil samples were recovered from the pots for each 164 

treatment to determine residual Zn levels. To this end, soils were sieved and extracted for Zn 165 

using DTPA (1:2 w/v [soil:DTPA solution]). All samples were shaken for 2 h, filtered, and then 166 

analyzed by ICP-OES. 167 

2.5. Data Analysis 168 

Data were analyzed using a generalized linear mixed model (GLMM) with a factorial 169 

arrangement within a randomized complete block design using Statistical Analysis System 170 

(SAS) Version 9.4.  The factors, namely Zn treatment, water status (drought vs. non-drought) 171 

and organic fertilizer status (without and with amendment), were handled as fixed effects.  The 172 

error estimated as the residual was handled as a random effect. Residuals from all response 173 

variables showed normal distribution and variances associated with the experimental factors 174 

were found to be homogeneous; as a consequence, the normal distribution was used to fit the 175 

GLMM, and the error variance-covariance matrix was homogeneous. P values equal or lower 176 

than 0.1 were considered significant both in the main effects of the Analysis of Variance or in 177 
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Least Square Mean (LS Mean) comparisons of significant effects. The GLIMMIX procedure 178 

from SAS was utilized for these analyses. 179 

3. Results and Discussion 180 

In this study, wheat was exposed or not to drought (40 vs. 80% FMC), cow manure, and ZnO 181 

nano or bulk particles in order to assess the interactive effects of these factors on crop parameters 182 

related to metabolism, development, productivity and nutrient acquisition, as a function of an 183 

adverse growth condition. At 40% FMC, the drought condition imposed in this study can be 184 

considered moderate, as opposed to severe. The measured parameters showed triple, double, or 185 

no interactive responses to the experimental factors.  Based on data in Table 1 indicating the high 186 

content of nutrients in the cow manure relative to the soil, the cow organic treatment is 187 

henceforth in this study referred to as ‘‘organic fertilizer’’. 188 

3.1. Interactive effects of drought, organic fertilizer and ZnO on chlorophyll production 189 

Prior studies have demonstrated SPAD to be predictive of chlorophyll content (e.g., Ling et al., 190 

2011; Liu et al., 2019). The SPAD values reported herein were averaged from three 191 

measurements taken at different times during wheat growth. There was no triple interaction 192 

effect of water status, organic fertilization and Zn treatment on the production of chlorophyll, 193 

based on SPAD measurements (Table 2). However, the separate interaction of water status and 194 

Zn treatment, and of organic fertilization and Zn treatment were significant for SPAD. Drought 195 

significantly affected SPAD values, relative to the non-drought condition (Table 2). Under 196 

drought, SPAD values were significantly higher in the Zn treatments relative to the control; 197 

however, there was no difference between the nanoscale and bulk particle treatments. In contrast, 198 

under non-drought condition, nano and bulk ZnO resulted in similar SPAD values as the control; 199 

however, nano ZnO lowered SPAD values when compared to bulk ZnO (Figure 1). Organic 200 
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fertilizer amendment increased SPAD values, relative to its absence; and in the absence of 201 

organic fertilizer, ZnO nano and bulk particles significantly increased SPAD values, compared to 202 

the control. With organic fertilization, the significant effects of Zn treatments on SPAD levels 203 

were negated (Figure 1). Studies show that the individual factors of drought, organic fertilization 204 

and Zn can modulate plant chlorophyll content in their own right (e.g., Ganeshamurthy and 205 

Reddy 2000; Keyvan 2010; Nikolaeva et al., 2010; Dimkpa et al., 2017a,b, 2018; Taran et al., 206 

2017). Mechanistically, depending on intensity, drought can modulate the production of reactive 207 

oxygen species (ROS) (Foyer and Noctor 2005; Taran et al., 2017), of which the chloroplast is a 208 

unique organelle for intensive production due to unbalanced rates of electron transport and СО2 209 

fixation. Whereas ROS have both positive and negative effects on plants (reviewed in Mittler 210 

2017), under severe drought, ROS over-accumulation can result in oxidation of lipids and loss of 211 

pigments such as chlorophyll. The negation of the Zn treatment effect on SPAD levels by 212 

organic fertilizer, which was corollary to increased SPAD levels, led us to analyze the Zn content 213 

of the cow manure; the data showed that its Zn content on per kg basis (10.5 mg) was about 3-6 214 

times higher than the Zn rates used from the ZnO nano (1.7 mg) and bulk (3.5 mg) particles. 215 

However, by applying 0.8 kg of the organic fertilizer per pot, additional 8.4 mg Zn was added to 216 

the  pots with  the cow manure treatment. The increased Zn exposure in the presence of organic 217 

fertilizer likely contributed in nullifying the effects of nano and bulk ZnO particles on SPAD, 218 

and indeed on several other parameters, as discussed subsequently. Zn stimulation of chlorophyll 219 

is due to the element being a cofactor of enzymes involved in chlorophyll biosynthesis. Notably, 220 

