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Background 

Zinc deficiency and related malnutrition  

Zinc deficiency in soils and related malnutrition in humans pose serious threats both to 
cereal production and human health worldwide (Alloway, 2009; Cakmak et al., 2010; Zou et 
al., 2012; Velu et al., 2014). With two thirds of the world’s agriculture land being marginal or 
severely zinc deficient and the current genetic erosion in wheat, maize and rice (FAO, 2013; 
Zou et al., 2012), there is a strong concern whether agronomic strategies for zinc 
biofortification would effectively enhance zinc concentrations for bioavailability to consumers 
post-processing.  The major cereals are inherently low in zinc concentrations, thus fortified 
foods are inherently low in zinc concentrations. Therefore, a judicious use of zinc fertilisers 
(i.e., appropriate method, rate and timing) is likely to be the primary target not only for 
correcting soil deficiencies but also increasing zinc bioavailability globally (Alloway, 2009; 
FAO, 2013; Velu et al., 2014). A judicious use of zinc fertiliser has the potential for improving 
zinc status of crops up to fourfold from current baseline, and thus, producing crops with zinc 
concentrations that meet human requirement for dietary intakes. Improving zinc 
concentration in crops via agronomic strategies (i.e., soil and foliar fertilisation) lowers the 
risk of malnutrition and chronic diseases especially in children due to inadequate zinc intake 
and it limits the need for improving zinc nutrition via supplementation of commercial 
fortification (Alloway, 2009; Velu et al., 2014). However, there is a considerable contention 
among policy makers and analysts regarding the effectiveness of the soil and foliar 
application method for zinc biofortification and the crops for which it may or may not work 
(Cakmak, 2008).  
 
Soil and foliar fertilisation  
Soil and foliar application of fertilisers are two common agronomic strategies used to correct 
nutrient deficiencies in the soil and address plant demand for a specific nutrient. In the 
recent years, there has been an increasing interest and research about how these strategies 
could be used to increase zinc concentrations in the edible parts of crops, particularly wheat, 
maize and rice (Cakmak, 2008), in a way that best fits farmers’ interests and farm economics. 
This increasing interest results from the large investments that have been made for 
production of nutraceutical preparations and development of functional foods to address the 
occurrence of zinc deficiencies in the human diet. Generally, soil strategy involves application 
of granular Zn fertiliser, usually zinc sulphate (ZnSO4 . 7H2O), before sowing at rates based on 
soil test results of the soil properties prior to the intervention. Foliar strategy involves 
spraying a zinc (ZnSO4 . 7H2O) solution on the leaves one or multiple times during growth. 
 
How soil and foliar zinc fertilisation might work  

For decades, the use of zinc fertilisers in agriculture has been justified economically for 
improving plant nutrition by increasing soil availability of nutrients for plant uptake and 
increasing productivity by increasing yields (Manzeke et al., 2012; 2014). Application of zinc 
fertilisers via soil or foliar approach is an agronomic short-term strategy that affects mainly 
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mineral nutrition and yield of crops. However, the effects of soil and foliar fertilisation on 
zinc concentrations beyond basic plant nutrition and productivity remain not fully 
understood.  

When zinc is effectively loaded into the grains by continuous uptake from the soil or by 
remobilisation from vegetative tissues, there is an increase in the grain concentrations and 
thus increases the potential for bioavailability post-processing. However, zinc may not be 
loaded effectively into the grains depending on the ability of the crop to continuously take it 
up from the soil or remobilise from leaves and stems as well as the timing and rate of 
fertiliser application (Palmgren et al., 2008; Olsen and Palmgren, 2014). Therefore, several 
factors within farming systems limit implementation and effectiveness of soil and foliar 
strategies to increase grain zinc concentrations as listed below. 

