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Abstract
AIMS

Fertilisation of crops with zinc (Zn) is considered important to enhance agricultural productivity and
combat human de�ciencies in sub-Saharan Africa. However, it is unclear on which soils Zn fertilisation
can lead to higher yields and increased grain Zn concentrations. This study aimed to �nd soil properties
that predict where soil Zn is limiting maize yields and grain Zn concentrations, and where these respond
positively to Zn fertilisation.

METHODS

Zinc omission trials were set up at multiple farm locations in Kenya (n=5), Zambia (n=4) and Zimbabwe
(n=10). Grain yields and tissue Zn concentrations were analysed from plots with a full fertiliser treatment
as compared to plots where Zn was omitted.

RESULTS

Zinc uptake (R2 = 0.35) and grain Zn concentrations (R2=0.26) on the plots without Zn fertiliser could be
related to a limited extend to soil Zn measured in extractions that measure labile Zn. A positive maize
yield response to soil Zn fertilisation was found at only two out of nineteen locations, despite soil Zn
levels below previously derived critical concentrations at most locations. Soil properties nor plant
concentrations were able to explain maize yield response to Zn fertilisation. However, a positive response
in Zn uptake and grain Zn concentrations to Zn fertilisation was found at the majority of sites.

CONCLUSIONS

We conclude that soil Zn fertilisation can increase maize grain Zn concentrations, especially in soils with
low pH and organic carbon content. Predicting a yield response to Zn fertilisation based on soil properties
remains a challenge. 

Introduction
Maize (Zea Mays) is an important staple crop in sub-Saharan Africa (SSA). It provides a signi�cant
proportion of the human daily intake of calories and mineral nutrition (Goredema-matongera et al., 2021).
The production of maize in SSA is dominated by smallholder farming, generally characterized by little use
of inputs on soils with low fertility (Santpoort, 2020; Ten Berge et al., 2019). As a result, maize yields are
often limited by multiple nutrient de�ciencies, which can be addressed by the use of mineral and organic
fertilisers (Goredema‐matongera et al., 2021; Ten Berge et al., 2019; Vanlauwe et al., 2015). It has been
recognized decades ago that soils which have been cropped with little or no inputs for prolonged periods
lack not only the macronutrients but also micronutrients to sustain crop growth (Kang and Osiname,
1985; Rodel and Hopley, 1972). Nevertheless, soil fertility and crop nutrition research in SSA has mainly
focused on macronutrients, i.e. nitrogen (N), phosphorus (P) and potassium (K) (Kihara et al., 2017;
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Stoorvogel et al., 1993; Vanlauwe et al., 2015). Research on micronutrient de�ciencies in crops has
received less frequent attention (Mutsaers et al., 2017).

With regard to maize, studies on yield response to micronutrient fertilisation in SSA have often been
conducted for only limited sets of locations with either a positive or absent yield response (Abbas et al.,
2007; Abunyewa and Mercer-Quarshie, 2003; Chiezey, 2014; Chilimba et al., 1999; Eteng et al., 2014;
Njoroge et al., 2018; Osiname et al., 1973; Shehu et al., 2018; Yerokun and Chirwa, 2014). Other studies
have focused on the effect of micronutrient fertilisation on yields at the regional or global scale in order
to understand where micronutrients may be yield-limiting. In 1990, Sillanpää (1990) published the results
of 190 single-micronutrient omission �eld trials distributed over 15 countries. It was found that among all
micronutrients, zinc (Zn) was most of the time yield-limiting, with a positive yield response to Zn
fertilisation for 49% of all locations. More recently, maize nutrient omission trials including treatments
with a mixture of secondary nutrients and micronutrients have been conducted across various countries
in SSA. Kihara et al. (2017, 2016) concluded that application of secondary and micronutrients (calcium
(Ca), magnesium (Mg), sulphur (S), boron (B) and zinc (Zn)) increased maize yields in several SSA
countries by 0.8 Mg ha-1 on average, an increase of 25% compared to application of NPK alone. Similar
results were found by Wortmann et al. (2019), who reported a mean increase in maize yields between 20
and 30% when S, Zn and B were fertilised. These studies suggest that secondary and micronutrient
de�ciencies limit maize yields across SSA. On the other hand, Rurinda et al. (2020) concluded that the
overall maize yield response to secondary and micronutrients (S, Ca, Mg, Zn, and B) was small, i.e.
between 0 and 0.3 Mg ha-1, across all studied sites in Nigeria, Tanzania and Ethiopia.