Zn in different forms (ionic, nano and bulk oxides) can stimulate chlorophyll production in crop 221 

plants, regardless of the water status (Subbaiah et al., 2016; Dimkpa et a. 2017a,b, 2018; Taran et 222 

al., 2017; Munir et al., 2018), although in this study, we observed this effect only under drought 223 
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stress. Munir et al., (2010) showed under non-drought condition a dose-dependent effect of Zn 224 

(as nanoparticles) on chlorophyll production in wheat. In the present study, the higher SPAD 225 

values resulting from bulk ZnO relative to nano ZnO may reflect the dynamics of Zn 226 

bioavailability, whereby a higher Zn exposure rate during peak metabolic stage from bulk ZnO, 227 

in combination with improved soil moisture in the non-droughted soil, would have contributed to 228 

this outcome. 229 

3.2. Interactive effects of drought, organic fertilizer and ZnO particles on panicle emergence 230 

There was significant triple interaction effect of water status, organic fertilization status, and Zn 231 

treatment on panicle emergence by the plants (Table 2). On average, the panicles of plants 232 

exposed to drought emerged 3 days later than those of the non-droughted plants. Similarly, 233 

compared to plants without organic fertilization, organic fertilizer significantly lowered time to 234 

panicle emergence by 5 and 2 days, under drought and non-drought conditions, respectively 235 

(Figure 2). Thus, the effect of organic fertilizer on panicle emergence was stronger under drought 236 

condition. When organic fertilizer was absent under drought condition, nano ZnO, but not bulk 237 

ZnO, significantly lowered the time to panicle emergence by 5 days, compared to the control. In 238 

contrast, the nano ZnO treatment effect was negated by organic fertilization under drought. 239 

Contrary to the drought condition with no organic fertilization, bulk ZnO, but not nano ZnO 240 

reduced the time to panicle emergence in the non-drought condition by 5 days, when compared 241 

to the control. However, this effect was also negated by organic fertilization (Figure 2). The 242 

inter-relationship between drought and Zn regarding panicle emergence confirms findings from 243 

previous studies in sorghum and wheat (Dimkpa et al., 2019a, 2020). However, limited 244 

information is available in the literature on the interactive effect of organic fertilization and Zn 245 

on plant phenological development. In one related example the interaction of a commercially 246 
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available organic potting mix (Miracle Grow®) and various types of Zn products lowered time to 247 

maturity of kidney bean, compared to the same Zn products in a normal agricultural soil 248 

(Medina-Velo et al., 2017). Separately, an amendment of cow manure reportedly reduced the 249 

number of days to flowering in maize (Amanullah and Khalid 2015). Given that the amendment 250 

of N and Zn-rich organic fertilizer facilitated panicle emergence in the current study, the 251 

observed interactive effect of organic fertilizer and Zn treatment could be related to a possible 252 

interplay of N and Zn, as reported in wheat by Sher et al. (2018). The countering of the effect of 253 

ZnO nano and bulk particle treatment on panicle emergence by the organic fertilizer is likely 254 

related to the high Zn content in the cow manure. We noted that bulk-scale ZnO (at higher rate), 255 

unlike nanoscale ZnO (at lower rate), did not affect time to panicle emergence under drought; but 256 

there was an affect under the non-drought condition. This is consistent with findings from our 257 

previous study (Dimkpa et al., 2020). In contrast, Medina-Velo et al. (2017) demonstrated that 258 

bulk ZnO and uncoated ZnO nanoparticles similarly reduced the time to maturity in kidney bean 259 

under non-drought condition, when compared to ionic Zn and coated ZnO nanoparticles. It can 260 

be imagined that the solubility dynamics and activity of the bulk ZnO were differently affected 261 

by the water status than the nano. This likely was reflected in the lower Zn recoverability of the 262 

bulk, compared to nano ZnO, in the droughted soil (see below). However, the nutritional and 263 

amendment effect of the organic fertilizer improved Zn availability from the bulk ZnO, in 264 

addition to its own Zn content. 265 

3.3. Interactive effects of drought and organic fertilizer, and effect of ZnO particles on shoot 266 

growth. 267 

Water and organic fertilization status showed a significant interaction effect on plant growth 268 

(Table 2). Shoot height was significantly greater under non-drought than under drought 269 
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condition. Under drought, organic fertilizer significantly inhibited shoot growth. This effect was, 270 

however, counteracted by adequate water in the non-drought system (Figure 3). There was no 271 

interaction of water status, or of organic fertilization with Zn treatment. Thus, each Zn treatment 272 

data was averaged across the respective drought and organic fertilizer conditions. On that basis, 273 

the nano and bulk ZnO particles each significantly increased plant height, compared to the 274 

control (Figure 3). On its own, the effect of drought in reducing shoot elongation was not 275 

unanticipated, as drought is generally known to negatively affect plant growth (Ahmad et al., 276 