• Crop and nutrient management: crop genetics and efficiency, timing and rate of 
fertilisation; 

• Ecological, climate and weather conditions: spatial and temporal rainfall 
distribution, droughts, soils and temperatures;  

• Institutions and policies: fertiliser subsidy, land tenure and property rights, produce 
pricing policies;    

The outcomes and effects flowing from soil and foliar zinc fertilisation strategies to increase 
grain zinc concentrations suggest that a policy-relevant systematic review of the effects of soil 
and foliar fertilisation on zinc biofortification requires examination of direct effects on: 

• whole grain (including grain fractions) zinc concentrations; 

• grain yield (including harvest index); and 

• zinc bioavailability. 

Why it is important to do the review 

While commercial zinc fortification has played a key role in addressing zinc malnutrition by 
producing zinc fortified foods, empirical evidence now show that agronomic zinc 
biofortification could be an attractive strategy to mitigate zinc deficiencies in the soil and 
related malnutrition in humans (Cakmak et al., 2008). Hence, there is a scope to identify not 
only zinc fertilisation methods that increase grain zinc concentrations and grain yield and 
minimise negative impacts on the environment and crop performance but also that could 
improve zinc bioavailability post-processing. 
 
This viewpoint prompted research about the effects of soil and foliar zinc fertilisation on zinc 
biofortification particularly in countries severely affected by zinc deficiency and malnutrition. 
Recently, several primary studies attempted to study the effects of soil and foliar zinc 
fertilisation on grain zinc concentrations and bioavailability of wheat, maize and rice 
(Cakmak et al., 2010; Phattarakul et al., 2012; Wang et al., 2015; Zou et al., 2012; Zhang et 
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al., 2012; Li et al., 2015). The evidence suggests that foliar strategy is more effective than soil 
strategy in increasing grain zinc concentration with inverse relation to grain yield 
(Phattarakul et al., 2012; Ram et al., 2016). The evidence also shows that great proportion of 
grain Zn in wheat and rice comes from remobilisation from leaves before grain formation and 
from continuous uptake, respectively, suggesting that soil application would be more effective 
for zinc biofortification of rice and foliar application would be more effective for zinc 
biofortification of wheat (Waters and Sankara, 2011; Phattarakul et al., 2012).  
 
Ashong et al. (2012) reviewed the positives and negatives of rice biofortification with zinc and 
other minerals and vitamins on micronutrient status and health-related outcomes suggesting 
that industrial zinc fortification of rice could aid in the designing and implementation of 
appropriate food fortification. Brnic et al. (2016) studied zinc absorption from hydroponically 
and industrially zinc-fortified rice varieties by consumers fed with the same total zinc content 
meal, yet the study was inconclusive which strategy is more effective in increasing zinc 
bioavailability to consumers. Thus, evidence regarding the direct human health impacts of 
zinc biofortification is somewhat equivocal, largely because of low precision. Estimates based 
on the upper and lower confidence intervals of pooled effects from meta-analysis range from 
highly effective to no substantive effect (Ashong et al. 2012). Nevertheless, biofortification 
remains a mainstream development activity with annual spending millions of dollars. 
Identifying efficiencies in biofortification therefore remains an important development and 
food security objective.  
 
Although there has been extensive primary research on zinc biofortification through soil and 
foliar application of zinc fertilisers, to our knowledge, no systematic review has been 
published using systematic data collection, critical appraisal and statistical synthesis using 
network meta-analysis. The only existing evidence synthesis undertook a cost effectiveness 
analysis of the potential of zinc-enriched fertilisers to alleviate human dietary zinc deficiency 
in sub-Saharan countries (Joy et al. 2015). Whilst useful, this synthesis did not adopt the 
standard methodologies of systematic review to minimise bias. The synthesis was not guided 
by a protocol, searches and inclusion criteria were not specified, critical appraisal was not 
undertaken, effect modifiers and publication bias were not investigated and the reporting 
does not conform to the standards of the Methodological Expectations of Campbell 
Collaboration Intervention Reviews (MECCIR). Another existing systematic review focused 
on quantifying the effect of zinc deficiency on human health in relation to the incidence and 
related mortality risk of diseases such as diarrhoea, pneumonia and malaria, particularly 
among children in developing countries (Caulfield and Black, 2004). Nonetheless, this review 
did not assess the evidence regarding biofortification strategies to mitigate the prevalence of 
inadequate zinc intakes. In addition, none of the syntheses used network meta-analysis to 
compare multiple treatment effects and explore inconsistency. We are unaware of any 
network meta-analysis in agricultural research to date, despite its widespread use in other 
domains and clear application with multiple treatments regularly used in single study sites. 
Therefore, the present review is important because it could inform policy makers and food 
industries with respect to the use of inherent high zinc genotypes of the three major cereal 
crops for the development of functional foods worldwide.  This review will evaluate the effects 
of zinc fertilisation in terms of increased grain zinc concentrations with potential for 
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increased bioavailability to the consumer post-processing, and this review will also inform 
policy makers and farmers in relation to adoption of a zinc fertilisation method for zinc 
biofortification of the major cereals that could optimise utilisation efficiency, farm economics 
and environmental sustainability. 