The aforementioned studies by Kihara et al. (2017) and Wortmann et al. (2019) suggest that de�ciencies
of secondary and micronutrients hamper maize yields across SSA. Since mixtures of secondary and
micronutrients were used in these studies, it remains unclear which particular micronutrients are de�cient
at which locations. Furthermore, using mixtures of nutrients makes it challenging to identify soil
properties that explain particular nutrient limitations for maize growth (Kihara et al., 2017). Such analyses
are however indispensable for extending existing science-based fertiliser recommendation schemes that
currently include only NPK, with secondary and micronutrients (Rurinda et al., 2020; Sattari et al., 2014).

Apart from yield quantity (Abbas et al., 2007; Abunyewa and Mercer-Quarshie, 2003; Kihara et al., 2017;
Manzeke et al., 2014; Njoroge et al., 2017; Sillanpää, 1990), Zn is also relevant for human health and
insu�cient intake can result in severe health issues. More than 17.3% of the global population are prone
to insu�cient Zn intake (Kiran et al., 2022) and 50% of all children in SSA are estimated to be at risk of
Zn de�ciency (Black et al., 2008). The risk of human Zn de�ciency is considered high especially in
Eastern and Southern African countries (Joy et al., 2014). Micronutrient de�ciencies in humans are
widespread in regions where crops are grown in soils with low micronutrient levels, as soil availability
determines plant uptake and therefore micronutrient concentrations in the edible parts of plants (Cakmak,
2004; Dimkpa and Bindraban, 2016; Gashu et al., 2021; Manzeke et al., 2012). Berkhout et al. (2019)
indeed found signi�cant relations between soil concentrations of micronutrients such as Zn and Cu in
SSA, and prevalence of child mortality, stunting, wasting and underweight, which are typical health



Page 4/39

problems associated with micronutrient de�ciencies. However, current assessments of possible
micronutrient de�ciencies among humans are based on standard food composition tables and
consequently do not take into account variability in soil properties and associated soil Zn availability,
which can signi�cantly affect grain Zn concentrations, and subsequent Zn intake by humans (Gashu et
al., 2021; Manzeke et al., 2012). It has been shown that increasing soil Zn availability through fertilisation
is a feasible strategy to increase grain Zn concentrations, and thereby reduce the risk for human Zn
de�ciency (Cakmak, 2008; de Valença et al., 2017; Joy et al., 2015; Manzeke et al., 2012), also known as
agronomic bioforti�cation (Kiran et al., 2022). Next to soil Zn availability, the genetic variation among
cultivated maize varieties has great implications on the Zn uptake from the soil, and the translocation of
Zn to the edible parts (Brkic et al., 2004; Oikeh et al., 2007). Knowledge on the effect of soil properties and
maize variety on total Zn uptake and associated grain Zn concentrations, and how these factors affect
the effectiveness of agronomic bioforti�cation, can enhance target-based intervention programs to
combat human Zn de�ciencies.

Soil Zn availability for plant uptake decreases with increasing pH, due to precipitation and increased
adsorption to reactive surfaces such as soil organic matter and metal (hydr)oxides (Alloway, 2009; Van
Eynde et al., 2022). With increased amounts of soil organic matter, the availability of Zn may decrease
due to increased adsorption (Van Eynde et al., 2022), or increase due to soil organic matter mineralization
(Tella et al., 2016) or formation of soluble organic Zn complexes (Hernandez-Soriano et al., 2013).
Different chemical extractions have been formulated to evaluate soil Zn availability for plant uptake, the
associated yield response to Zn fertilisation (Chilimba et al., 1999; Duffner et al., 2013; Lindsay and
Norvell, 1978; Mertens and Smolders, 2013) and Zn concentrations in the edible plant parts (Kihara et al.,
2020; Manzeke et al., 2012). For example, a soil test with diethylenetriaminepentaacetic acid (DTPA) as
chelating agent is widely used for near-neutral and calcareous soils (Lindsay and Norvell, 1978), while
others have used acidic soil extracts such as HCl or Mehlich-3 (M3) for more acidic soils (Alloway, 2009;
Mehlich, 1984; Mertens and Smolders, 2013). The DTPA and M3 soil extracts are currently most often
used for Zn fertiliser recommendations and critical extractable soil Zn levels have been derived below
which a positive maize yield response to Zn-fertilisation can be expected. Based on �eld and greenhouse
experiments, these critical soil Zn levels range from 1-2.5 mg kg-1 Zn-M3 (Chilimba et al., 1999; Cuesta et
al., 2020; Wendt, 1995), or 0.5–1 mg kg-1 Zn-DTPA (Chilimba et al., 1999; Cuesta et al., 2020; Lindsay and
Norvell, 1978). Alternatively, weak salt extractions such as 0.01 M CaCl2 have been used for measuring
soil available Zn (Houba et al., 2000), assuming that these extractions approximate more the directly
available pool for plant uptake (Duffner et al., 2013; Menzies et al., 2007). Validation of soil extracts such
as DTPA, M3 or 0.01 M CaCl2 as diagnostic criteria for Zn availability to �eld-grown maize, however, is
limited.