2018). This is also the case for the Zn-induced increase in stem elongation, which agrees with 277 

previous reports (Dimkpa et al., 2018; Sher et al., 2018). In contrast, the organic fertilizer-278 

induced inhibition of stem elongation under drought, but not under adequate water condition, 279 

was somewhat surprising. It seems likely that enhanced exposure to Zn from the organic 280 

fertilizer amendment + ZnO particles, in combination with other unknown components of the 281 

cow manure, led to a phytotoxic response in terms of shoot elongation. This effect was clearly 282 

evident only in the absence of adequate soil moisture. It is plausible that continued exposure over 283 

the plants’ life cycle to high amounts of the ‘chemical cocktail’ (including Zn) in the cow 284 

manure and the absence of adequate moisture to dilute or dissipate the compounds in the root 285 

zone could have increased their point source concentration and inhibited stem growth.  286 

3.4. Interactive effects of drought, organic fertilizer and ZnO particles on shoot biomass 287 

There was significant triple interaction effect of water status, organic fertilizer status, and Zn 288 

treatment on plant biomass (Table 2); this was evidenced in Figure 4 by the different Zn 289 

treatment patterns across the four conditions of water status (drought vs. non-drought) and 290 

organic fertilizer status (without and with).  In general, drought significantly reduced plant 291 

biomass, relative to the non-drought condition, and organic fertilizer amendment significantly 292 



14 

 

increased plant above-ground biomass, irrespective of plant water status. But in no case across 293 

the four combinations did the Zn treatments result in significant above-ground biomass gain, 294 

relative to the control. Under drought condition, there was no effect of both types of ZnO 295 

particles on plant biomass in the absence of organic fertilization; whereas with organic fertilizer 296 

amendment, the oxide particles, strongly so bulk ZnO, reduced plant biomass compared to the 297 

control. In the non-drought condition with no organic fertilization, bulk ZnO also reduced plant 298 

biomass, compared to the control. This effect was, however, reversed by organic fertilizer 299 

amendment (Figure 4). As with the present study, our previous study involving the same soil, 300 

ZnO nanoparticles, and wheat cultivar also did not indicate greater shoot biomass due to Zn 301 

treatment (Dimkpa et al., 2018), and both Zn types also had insignificant effect on wheat 302 

biomass in the study of García-Gómez et al. (2015). There seems to be a role of particle size in 303 

the present finding for biomass production that is distinct  from organic fertilization and water 304 

status. 305 

3.5. Interactive effects of drought, organic fertilizer and ZnO particles on grain yield 306 

There was a triple interaction effect of water status, organic fertilization status, and Zn treatment 307 

on wheat grain yield (Table 2). The Zn treatment pattern changed across the four conditions 308 

resulting from combining water status and organic fertilizer status. Drought significantly reduced 309 

grain yield compared to the non-drought condition. However, organic fertilization significantly 310 

increased grain yield, under both drought and non-drought conditions (Figure 5). There was no 311 

statistically significant effect of treatment with nano and bulk of ZnO particles on grain yield 312 

under drought, although there was indication of potential for yield promotion with the Zn 313 

treatment. In the non-drought condition lacking organic fertilizer amendment, bulk ZnO, but not 314 

nano ZnO, significantly increased grain yield, compared to the control. This effect was, however, 315 
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offset by the organic fertilizer (Figure 5). A global meta-analysis of studies of wheat production 316 

in field conditions under drought (40% water reduction) indicated an average decrease of 20.6% 317 

(Daryanto et al., 2016). Here, we show under greenhouse conditions that drought stress at 40% 318 

FMC reduced grain yield by more than 100%. However, organic fertilization interacted with 319 

water status to mitigate grain yield reduction caused by drought. The rate of improvement in 320 

grain yield due to the organic fertilizer was similar in the non-drought and droughted conditions. 321 

Notably, bulk ZnO particles strongly promoted yield in the absence of organic fertilization and 322 

drought. The lack of overall strong effect with the ZnO nanoparticles treatment in the absence of 323 

organic fertilizer was surprising, given previous findings in wheat (Dimkpa et al., 2018, 2020). 324 

However, other reports in this crop have also noted no significant grain yield increase with ZnO 325 

nanoparticles (e.g., Zhang et al., 2018).  326 

3.6. Interactive effects of drought, organic fertilizer and ZnO particles on Zn accumulation  327 

Zinc accumulation by the plants was assessed for above-ground (shoot + grain) uptake and grain 328 

concentration (Figure 6). There was no triple interaction effect of water status, organic 329 

fertilization status and Zn treatment on Zn accumulation in both assessments (Table 2). Thus, Zn 330 

treatment and organic fertilization values were averaged across each water status for the drought 331 

analysis, indicating significantly lowered Zn above-ground accumulation as a result of drought 332 

(Figure 6A). In contrast to drought, there was an interaction effect of organic fertilization and Zn 333 

treatment on above-ground Zn accumulation (Table 2). In the absence of organic fertilizer, both 334 

nano and bulk ZnO particles significantly increased above-ground Zn, compared to the control; 335 

the effect was similar between the ZnO particle types. Organic fertilizer also increased the levels 336 

of Zn in the treatments but counteracted the effects of the ZnO particles on shoot Zn uptake, 337 

when compared to the control (Figure 6A). These findings resulted in differential mean Zn 338 
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recovery efficiencies (RE; defined as above-ground [shoot + grain] accumulation from Zn 339 

treatment/rate of applied Zn x 100) of the ZnO treatments under the different organic fertilization 340 

and watering scenarios. Notably, adequate watering in the control treatment (no Zn) resulted in a 341 