Objectives 

The primary objective is to ascertain the effectiveness of zinc fertilisation methods on grain 
zinc concentrations and grain yield of wheat, maize and rice. 
 
Our primary research questions are: 
 

1. What are the effects of soil, foliar and soil plus foliar application of zinc fertiliser on 
zinc biofortification of wheat, maize and rice? 
 

Our secondary objective is to understand heterogeneity in the effectiveness of zinc 
biofortification with respect to postulated effect modifiers.  
 
Our secondary research question is: 
 

2. How does genetic variation within species, soil pH, zinc availability in soil, timing and 
rate of zinc fertilisation affect grain zinc concentrations and grain yield of wheat, 
maize and rice? 
 

Exploratory analyses will be undertaken to explore methodological variation (sensitivity 
analysis) and the impact of additional covariates notably location. Variation in study location 
will be considered in relation to the genetic diversity, agronomic management practices and 
ecological, climate and weather conditions. 

Methodology 

Type of studies 

This review will be limited to studies examining the effect of application of zinc fertilisers on 
grain zinc concentration and yield of wheat, maize and rice will be included in the review.  
 
Population  
The study population will be wheat, maize and rice genotypes as determined by each 
individual primary study under zinc fertilisation. Studies focusing on wheat, maize and rice 
under a fertilisation regime other than zinc will not be included in the review, likewise studies 
examining the effect of soil and foliar application of zinc fertilisers on the yield and zinc 
concentration of crops other than wheat, maize and rice will not be included in the review. 
Although such studies might be useful to understanding zinc biofortification mechanisms and 
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processes, they are not relevant to the target intervention and population of the present 
review. 
 
Intervention  
Intervention studies will be limited to those examining the effects of timing, rate and solute 
concentration of zinc fertiliser, through soil, foliar, and soil plus foliar application, on grain 
zinc concentration and grain yield of wheat, maize and rice will be included in the review. 
Soil, foliar and soil plus foliar applications are assumed to be comparable with high 
exchangeability and are assumed to be jointly randomizeable. This is a strong assumption 
which will be tested by comparison with results from pairwise meta-analysis and meta-
regressions to explore inconsistency within pairwise treatments. 
 
Comparator 
In agricultural context, eligible comparisons include no application of zinc fertiliser. Data will 
be collected on comparison conditions and tested for systematic differences in effects 
accordingly in moderator analysis. 
 
Outcomes  
Outcomes will be used to determine study eligibility. Grain zinc concentrations will be 
considered primary outcomes in this review. Secondary outcomes will be limited to grain 
yield. Grain zinc concentrations are usually measured in milligrams per kilogram (mg kg-1) 
and grain yield in tonnes per hectare (t ha-1). This review will not include outcomes relating to 
micronutrient status and human health. The meta-analyses will be used to parameterise a 
downstream systems model which will make explicit links between the systematic review 
outcomes and the quality of life and behaviour change factors of interest to policy makers. 
Heuristic discussion of these relationships will be included when considering the strength of 
evidence (indirectness) in the summary of findings. 
 
Study designs 
This review will include replicated field trials. Such studies will be included because of the 
practical implications of their findings on the decision-making for a generalised adoption or 
recommendation of a given fertilisation regime by farmers and policy makers. The review will 
include original primary research from all countries. Relevant studies written in a language 
other than English will be considered eligible for inclusion. 
 