Therefore, this study aims to test whether soil properties can be used to predict where Zn availability is
limiting maize yields (quantity) and grain Zn concentrations (quality), and whether the application of Zn
fertilisers increases yield quantity and/or quality. Using Zn fertiliser omission trials in several African
countries, we aimed to test the following hypothesis, namely that crop yield, Zn uptake and grain Zn, and
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their response to Zn fertilisation, can be predicted based on soil parameters that have been shown before
to predict Zn in the soil solution: pH, soil organic matter, the Zn quantity, and perhaps metal (hydr)oxides
(Van Eynde et al., 2022). Findings from this study will help to understand under which circumstances Zn
fertilisation can increase maize yields, as well as grain Zn concentrations in SSA.

Materials And Methods

Field trials
Researcher-managed omission trials with maize were executed at 19 locations in three countries: Kenya
(5 locations with 5 replications), Zambia (4 locations with 4 replications) and Zimbabwe (10 locations
with 6 replications). Based on soil maps (Fig. 1), soil Zn levels were expected to be generally low (i.e.
below the potentially critical level of 2.5 mg kg-1 Zn-M3, Chilimba et al. (1999)) at all locations.

The Zn fertiliser omission trials were executed as part of a larger experiment, in which zinc, copper and
boron fertiliser omissions were studied. The plots with the different treatments were laid out as a
randomized block design. As the focus of this work is on Zn, only details of the relevant treatments are
presented. These include a full treatment including all nutrients (hereafter denoted as “Full”) and a Zn
omission treatment including all nutrients except Zn (hereafter denoted as “Zn”).

The maize variety, planting densities, plot sizes, fertiliser application rates and number of replications,
differed between countries based on the availability of resources and local practices. Details of each of
these trials are speci�ed below; rainfall data are presented in the supplementary information (Figure S1).

Kenya
Field trials in Kenya were set up in collaboration with the International Plant Nutrition Institute (IPNI),
Nairobi, Kenya. They were conducted in the long rainy season in 2018 (March - August) at �ve on-farm
locations in Siaya county, Western Kenya (Fig. 1), in the humid cool tropics agroecological zone
(Sebastian, 2009). The soils of the �eld trials were classi�ed as Haplic Acrisols (Hengl et al., 2017).
During the ten preceding cropping seasons prior to this experiment, these locations had been used for
NPK fertiliser omission trials in which no inputs were applied besides chemical N, P and K fertilisers
(Njoroge Kinyanjui, 2019).

Short season maize variety DK8031 was used at all locations. Two seeds were planted per hole with a
plant spacing of 25 cm × 75 cm. Two weeks after emergence the plants were thinned to one plant per
hole, resulting in a �nal plant density of 53,333 plants ha-1. Plot sizes were 4.5 m × 4.5 m, with �ve
replicates per treatment at each location. Weeding and pest control were done when needed. The
following fertiliser application rates (in kg ha-1) were used: 350 N, 180 P, 120 K, 59 Ca, 20 Mg, 31 S, 5 Zn, 5
copper (Cu) and 5 B. Nitrogen was applied as urea in three equal splits, with a basal application during
planting, and two topdressings at stages V6 and V10 of plant growth. Phosphorus and Ca were applied
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as TSP, K as muriate of potash (KCl), Mg and S as MgSO4, Zn as ZnSO4, Cu as CuSO4 and B as
Na2B4O7.5(H2O). The P and K fertilisers plus those supplying secondary and micronutrients were applied
together in the planting hole during planting. At physiological maturity, a net plot of three rows of 3 m
length (6.75 m²) was harvested from the inside of each plot, omitting border plants to avoid edge effects.