Zn RE that was 47% higher than in the droughted condition. However, under drought, nano and 342 

bulk ZnO treatment had low Zn REs of 5.0 and 1.6 %, respectively, while the Zn RE for the 343 

organic fertilizer control, organic fertilizer + nano ZnO, and organic fertilizer + bulk ZnO was 344 

14.9, 5.6 and 3.3%, respectively. In contrast, under non-drought condition, Zn REs were higher: 345 

7.2 and 3.6% for nano and bulk ZnO treatment, respectively; and 19.6, 6.9 and 4.2.%, 346 

respectively, for the organic fertilizer control, organic fertilizer + nano ZnO, and organic 347 

fertilizer + bulk ZnO. Collectively, These data demonstrate that (i) drought could impair Zn 348 

recovery in both unfertilized and fertilized systems; (ii) there is higher Zn recoverability from 349 

nano ZnO than bulk ZnO irrespective of soil water status; (iii) Zn in the organic fertilizer is in a 350 

more bioavailable form than Zn in the nano or bulk ZnO particles; and (iv) addition of Zn 351 

lowered RE (in the case of organic fertilizer controls) or even negated (in the case of the organic 352 

fertilizer + nano or bulk ZnO) in the drought condition, compared to the non-drought condition. 353 

Reported Zn recovery efficiency is around 13%, on the basis of Zn-sulfate (Fageria and Baligar, 354 

2005); as ionic Zn, Zn-sulfate is the most soluble and bioavailable Zn form (Wang et al., 2013; 355 

McBeath and McLaughlin, 2014). With the particulate ZnO, higher release of Zn ions could be 356 

expected from the nano than from the bulk product (McBeath and McLaughlin, 2014), 357 

explaining the higher plant RE from the nano product, in spite of lower application rate. 358 

However, as discussed previously (Dimkpa et al., 2018), particle dissolution into ions is not a 359 

dead-end process, given that the ions could be re-complexed in the soil matrix, and hence, 360 

become non-bioavailable Zn. This likely explains the overall low REs in these treatments. In the 361 
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case of the organic fertilizer, we speculate that the Zn is likely predominantly present in a 362 

chelated form with organic acids in the cow manure (Zeng et al., 2011), which increased plant 363 

mobilization and facilitated its recovery from the soil. Hence, the REs were closer to that 364 

reported by Fageria and Baligar (2005). 365 

 366 

Specifically for grain, there were separate interactions of drought and organic fertilizer, and of 367 

organic fertilizer and Zn treatment (Table 2). Drought increased grain Zn concentration when 368 

compared to the non-drought condition; this effect was notably contrary to the observation for 369 

shoot uptake. Organic fertilizer markedly increased grain Zn content, regardless of the water 370 

status (Figure 6B). In the absence of organic fertilizer, the nano ZnO significantly increased 371 

grain Zn concentration relative to the control, while bulk ZnO particles showed a median effect. 372 

As with shoot uptake, organic fertilizer increased the overall levels of Zn in the treatments but 373 

counteracted the stimulating effect of nano ZnO on grain Zn content (Figure 6B). The strong 374 

inhibition of Zn uptake by drought is consistent with previous for wheat and other crops 375 

(Dimkpa et al., 2017a, 2019a, 2020). Also, as expected based on prior studies (Dimkpa et al., 376 

2018, 2020), Zn treatment promoted Zn uptake which, notably, occurred to similar degrees 377 

between the nano and bulk ZnO particles, despite the difference in their exposure concentrations. 378 

The improved Zn uptake with organic fertilizer is likely due to the high Zn content of the cow 379 

manure, and is consistent with previous reports of organic fertilizer (including cow manure, in 380 

one case) improving the bioavailability of Zn in soil-plant systems in the long-term (Tagwira et 381 

al., 1992; Rupa et al., 2003; Moghaddasi et al., 2017). With respect to the grain, both decreases 382 

and increases in Zn concentration under drought stress have been observed. Magallanes-López et 383 

al. (2017) reported reduced grain Zn in 46 Durum wheat cultivars under full (>500 mm) and 384 
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moderate (300 mm) irrigation. In contrast, Velu et al. (2016) reported increased grain Zn 385 

concentration in 54 Bread wheat cultivars exposed to moderate or severe (180 mm) drought 386 

stress, compared to fully irrigated plants. In general, wheat grain Zn concentration appears to be 387 

increased by drought, based on a detailed review of the subject (Etienne et al., 2018). Our finding 388 

of increased grain Zn concentration under drought is, thus, not surprising, especially given that 389 

the wheat variety used in this study is a Bread wheat (Dyna-Gro 9522). The increased grain Zn 390 

by nano ZnO further confirms a role for nanoscale Zn in food fortification for human nutrition, 391 

as demonstrated in studies involving maize, sorghum, wheat, soybean and kidney bean 392 