Search strategy for identification of studies  
 
Electronic searches 
This search strategy will be used in the series of databases, selected for their known strength 
in covering the agricultural, plant nutrition and grey literature. The following electronic 
databases will be searched: Cochrane Central register of Controlled Trials (CENTRAL), 
Google Scholar, Scopus (Elsevier B.V.), Web of Science, and Science Direct. The search will 
also include the following journals: 

• Frontiers in Plant Science 
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• Plant and Soil  

• Field Crops Research 

• Euphytica 

• Soil Research 

• Communications in Soil Science and Plant Nutrition 

• Journal of Agricultural and Food Chemistry 

• Journal of Cereal Science 

• PLoS ONE 

• New Zealand Journal of Agricultural Research 

• Journal of Cereal Science 

• Agronomy Journal 

• Trends in Plant Science 

• Comprehensive Reviews in Food Science 

• Social Science and Medicine 

• Journal of Plant Nutrition 

• Journal of Agricultural Science 

• Cereal Chemistry 

• Sustainable Agricultural 

• Food Chemistry 

• Critical Reviews in Food Science and Nutrition 

• Plant Science  

Citation searches in Web of Science and Google Scholar for included studies will be 
conducted, and the names of key identified authors searched to ensure recent papers have 
not been missed. Key authors will also be contacted to request relevant papers not returned 
from the database search. Searches will not be refined by year of publication to ensure that all 
publications of an acceptable standard will be included in the review. The standard of papers 
will be dealt with through the quality assessment tool detailed below.  
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Relevant search terms will be refined to ensure the most successful search strategies are used. 
All relevant search terms must be included in the topic, keywords, title and abstract sections 
of each individual paper returned by the database. The terms Biofortification*, Zinc 
bioavailability*, Zinc biofortification* OR Zinc fertilisation*, AND Zinc concentration*, OR 
Zinc distribution*, OR Grain zinc*, AND Zinc efficiency*, Zinc nutrition*, wheat*, maize*, 
rice* will be queried. We will also search the agricultural trials registry 
http://www.agtrials.org. 

 
Search screening 

The search will then be filtered as outlined below.  

1. Title and abstract search: in addition to the full title, the abstract of the studies will 
be read to minimize the risk of error.  

 

2. Full text search: the full text of all included studies will be read and assessed for 
relevance.  

 
The titles and abstracts of articles retrieved by each search will be screened independently by 
two review authors to assess eligibility as determined by the inclusion and exclusion outlined 
above. Full copies of all eligible papers will be retrieved. When a title or abstract cannot be 
rejected with certainty, the full text of the article will be obtained for further evaluation. If full 
articles cannot be obtained, we will attempt to contact the authors to obtain further details 
of the study. Failing this, studies will be classified as 'awaiting assessment' until further 
information is published or made available to us. Disagreements at any stage of the eligibility 
assessment process will be resolved through discussion and consultation with a third author, 
where necessary. Details of excluded studies at stage two will be listed in an appendix. 

Description of methods used in research on agronomic zinc biofortification  

Field research on agronomic zinc biofortification is well established with little or no variation 
in methodological quality. The little variability is in relation to fertiliser recommendations 
which follow guidelines established by individual countries based on soil test results. 
Glasshouse studies are also well established but with significant variation in methodological 
quality. These glasshouse studies are stronger in exploring and explaining mechanisms under 
controlled conditions but weaker in addressing fertiliser recommendations and extension 
programmes. Outcomes from glasshouse studies do not reflect conditions from the real 
world. 
 
Example of studies which are eligible for inclusion in the review are provided in Table (?). 
Example would be excluded are presented in Table (?). 
 
Data extraction  
Two review authors will collect information from each study including study location 
(country, experimental site and year), study characteristics (crop species and genotype, initial 
soil pH and zinc status, form, application rate and timing of Zn fertiliser) and other critical 
management practices (NPK fertilisation, irrigation, pest/disease control). Means, sample 
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size and standard deviation of the interventions will be extracted. Additionally, key insights 
and what the effect on grain zinc concentration and yield was will be recorded.  
 