Zambia
Field trials in Zambia were set up in collaboration with students in agricultural sciences from the
Foundations for Cross-cultural Education (FCE) training centre in Zambia. Micronutrient omission trials
were conducted from November 2018 – April 2019 at the FCE training centre and at three on-farm
locations in surrounding villages in the Masaiti district, Copperbelt, Central Zambia (Fig. 1). These
locations are situated in the semiarid cool tropics agroecological zone (Sebastian, 2009) and the soils
were classi�ed as Haplic Ferralsols (Hengl et al., 2017). At each location, legumes were cultivated in the
preceding season. At the training centre, compost manure had been added annually to the �eld to
conserve soil fertility. At the three on-farm locations, no organic or chemical inputs had recently been
applied and crop residues had usually been burned in the �elds. At each location, the open pollination
maize variety Afric1 (Klein Karoo, South Africa) was used. Three seeds were planted per hole with a plant
spacing of 60 cm × 75 cm. Two weeks after emergence the plants were thinned to two plants per hole,
resulting in a �nal plant density of 44,444 plants ha-1. Plot sizes were 4.5 m × 4.2 m. Weeding and pest
control were done when needed. The following fertiliser application rates (kg ha-1) were used: 180 N, 35 P,
100 K, 26 Ca, 2.3 Mg, 5.6 S, 3 Zn and 3 B. Nitrogen was applied as urea, as one basal application with the
other elements during planting, and two topdressings. Boron was applied as borax, mixed with the urea
and applied only during the two topdressings at stages V6 and V10 of plant growth. Phosphorus and Ca
were applied as TSP, K as muriate of potash (KCl), Mg as MgSO4 and Zn as ZnSO4. Copper was not
applied given the high soil concentrations found during preliminary lab analysis. At physiological
maturity, a net plot of 4 rows by 5 plants (9 m²) was harvested from the inside of each plot, omitting
border plants to avoid edge effects.

Zimbabwe
Field trials in Zimbabwe were set up in collaboration with the Department of Plant Production Sciences of
the University of Zimbabwe (UZ), Harare, Zimbabwe. Micronutrient omission trials were conducted from
November 2019 – April 2020 at nine on-farm locations in several villages in the Goromonzi district as
well as one location on UZ campus (Fig. 1). All locations are situated in the semiarid cool tropics
(Sebastian, 2009) and the soils were classi�ed as Haplic Lixisols or Haplic Acrisols (Hengl et al., 2017). At
each location, maize was cultivated in the preceding growing season. The selected locations are
characterised by low NPK inputs, and at best received cattle manure once every 4 years at a dose of 2–4
Mg ha-1.

At each location, the hybrid maize variety SC637 (SeedCo) was used. Two seeds were planted per hole
with a plant spacing of 25 cm × 90 cm. Two weeks after emergence the plants were thinned to one plant
per hole, resulting in a �nal plant density of 44,444 plants ha-1. Plot sizes were 5.4 m × 4 m. Weeding and
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pest control were done when needed to maintain the �eld free of weeds. The following fertiliser
application rates (kg ha-1) were used: 180 N, 80 P, 120 K, 61 Ca, 20 Mg, 26 S, 5 Zn, 5 Cu, 3 B and 0.3 Mn.
Nitrogen was applied as ammonium nitrate, one basal application and two topdressings at 4 and 8
weeks after crop emergence. Phosphorus and Ca were applied as TSP, K as muriate of potash (KCl), Mg
as MgSO4, Zn as ZnSO4, Cu as CuSO4, Mn as MnCl2 and B as Na2B4O7.5(H2O). All fertilisers were applied
together in the planting hole during planting. At physiological maturity, a net plot of 3 rows by 2 m (5.4
m²) was harvested from the inside of each plot, omitting border plants to avoid edge effects.

Field data and sample collection
Field-dry stover and grain biomass were measured for each plot during harvest. A subsample was dried
and the biomass measurements were converted to dry biomass. Throughout the manuscript, the grain
yield data are reported using a standardized moisture content of 13%.

Composite topsoil samples (0–20 cm) from each block were collected during harvest. Soil samples were
taken between the rows, as fertilisers were applied in the planting hole. From each individual plot, a total
of 200 g of stover and grains were sampled from several plants. These samples were dried to determine
dry matter content and shipped together with the soil samples to the soil chemical laboratory (CBLB,
Wageningen, the Netherlands) for further analysis.

Plant analysis
Stover and grain samples were dried at 70 º C until a constant dry weight was reached, and ground to < 1
mm size before analysis. Stover and grain samples were analysed for N, P, K, S, Mg, Ca, iron (Fe), Zn, B,
Cu and manganese (Mn) concentrations. Nitrogen concentrations were measured after a 0.8 M
H2SO4/Se/H2O2 digestion (Novozamsky et al., 1983) using a Segmented Flow Analyser. All other
elements were extracted based on microwave digestion with concentrated HNO3 (Novozamsky et al.,
1983) and measured using Inductively Coupled Plasma - Optical Emission Spectrometry (ICP-OES,
Thermo Scienti�c iCAP6500) or High Resolution Inductively Coupled Plasma - Mass Spectrometry (HR-
ICP-MS, Element 2, Thermo Scienti�c), depending on their concentrations.

Soil analyses
Soil samples were air-dried and sieved over 2 mm prior to further analysis. Relevant soil properties were
chosen based on previously obtained knowledge about the processes controlling soil Zn availability (Van
Eynde et al., 2022): reactive surfaces for adsorption (i.e. soil organic matter, dissolved organic matter and
micro-crystalline metal (hydr)oxide nanoparticles) and soil pH.