(Subbaiah et al., 2016; Dimkpa et al., 2017, 2019a,b; Medina-Velo et al., 2017; Zhang et al., 393 

2018). Notably, organic fertilization enhanced overall grain Zn, even though it negated the 394 

benefit of Zn fortification by nano ZnO. This finding contrasted with the study of Medina-Velo 395 

et al., (2017) showing increased grain Zn in kidney bean by nano and bulk-scale ZnO that was 396 

not negated by organic amendment. However, it should be noted that significantly higher (>62 397 

mg/kg) nano and bulk ZnO levels were used in that study, compared to the present one (≤4.3 398 

mg/kg). 399 

3.7. Interactive effects of drought, organic fertilizer and ZnO particles on grain Fe, S, Mg and 400 

Ca contents 401 

In addition to Zn, other nutrients assessed for their grain contents as a function of water status, 402 

organic fertilization and ZnO nano and bulk particles exposure included Fe, S, Mg and Ca. For 403 

Fe, the interaction effect of water status, organic fertilization and Zn treatment was significant 404 

(Table 2). Whereas drought imposition by itself did not significantly lower grain Fe 405 

concentration, organic fertilization under drought decreased grain Fe concentration. Compared to 406 

the control, Zn treatment under drought in the absence of organic fertilizer resulted in 407 
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significantly lower grain Fe in the case of the nanoparticle, while a median effect was evident for 408 

the bulk particle. With organic fertilizer addition, both Zn types strongly reduced grain Fe, 409 

compared to the control (Figure 7A). Under the non-drought condition, nanoscale ZnO, and even 410 

more so bulk ZnO particles, significantly reduced grain Fe concentration in the absence of 411 

organic fertilizer. This effect was, however, eliminated by addition of organic fertilizer (Figure 412 

7A). The slight increase in the grain Fe content under drought vs. non-drought stress (approx. 413 

259 vs. 251 mg/kg), albeit insignificant, is consistent with the reported slight grain Fe increases 414 

in both Bread and Durum wheat cultivars induced by moderate drought (Velu et al., 2016; 415 

Magallanes-López et al., 2017). Reduced grain Fe with organic fertilization offered an interesting 416 

scenario of Fe-Zn interaction. Both of these nutrients occured to about the same degree in the 417 

planted system with the organic fertilizer. However, Fe being a trivalent metal, will typically be 418 

more competitive than divalent metals such as Zn for binding to biological materials (Dimkpa et 419 

al., 2009), in this case root surface. Yet, it is likely not a concidence that lower grain Fe was 420 

concomitant with higher grain Zn (compare Figure 6B vs. Figure 7A, in the absence of organic 421 

fertilizer). This potential antagonistic interaction between Zn and Fe can be viewed from either 422 

one of two standpoints in which Zn appeared to have been favored: (i) inhibition of Fe uptake 423 

from root to shoot by Zn [as shown for bean (Dimkpa et al., 2015)], resulting in reduced Fe 424 

translocation to the grain, or (ii) competition between Zn and Fe in the xylem transport system 425 

[as reported in barley (Alam et al., 2001)]. This assumption of Zn out-competing Fe for grain 426 

translocation can further be corroborated by the lower grain Fe contents in the ZnO nano and 427 

bulk particle treatments without the Zn and Fe-rich organic fertilizer. Notably, ZnO particles are 428 

reserviors of Zn ions that are released slowly over time to potentially impact such interactions.  429 

For S, there was no main effect of drought; however, drought interacted with organic fertilization 430 
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to significantly increase grain S concentration (Table 2). The respective Zn treatment effects on 431 

grain S were averaged across the given water status and organic fertilization conditions. In both 432 

drought and non-drought conditions, grain S concentration increased with organic fertilizer 433 

addition (Figure 7B). The lack of drought effect on grain content is consistent with observation 434 

in a winter wheat cutivar (Gooding et al., 2003), as well as in soybean and sorghum (Dimkpa et 435 

al., 2017a, 2019a). The increase in grain S with organic fertilization can be attributed to the high 436 

S content in the cow manure, compared to the deficient level in the soil (Table 1). 437 

For Mg, there were no interaction of plant water status, organic fertilization, and Zn treatment 438 

(Table 2). However, averaging the data from the Mg measurements show that each of these 439 

factors independently affected grain Mg significantly: drought increased grain Mg, relative to no 440 

drought (and regardless of organic fertilization and Zn treatment); organic fertilization decreased 441 

grain Mg, relative to absence of organic fertilizer (and irrespective of water status and Zn 442 

treatment); and bulk ZnO, but not nano ZnO, particles decreased grain Mg, relative to the control 443 

(and irrespective of water status and Zn treatment) (Figure 8). The increase in grain Mg 444 

concentration under drought is consistent with data for wheat and maize in a previous report 445 