Critical appraisal  
Studies will be assessed in terms of clarity of aims, clarity and appropriateness of 
methodology, objectivity of outcome measurements, use of controls, and clarity of findings, 
which will be considered and reported in the descriptive analysis. Value judgements 
categorised as “good”, “bad” or “unclear” will be supported by a transparent rationale for the 
judgement. Potential sources of bias will be scored using a system indicating high risk, 
moderate risk and low risk of bias, as appropriate. The following categories of bias will be 
assessed (Waddington et al., 2012): confounding and sample selection bias; reporting biases; 
and other sources of bias. This involves consideration of within-study risk of bias (study 
limitations), directness of evidence, heterogeneity and precision of effect estimates. Sources 
of bias for statistical modelling studies will include factors relating to model specification 
(e.g. source of model coefficients) and methods of inference (e.g. use of systematic sensitivity 
analysis).  
 
No study will be excluded based on the critical assessment tool, but the findings will be 
considered during the evidence synthesis. The critical appraisal will inform the overall 
strength of the evidence and may inform sensitivity analysis.  
 
Moderator Variables  
This review will assess findings from a wider range of studies conducted under widely 
differing circumstances. Data on relevant contextual factors will be collected and considered 
as ‘effect modifiers’ in analysis and interpretation of the results of the systematic review. The 
following moderators have been identified: 
 

• Soil acidity: alkaline, neutral and acidic soil pH. 

• Zinc status in the soil: sufficient, marginal, deficient and severely deficient. 

• Application rate and timing: high and low rates, pre-planting, planting, seedling, 
booting, heading, flowering, seed setting and milking. 

• Genotypic and species variation 

Data synthesis and presentation 
Data will be synthesised using network meta-analysis and narrative synthesis of all studies 
that meet the quality requirements described above, with a focus on magnitude of effects and 
sample size. For data synthesis purposes, the effects on grain zinc concentrations and grain 
yield will be treated separately. Studies will be divided into the following further sub-groups 
as necessary:  

• Species: wheat - maize - rice 

 
Measures of treatment effect  
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The statistical evidence in the papers will be extracted with the intention of comparing effects 
of soil, foliar and soil plus foliar application of zinc fertiliser on outcomes. A sample of data 
extraction will be done by two team members to ensure consistency. Changes will be 
examined in comparable criteria at harvest after zinc fertiliser has been applied, or has not 
been applied. Data will be collected from multiple locations and years and combined to 
ensure independence either using two stage analysis or hierarchical models depending on 
model complexity and convergence. 
 
Data will be extracted to compute mean difference effect sizes. All effect sizes will be 
calculated consistently, so that the direction of change reflects a uniform increase or decrease 
in the outcome variable across studies (e.g. where studies estimate effects of using soil or 
foliar or soil plus foliar strategy). The effect size will then be interpreted in relation to the 
minimum increase of 8 mg Zn.kg-1 in each crop from the baseline (in mg Zn/kg grain) of 16, 
25 and 25 for rice, wheat and maize, respectively, as established by the HarvestPlus program 
for zinc biofortification interventions. 

Criteria for determination of independent findings 

Only independent effect sizes will be included in any single meta-analysis. If pooling across 
studies, only a single effect estimate for that study will be taken. The following decision 
criteria to determine independent findings will be used:  
 

• a ‘summary effect size’ will be calculated using weighted random effects meta-analysis 
to explore heterogeneity between studies attributable to effect modifiers and estimate 
the treatment effect obtained from several potentially heterogeneous sources of 
evidence (Jansen et al., 2008);  

• Meta-regression using a hierarchical model framework will be conducted to 
determine a ‘synthetic effect size’.  

Dealing with missing data  

Where measure of dispersion (i.e. standard error, standard deviation, confidence intervals) is 
not reported, primary study authors will be contacted to obtain this data, where possible. 
Failing this, standard deviation of the outcome variable will be imputed using a 
bootstrapping procedure based on runif in the R statistical software environment. 