Total soil organic carbon (SOC) content was analysed using a wet oxidation method according to the
Kurmies procedure and measured with a spectrophotometer (Walinga et al., 2008). An ammonium
oxalate (AO) extraction with a solution-to-solid ratio of 20 L kg-1 and an equilibration time of 4 hours (ISO,
2012) was used to measure micro-crystalline Fe and Al (Fe-AO, Al-AO). The Fe and Al in the AO
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extractions were analysed using ICP-OES. Soil pH was measured with a glass electrode in a 0.01 M CaCl2
soil extract, with a solution-to-solid ratio of 10 L kg-1 and an equilibration time of 2 h (Houba et al., 2000).
The dissolved total carbon and dissolved inorganic carbon concentrations were measured in the same
CaCl2 extract after centrifugation and �ltration with a 0.45 µm membrane �lter, with a Segmented Flow
Analyzer (SFA-TOC, San++, Skalar) equipped with an IR detector that measures the amount of CO2(g)
after an internal acidi�cation and destruction step. The dissolved organic carbon (DOC) concentrations
were calculated as the difference between total and inorganic carbon.

Soil Zn was measured in a 0.43 M HNO3 extraction, a Mehlich-3 (M3) extraction, a diethylenetriamine
pentaacetate (DTPA) extract and a 0.01 M CaCl2 extraction. The �rst three tests are expected to
approximate the Zn quantity or labile content, while the latter was considered to be an estimation of the
intensity or the actual available concentration. The HNO3 soil extraction was done using a solution-to-

solid ratio of 10 L kg-1 and an equilibration time of 4 h (ISO, 2016). After centrifugation and �ltration over
a 0.45 µm membrane �lter, Zn-HNO3 was measured in the supernatant with ICP-OES. The Zn-M3 was
measured with ICP-OES in a centrifuged and �ltered (0.45 µm) M3 extract. The M3 extract consisted of
0.1 M CH3COOH, 0.25 M NH4NO3, 0.015 M NH4F, 0.013 M HNO3 and 0.001 M EDTA. Samples were

extracted for 5 min with a solution-to-solid ratio of 10 L kg-1 (Mehlich, 1984). For the DTPA soil extraction,
soils were extracted with a solution-to-solid ratio of 2 L kg-1 and an equilibration time of 2 h, using a
solution consisting of 0.005 M DTPA, 0.1 M triethanolamine and 0.01 M CaCl2 that was buffered at a pH
of 7.3 (Lindsay and Norvell, 1978). The suspensions were centrifuged, �ltered over a 0.45 µm membrane
�lter and analysed for Zn-DTPA using ICP-OES. In the same 0.01 M CaCl2 soil extraction as described
before for DOC analysis, Zn-CaCl2 was measured in an acidi�ed (0.14 M HNO3) subsample of the
supernatant with HR-ICP-MS.

Data analysis
The data analysis was done using the R software, version 4.0.2 (R Core Team and R Development Core
Team, 2020). Results were visualized with the ggplot2 package (Wickham, 2016).

Treatment effects
The effect of fertiliser treatment (i.e. Full and -Zn) on maize grain yields, Zn uptake and Zn grain
concentrations was assessed with linear mixed effect models (LME) using the lme function from the
nlme package (Pinheiro et al., 2013) with the REML method, and tested by analysis of variance (function
Anova). Homogeneity of variances was tested with the Levene’s test, using the leveneTest function from
the car package (Fox and Weisberg, 2019). Normality and homogeneity of variances of the residuals from
the LMEs were checked with the Shapiro-Wilk test using the shapiro.test function from the stats package
(R Core Team and R Development Core Team, 2020). This analysis was done for each location, taking all
replications into account with treatment as �xed factor, and block as random factor (i.e. random = ~ 
1|block). At country level, the differences between locations were also assessed using the same LME
model but now with location as additional �xed factor.
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The treatment effects on plot-level were also assessed by calculating the empirical cumulative
distribution (ecdf function) of the response in yield, Zn uptake and Zn grain concentrations. To do so, the
response ratio was calculated based on the data for each block as follows:

Eq. 1

in which Y represents grain yield, Zn uptake or grain Zn concentrations in the full and the -Zn treatments.

Determination of yield-limiting nutrient
Zinc uptake depends on the soil Zn availability and on the availability of other nutrients. In situations
where Zn is the most yield-limiting factor, Zn uptake by a crop equals the amount of Zn that a soil can
supply during a growing season (Janssen et al., 1990) and good relations are expected between soil
properties and Zn uptake.