(Etienne et al., 2018). In contrast to wheat, drought reduced sorghum and barley grain Mg 446 

concentrations (Dimkpa et al., 2019a; Etienne et al., 2018), which in the case of sorghum was 447 

counteracted by fertilization with ZnO nanoparticles (Dimkpa et al., 2019a). In soybean, both 448 

drought and Zn treatment had no effect on grain Mg (Dimkpa et al., 2017a). Decreased wheat 449 

grain Mg in the presence of organic product contrasted with the report of Medina-Velo et al., 450 

(2017) for kidney bean, but likely resulted in this case from competitive cationic interactions at 451 

the root zone that affected Mg uptake. Accordingly, grain Mg concentration was lowered by Zn 452 

treatment, especially by bulk ZnO with higher Zn rate. 453 
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In the case of Ca, drought had no effect on grain concentration. Amendment of organic fertilizer 454 

also did not affect grain concentration but did interact with Zn treatment (Table 2), wherein grain 455 

Ca was significantly reduced by bulk ZnO in the absence of organic fertilizer. Conversely, Zn 456 

treatment did not significantly affect grain Ca in the presence of organic fertilizer; however, nano 457 

ZnO particles significantly reduced grain Ca in the presence of organic fertilizer, compared to 458 

bulk ZnO (Figure 8). The lack of drought effect on grain Ca concentration agrees with Rose et al. 459 

(2015) and Dimkpa et al. (2017a) for wheat and soybean, respectively, under moderate drought 460 

exposure. However, it contrasted with that of sorghum showing a drought-induced increase in 461 

grain Ca (Dimkpa et al., 2019a). Contrary to data from Medina-Velo et al. (2017) for kidney 462 

bean, organic amendment did not increase grain Ca concentration in this study.  463 

3.8. Effects of drought and organic fertilizer on above-ground (shoot and grain) N, P, and K 464 

accumulation. 465 

There was no interactive effect of water status, organic fertilization and Zn treatment on shoot or 466 

grain NPK content. However, water status and/or organic fertilization significantly influenced 467 

plant NPK accumulation independently (Table 2). Therefore, all Zn treatments were averaged 468 

across drought vs. non-drought, and organic fertilizer amended vs non-amended conditions, as a 469 

function of above-ground (shoot + grain) NPK contents. The data show that NPK accumulation 470 

was significantly inhibited by drought; that P accumulation was significantly increased by 471 

organic fertilization, and that accumulation K was inhibited by organic fertilization (Figure 9). 472 

The reported effects of drought on NPK accumulation in crop plants in the literature vary 473 

depending on species, degree of water deprivation and ascociated fertilization regimes (Etienne 474 

et al., 2018; Soares et al., 2019). Lower N under drought correlated with lower SPAD levels 475 

(Figure 1), confirming the use of chlorophyll as an indictor of plant N levels (Bindraban, 1999). 476 

The inhibition of total above-ground wheat NPK acquisition by moderate drought reported 477 
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herein is consistent with drought effects on these nutrients in previous studies (Shabbir et al., 478 

2016; Danish and Zafar-ul-Hye 2019; Dimkpa et al., 2020). The plant P-enhancing effect of 479 

organic fertilizer also agreed with Gaind et al., (2006). In this regard, the organic fertilizer could 480 

stimulate phosphatase activity of P-solubilizing microbes in soil, with its organic acid content 481 

helping to solubilize P, thereby increasing the bioavailable P fraction for plant uptake (Gaind et 482 

al., 2006; Bindraban et al., 2020b). Moreover, adequate water availability in soil facilitates P 483 

mobilization (He and Dijkstra 2014). In contrast to P, reduced K accumulation by organic 484 

fertilizer agrees with organic (biochar) amendment-induced decrease in K uptake reported by 485 

Danish and Zafar-ul-Hye (2019), and could be related to cationic antagonistic interaction 486 

between K and other metals (Ca, Mg, Zn and Fe) in the cow manure. It would also appear that 487 

the plants elaborated mechanisms to exclude accumulation of K at toxic levels, considering the 488 

high levels of K in the admixture of soil and cow manure (Table 1). 489 

3.9. Effects of organic fertilizer and Zn treatment on post-harvest residual soil Zn 490 

Drought did not affect residual Zn in the post-harvest soil (data not shown). However, there was 491 

a significant interaction of organic fertilization and Zn treatment on residual Zn (Table 2), 492 

whereby the addition of organic fertilizer significantly increased soil Zn content. Under each 493 

organic fertilization status, bulk, but not nanoscale, ZnO significantly increased the residual soil 494 

Zn, compared to the control treatment (Figure 10). Higher residual Zn in the organic fertilizer-495 

amended soil directly reflects the high Zn content of the cow manure. Higher soil Zn was also 496 

reported in a cow manure-amended soil, relative to non-amended soil, although the initial Zn 497 

content of the cow manure was not determined prior to application in soil (Mogahaddasi et al., 498 