Treatment of qualitative research  

No qualitative data is planned to be included in this review. 
 
Method of synthesis  
 
Random effects network meta-analysis will be undertaken for each crop species separately. 
Effect sizes and 95 per cent confidence intervals will be presented using forest plots. Pairwise 
meta-analyses will be conducted to further explore the sources of heterogeneity where 
appropriate. Pairwise inconsistency will be assessed using the GRADE framework and 
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heterogeneity quantified using I2. If excessive heterogeneity is detected in the data, then a 
narrative synthesis will instead be conducted guided by the data extraction form in terms of 
the ways in which studies may be grouped and summarised. The narrative analysis will follow 
guidance laid out in the ESRC Narrative Synthesis Guidance document (Popay et al, 2006). 
We will not explore inconsistency within the network itself because the models will not 
converge with the high number of covariates included in the exploration of heterogeneity. 
Instead we will perform pairwise meta-regressions using AIC/DIC to avoid overfitting. 
Moderator analysis will be conducted according to the moderator variables defined above, 
and if sufficient studies permit we will conduct analysis of publication bias using 
conventional methods such as funnel plots. 
 
The main findings of the review will be set out in summary of findings (SoF) tables 
incorporating primary outcomes only, to explain the significance of the findings. The 
outcome for each comparison will be listed with estimates of relative effects contributing data 
for those outcomes. 
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develop understanding of the causal pathway, with consideration to contextual factors that 
will affect the interventions. 
 
• Systematic review methods: Israel Domingos has developed review protocols and 
has good understanding for identification of relevant experimental studies. Marcin Baranski 
and Carlo Leifert have worked on a closely related review. Gavin Stewart has substantial 
experience of applying systematic review methods 
 
• Statistical analysis: Israel Domingos, Marcin Baranski and Gavin Stewart have 
substantial experience of using statistical methods in meta-analysis in systematic reviews. 
Carlo Leifert has conducted relevant statistical analysis.  
 
• Information retrieval: Israel Domingos has experience in finding relevant subject 
material. Paul Bilsborrow and Carlo Leifert have experience in ensuring full range of key 
factors in fertilisation practices are considered. Marcin Baranski has substantial experience in 
running database searches and using appropriate strategies.  
 

• Synthesis and report preparation: Gavin Stewart, Paul Bilsborrow, Zed Rengel, 
Ismail Cakmak and Carlo Leifert have authored several papers on the subject, conducted 
meta-analysis and written systematic review reports, substantial experience of writing and 
editing reports. 

Plans for updating the review  

The primary researcher will be responsible for updating the protocol if new evidence is 
available every five years. 
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the review in accordance with Campbell Collaboration policy. The Campbell Collaboration 
will provide as much support as possible to assist with the preparation of the review.  
 
A draft review must be submitted to the relevant Coordinating Group within two years of 
protocol publication. If drafts are not submitted before the agreed deadlines, or if we are 
unable to contact you for an extended period, the relevant Coordinating Group has the right 
to de-register the title or transfer the title to alternative authors. The Coordinating Group also 
has the right to de-register or transfer the title if it does not meet the standards of the 
Coordinating Group and/or the Campbell Collaboration.  
 
You accept responsibility for maintaining the review in light of new evidence, comments and 
criticisms, and other developments, and updating the review at least once every five years, or, 
if requested, transferring responsibility for maintaining the review to others as agreed with 
the Coordinating Group. 

Publication in the Campbell Library   

The support of the Campbell Collaboration and the relevant Coordinating Group in preparing 
your review is conditional upon your agreement to publish the protocol, finished review and 
subsequent updates in the Campbell Library. Concurrent publication in other journals is 
encouraged. However, a Campbell systematic review should be published either before, or at 
the same time as, its publication in other journals. Authors should not publish Campbell 
reviews in journals before they are ready for publication in the Campbell Library. Authors 
should remember to include a statement mentioning the published Campbell review in any 
non-Campbell publications of the review. 
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