Whether Zn is the most yield-limiting nutrient can be assessed based on the yield response to Zn
fertilisation, or by the degree of Zn dilution in the maize crop (Janssen et al., 1990; Sattari et al., 2014;
Witt et al., 1999). The latter refers to the internal e�ciency (IE) of Zn in maize, which is the grain yield
produced per amount of nutrient taken up in the above-ground plant biomass in kg dry weight kg− 1 Zn
(Witt et al., 1999). The IE ranges between a crop and nutrient speci�c physiological minimum and
maximum. When the IE for Zn is close to its maximum, Zn is maximally diluted in the crop, and is most
likely to be yield-limiting. The maximum and minimum IE can be derived from the relation between grain
yield (kg ha− 1) and nutrient uptake (kg nutrient ha− 1), using data from large number of �eld trials (Witt et
al., 1999). For the macronutrients N, P and K, these parameters have been derived for maize (Janssen et
al., 1990; Sattari et al., 2014). In order to derive the physiological minimum and maximum Zn
concentrations for maize, data from �eld trials in Nigeria (Rurinda et al., 2020) and Zimbabwe
(Kurwakumire et al., 2015) were combined with data collected for this study. From these combined data,
the upper and lower 2.5% of the datapoints were excluded and then the minimum Zn uptake (r) needed to
produce any grain, and the maximum (d) and minimum (a) slopes or IE values were derived (Witt et al.,
1999).

Using the IE parameters for N, P, K and Zn in combination with yield and nutrient uptake measurements,
the relative dilution of each nutrient can be calculated as follows (Heinen, pers. comm. 2020):

Eq. 2

With Ui the uptake of nutrient i, Ui,D and Ui,A the uptake of nutrient i at maximum dilution and
accumulation respectively, Y the actual yield, d the maximum IE and a the minimum IE and r the
minimum nutrient uptake. The principle behind Eq. 2 is to estimate how the actual nutrient uptake differs
from the uptake that belongs to the maximum physiological e�ciency for the measured yield, relative to
the maximum range in uptake. The nutrient for which the value obtained based on Eq. 2 is the smallest, is

Yresponse = ( )
Yfull

Y−Zn

=
Ui−Ui,D

Ui,A−Ui,D

Ui− −rY

d

−
Y

a

Y

d
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expected to be the most yield-limiting nutrient. Based on this analysis, a subset was created with only the
-Zn plots for which Zn was found to be the most yield-limiting nutrient. This subset was subsequently
used to derive soil-plant relations between yield, Zn uptake and grain Zn concentrations and soil
properties.

Soil-Plant relations
The relation between soil properties and grain yield, Zn uptake and grain Zn concentrations in the -Zn
treatments was assessed using LME models based on maximization of the log-likelihood (method ML).
This was also done for the relation between soil properties and the response in yield, Zn uptake and Zn
grain concentrations. Soil properties were used as �xed effects and the effect of agroecological zone and
maize variety were included as random effects, represented by a single variable namely country (i.e.
random = ~ 1|Country). The soil properties that were included in the modelling were: pH, Zn-HNO3 Zn-
DTPA, Zn-M3, Zn-CaCl2, the sum of Fe and Al in the AO extract and SOC. Since DOC data were not
available for the soils in Zimbabwe, this soil property was not included in the analysis. The effect of
potentially competing cations such as Cu-M3 and Ca-M3 on Zn uptake and Zn grain concentrations was
also tested. The selection of variables was done based on the LME model with the lowest Akaike's
Information Criterion (AIC) value (Webster and McBratney, 1989) using the dredge function from the
MuMIn package (Barton, 2020). Normality and homogeneity of variances of the residuals from the �nal
LME model were checked with the Shapiro-Wilk test using the shapiro.test function from the stats
package (R Core Team and R Development Core Team, 2020). The dependent and independent variables
were log10 transformed when a normal distribution of the residuals was not found with the Shapiro-Wilk
test. Since the Zn measurements in the DTPA, M3 and HNO3 extracts were strongly correlated (see further
in the results), the model selection analysis was done with each of these Zn pools separately as input in
addition to the other soil properties (i.e. pH, SOC, Fe and Al, Zn-CaCl2), and �nal models were compared
using the anova function. The �nal LME models were checked for multicollinearity between the
independent variables, using the vif function from the car package in R (Fox and Weisberg, 2019). The
variance explained by the regression models was calculated using the r2 function from the performance
package in R (Ludecke et al., 2021), which reports the variance of the �xed effects (R2

�xed) and the

variance explained by both the �xed and random effects (R2
total). The relative contribution of different

variables in the LME models to the total variation of the dependent variable, was tested using the r2beta
function from the r2glmm package (Jaeger, 2017) or the calc.relimp function from the relaimpo package
(Gromping, 2006) in case no contribution of country as random factor was found in the model.