2017). Similarly, the effects of Zn treatment on residual Zn reflects the relative levels of Zn in 499 

the treatments (see also Mogahaddasi et al., 2017). In this regard, unlike the bulk ZnO particle 500 
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treatment, application of Zn at 1.7 mg/kg from ZnO nanoparticles was not high enough to allow 501 

significant residual Zn after plant harvest, especially considering Zn amounts taken into the plant 502 

shoot and grain.  503 

4. Conclusion 504 

We demonstrate in this study that moderate drought can have profound effects on wheat 505 

metabolism, phenological development, productivity and nutrient accumulation, and that 506 

fertilization with organic manure (cow dung) and nano and bulk ZnO particles can interact with 507 

drought to modulate some of these outcomes. Addition of  cow manure increased the final soil 508 

organic matter (from 0.92 to 2.58%). However, while the ‘‘organic matter’’ attributes of the cow 509 

manure may have modulated soil moisture in the droughted growth system, its mechanism of 510 

action seems to be based in large path on its Zn content, as indicated by its counteracting of Zn 511 

effects on chlorophyll level, shoot biomass, grain yield, shoot and grain Zn, and grain Fe, under 512 

the non-drought condition where soil moisture was not a concern. Thus, the cow manure acted 513 

both as an organic amendment and as an organic fertilizer capable of supplying nutrients. With 514 

ZnO nano and bulk particles, some of the effects were particle size-specific, relative to the 515 

control and under a given growth condition. These include the acceleration of panicle emergence 516 

by nano ZnO under drought, and by bulk ZnO under adequate water; decrease in shoot biomass 517 

by bulk ZnO with adequate water; and increase in grain yield by bulk ZnO under adequate water. 518 

Given that the preponderance of these size-specific effects was demonstrated by bulk ZnO 519 

particle, they could also be related to the higher Zn rate used in that treatment, which also 520 

allowed for greater residual soil Zn. However, despite higher Zn fertilization rate from the bulk 521 

ZnO, the nano ZnO notably increased shoot Zn uptake and grain Zn concentration similarly, if 522 

not slightly higher, as the bulk ZnO particles. This demonstrates the enhanced reactivity of 523 
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nanoscale materials allowing for less Zn application rate to achieve food fortification with Zn. 524 

Ultimately, the fortification of wheat grain by Zn is critical for global human nutrition and health 525 

which, as demonstrated here, can be achieved in a Zn-deficient soil by mineral Zn fertilization or 526 

amendment with Zn-rich organic manure. However, the possibility of Zn-induced reduction in 527 

the grain content of non-target essential nutrients such as Fe, Mg and Ca must also be 528 

considered. 529 
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Table and Figure Captions 731 

Table 1. pH, organic matter and nutrient contents (mg/kg) of the soil and cow manure used in the 732 

study. 733 

Table 2. P values (Pr > F) from the analysis of variance performed for the measured parameters. 734 

Figure 1. Interactive effect of water status (drought v. non drought) and Zn treatment, and of 735 

organic fertilization status and Zn treatment, on the production of chlorophyll in wheat as 736 

determined by SPAD. Values are means and standard errors (SEs). Different uppercase letters 737 

above horizontal lines represent significant interactions of water status or organic fertilizer with 738 

Zn treatment. Different lowercase letters on bars indicate significant differences among the Zn as 739 

a function of water status or organic fertilizer amendment (n=3).  740 

Figure 2. Triple interaction effect of water status (drought v. non drought), organic fertilizer and 741 

Zn treatment on time to panicle emergence in wheat. Values are means and SEs. Different 742 

uppercase letters above horizontal lines represent significant effect of water status (upper lines) 743 

and organic matter amendment (lower lines). Different lowercase letters on bars indicate 744 

significant difference among the Zn treatments, separately for organic fertilizer amendment 745 

within each water status (n=3). 746 
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Figure 3. Interactive effect of water status (drought v. non drought) and organic fertilizer, and 747 

effect of Zn treatment on wheat shoot growth. Values are means and SEs. Different uppercase 748 

letters above horizontal lines represent significant effect of water status. Different lowercase 749 

letters on bars indicate significant difference, separately for organic fertilization and water status 750 

interaction and Zn treatment (n=3). 751 

Figure 4. Interactive effect of water status (drought v. non drought), organic fertilizer and Zn 752 

treatment on wheat biomass (dry weight basis). Values are means and SEs. Different uppercase 753 

letters above horizontal lines represent significant effect of water status (upper lines) and organic 754 

fertilization (lower lines). Different lowercase letters on bars indicate significant difference 755 

among the Zn treatments, separately for organic fertilization status within each water status 756 

(n=3). 757 

Figure 5. Interactive effect of water status (drought v. non drought), organic fertilizer and Zn 758 

treatment on wheat grain yield (dry weight basis). Values are means and SEs. Different 759 

uppercase letters above horizontal lines represent significant effect of water status (upper lines) 760 

and organic fertilization (lower lines). Different lowercase letters on bars indicate significant 761 

difference among the Zn treatments, separately for organic fertilization status within each water 762 

status (n=3). 763 

Figure 6. Effect of water status (drought v. non drought), and interaction of organic fertilizer and 764 

Zn treatment on shoot Zn uptake (left panel). Interaction of drought and organic fertilizer and of 765 

organic fertilizer and Zn treatment on grain Zn concentration (right panel). Values are means and 766 