Results

Soil properties
The soil properties are given in Table 1. The soils in this study are characterized by low SOC contents
which do not exceed 20 g kg− 1. In addition, the �eld trials covered a limited range in soil pH between 4



Page 11/39

and 6.1. Within countries, the range in pH values was even more limited, with the Kenyan locations
covering pH 4.4–5.4 and the Zambian locations covering pH 4.5–5.7. The pH values of the locations in
Zimbabwe ranged between 4.0 and 6.1, covering the entire range in pH values reported in this study.

 
Table 1

Soil properties per country, given by the mean value and the minimum-maximum range.

  Kenya Zambia Zimbabwe

Soil Mean Min-Max Mean Min-Max Mean Min-Max

pH 4.9 4.4–5.4 5.0 4.5–5.7 4.6 4.0-6.1

SOC [g kg− 1) 14 9–20 8 6–11 7 4–15

DOC(CC) [mg L− 1] 18 6–72 2 0.3-5 - -

Fe-AO [mmol kg− 1] 34 23–53 7 4–13 9 2–30

Al-AO [mmol kg− 1] 47 27–83 30 19–44 18 6–45

Zn-HNO3 [mg kg− 1] 5.8 2.3–13.0 1 0.3–2.1 2.3 0.4–9.7

Zn-DTPA [mg kg− 1] 2.0 0.8–4.6 0.3 0.1–0.7 0.9 0.2–3.6

Zn-M3 [mg kg− 1] 3.0 1.3–6.4 0.7 0.3–1.4 1.6 0.2–6.0

Zn-CaCl2 [µg kg− 1] 674 245–1193 69 8–280 467 9–2989

P-Olsen 10.4 2.1–38.2 2.1 1.0–3.9 9.9 3.1–25.5

The soils in this study were characterized by low Zn levels (Table 1). The lowest soil Zn levels were found
in Zambia and Zimbabwe, and the highest in Kenya. For the majority of soils, soil Zn levels were below
the critical values reported in literature (Fig. 2), pointing towards potential Zn de�ciency for maize grown
in these soils.

Crop Responses To Zn Fertilisation

Yield
Maize yields ranged between 1.9 and 9.8 Mg ha-1, and were highest in Kenya, followed by Zimbabwe and
Zambia (Fig. 3). Across countries, zinc fertilisation led to an average yield increase of 0.03 Mg ha-1 or 4%
compared to the -Zn treatment, however, this effect was not signi�cant (p = 0.97). It signi�cantly
increased maize yields at two out of 19 locations: one location in Zambia and one in Zimbabwe (Fig. 3).
Zinc fertilisation however reduced maize yields at one location in Kenya and one in Zambia. Within each



Page 12/39

of the countries, signi�cant differences in maize yields among locations were found (Fig. 3). The
variation in maize yields was relatively large within a single location and treatment, ranging up to 2.7 Mg
ha1 in Kenya (Fig. 3).

The effect of Zn fertilisation was also assessed by calculating the yield response ratio for each block (Eq.
1). The cumulative distribution of this yield response ratio shows that yield responded positively to Zn
fertilisation in 47 blocks (48%), while for 52 blocks (52%) a negative response was found (Fig. 4A). The
majority of the blocks (61%) had a yield response ratio between 0.8 and 1.2, which may be considered as
natural variation, considering the relatively large variation in yield within locations (Fig. 3). Similar results
were obtained when looking at the response in total biomass production, i.e. stover and grains (Figure
S3).

Zn Uptake

Zinc fertilisation led to an average increase in Zn uptake of 177 g ha-1 or 175% compared to the -Zn
treatment (p < 0.05). It signi�cantly increased maize Zn uptake at ten out of the 19 locations: one location
in Zambia and nine in Zimbabwe (Fig. 5). In Kenya, Zn uptake was rather constant among the �ve
locations, and ranged between 200 and 300 g ha1 (Fig. 5). In Zambia and Zimbabwe, a wider range in Zn
uptake was found and signi�cant differences among locations and treatments were found (Fig. 5). The
effect of Zn fertilisation was also assessed by calculating the response ratio of Zn uptake for each block
(Eq. 1). The cumulative distribution of this response ratio shows that a positive response in Zn uptake
was found for 7 % of all blocks (Fig. 4B).

Grain Zn
Zinc grain concentrations ranged from 9 to 27 mg kg− 1 across the three countries (Fig. 6). Similar to Zn
uptake, grain Zn concentrations varied less in Kenya compared to Zambia and Zimbabwe.