SEs. Different uppercase letters above horizontal lines represent significant interaction of organic 767 

fertilization and Zn treatment (for left panel), and for significant interaction between water status 768 

and organic fertilization or organic fertilization and Zn treatment (for right panel). Different 769 
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lowercase letters on bars indicate significant difference among the Zn treatments, separately for 770 

water status and organic fertilization (n=3). 771 

Figure 7. Interactive effects of water status (drought v. non drought), organic fertilizer and Zn 772 

treatment on grain Fe (left panel) and S (right panel) contents. Values are means and SEs. For Fe, 773 

different uppercase letters above horizontal lines represent significant effect of water status 774 

(upper lines) and organic fertilizer amendment (lower lines). Different lowercase letters on bars 775 

indicate significant difference among the Zn treatments, separately for organic fertilization status 776 

within each water regime. For S, uppercase letters above horizontal lines represent significant 777 

effect of water status while lowercase letter on bars indicate significant difference between the 778 

organic matter statuses (n=3). 779 

Figure 8. Effects of water status, organic fertilizer and Zn treatment on grain Mg and Ca 780 

concentrations. Values are means and SEs. For Mg, different lowercase letters on bars indicate 781 

significant differences, separately for water status, organic fertilizer amendment and Zn 782 

treatment. For Ca, different uppercase letters above horizontal lines represent significant 783 

interaction of organic fertilizer and Zn treatment while different lowercase letters on bars 784 

indicate significant difference among the treatments as a function of organic fertilization (n=3). 785 

Figure 9. Effects of drought and organic fertilization on N, P, and K accumulation in above-786 

ground (shoot and grain) plant tissues. Bars are means and SEs and different letters on bars 787 

indicate significant differences, for drought and non-drought conditions, and for organic 788 

fertilization (n=3). 789 

Figure 10. Interactive effect of Zn treatment and organic fertilizer amendment on residual Zn in 790 

soil after plant harvest. Values are means and SEs. Different letters on bars indicate significant 791 
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difference among the treatments, for a given organic fertilization status (n=3). 792 

Table 1 793 

Property pH Organic 
Matter 
(%) 

NH4-N  NO3-N  Avail. 
P  

K  Ca   Mg  S  DTPA-
Zn  

DTPA-
Fe 
 

Soil 6.87
± 
0.01 

0.92 ± 
0.06 

5.8± 
0.3 

0.3± 
0.05 

2.5± 
0.1 

1903
±55 

1174
±28 

150
± 
3.7 

2.7
± 
0.5 

0.1± 
0.01 

2.04± 
0.6 

Cow 
Manure 

8.08
± 
0.03 

17.5± 
0.4 

0.8± 
0.2 

57± 
0.7 

214± 
4.5 

3668
± 90 

3516
± 64 

745
± 
21 

929
± 
64 

10.5± 
0.3 

14.2± 
0.9 

 794 

 795 

Table 2 796 

 797 

1T: Zn Treatment; W: Water status; O-F: Organic fertilizer amendment.  2 Numerator Degrees of Freedom.  3 Denominator Degrees of Freedom 798 
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Table 2. P values (Pr > F) from the analysis of variance performed for each response variable 

  Pr > F 

EFFECT1 
NUM

DF2 

DEN 

DF3 
SPAD Panicle 

Plant 

Height 

Shoot 

Biomass 

Grain 

Yield 

Above-

ground 

Zn 

Grain 

Zn 

Grain 

Fe 

Grain 

S 
Grain 

Ca 

Grain 

Mg 

Total 

N 

Total 

P 

Total 

K 

Residual 

Soil Zn 

T 2 24 0.005 0.153 0.018 0.034 0.078 0.337 0.468 <.001 0.951 0.279 0.069 0.359 0.403 0.136 <.001 

W 1 24 0.001 0.003 <.001 <.001 <.001 <.001 <.001 0.274 0.024 0.196 0.035 0.058 <.001 <.001 0.193 

T*W 2 24 0.004 0.095 0.592 0.852 0.311 0.436 0.773 0.075 0.361 0.560 0.577 0.202 0.992 0.679 0.134 

O-F 1 24 <.001 <.001 0.057 <.001 <.001 <.001 <.001 <.001 <.001 0.715 0.046 0.399 <.001 <.001 <.001 

T*O-F 2 24 0.001 0.056 0.479 0.186 0.039 0.021 0.055 0.014 0.309 0.099 0.248 0.393 0.702 0.139 0.033 

W*O-F 1 24 <.001 0.025 0.005 0.015 0.998 0.456 0.001 0.001 0.009 0.173 0.439 0.426 0.919 0.674 0.328 

T*W*O-F 2 24 0.602 0.004 0.581 0.070 0.015 0.474 0.115 <.001 0.108 0.810 0.863 0.526 0.187 0.543 0.200 
1 T: Zn Treatment; W: Water status; O-F: Organic Fertilizer amendment.  2 Numerator Degrees of Freedom.  3 Denominator Degrees of Freedom 

 

 