Across countries, zinc fertilisation led to an average increase in grain Zn concentrations of 2.4 mg kg-1 or
120% compared to the -Zn treatment (p < 0.05). It signi�cantly (p < 0.05) increased maize grain Zn
concentrations at nine out of the 19 locations: one in Zambia and eight in Zimbabwe (Fig. 6). Except for
one location in Zimbabwe, these were the same locations at which Zn fertilisation increased Zn uptake
(Fig. 5). The effect of Zn fertilisation was also assessed by calculating the response ratio of grain Zn
concentration for each block (Eq. 1). The cumulative distribution of this response ratio shows that a
positive response in grain Zn concentrations was found for 77% of all blocks (Fig. 4C). For the 23% of
bocks with a negative response, the ratio varied between 0.8 and 1, which can be considered natural
variation.

Determination of yield limiting nutrient
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Before studying the soil-plant relations in the next section, we analysed in which plots Zn was the most
yield-limiting nutrient since good relations between soil properties and Zn uptake are expected especially
in these situations. Based on literature data and results of this study, the maximum and minimum IE of
Zn for maize were 71 and 8 kg grain g1 Zn (Figure S4 and Table S1). Using these parameters, as well as
those for N, P and K that have been previously derived (Janssen et al., 1990), the most yield-limiting
nutrient was determined (Eq. 2; Fig. 7A). Including both the full and -Zn treatment, Zn appeared to be the
most yield-limiting nutrient in 85 blocks (4 %), followed by P (67 blocks or 3 %), N (33 blocks or 16%) and
K (13 blocks or %). Of the 101 plots that did not receive any Zn fertiliser, Zn was the most yield-limiting
nutrient in 61 blocks (6 %) (Fig. 7A). These plots were mainly located in Zimbabwe (38) followed by
Kenya (13) and Zambia (10). For the other -Zn plots, a macronutrient was found to be more yield-limiting
than Zn, despite the applied NPK fertilisers.

Of the 47 blocks where a positive yield response to Zn fertilisation was observed, zinc was identi�ed as
the most yield-limiting nutrient in 34 blocks. In the other 27 blocks for which Zn was identi�ed as the
most yield-limiting nutrient, a negative yield response was observed. So the degree of Zn dilution in the
maize crop was not consistently associated with a positive yield response to Zn fertilisation.

The maximum dilution of Zn in maize was found to be large, as shown by the steep line in Fig. 7A. With a
relatively low Zn uptake, yields up to 8 Mg ha− 1 were found (Fig. 7A). Low Zn concentrations in maize
were found, i.e. below 10 mg kg− 1 (Fig. 7B), without �nding a clear yield response to Zn fertilisation
(Fig. 7B).

Soil Properties Predicting Crop Performance And Response To Zn
Fertilisation
For the analyses below, two different subsets are used: the -Zn plots for which Zn was de�ned as the
most yield-limiting nutrient based on the analysis in the previous section (n = 61) and all the -Zn plots (n = 
101).

Yield
The best model predicting grain yields for the 61 -Zn plots in which Zn was found to be the most growth-
limiting nutrient, included solely pH as �xed variable. Grain yields increased with pH, but the model
explained limited variation, as illustrated by low R2 of 0.06 and this model was not signi�cantly different
from the model with only the intercept (p = 0.06).

The locations at which Zn fertilisation decreased or increased grain yields could not be separated from
the other locations based on soil properties and nutrient concentrations in the maize crop: There was no
relation between maize yield response to Zn fertilisation and soil Zn test concentrations in the M3, DTPA,
HNO3 or CaCl2 soil extracts (Fig. 2). In the critical range of Zn-M3 and Zn-DTPA concentrations, an equal
number of plots showed a positive or a negative response to Zn fertilisation (Fig. 2). 
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Table 2

Relations between soil properties and yield, Zn uptake and grain Zn concentrations and their response to
Zn fertilisation. R2

total, refers to the model including country as a random variable; R2
�xed is from a model

with �xed variables only. The p-values for all models are < 0.001. The models for the yield and the yield
response are not included in this table and only discussed in the text, as these models were found to be

not signi�cant. The units of the soil properties are the same as in Table 1.
Dependent Variable Model R2

total /
R2

�xed

RMSE

Zn uptake (ZnU, g ha-1)

(n = 611)

log10ZnU = 1.98 + 0.36 log10(Zn-HNO3) 0.35 / 0.35 0.20

Zn uptake response ratio (ZnURR)
(n = 97)

log10 ZnURR = 1.73–0.23pH –
0.46log10(SOC)

0.44 / 0.33 0.23

Grain Zn concentrations (GZn, mg
kg-1)

(n = 611)

log10GZn = 1.14 + 0.12 log10(Zn-HNO3) 0.56 / 0.26 0.06

Grain Zn response ratio (GZnRR)

(n = 98)

log10GZnRR = 0.42–0.04pH – 0.16
log10(SOC)

0.30 / 0.27 0.07

1Data from the -Zn plots in which Zn was the most yield-limiting nutrient.

Linear mixed effects modelling was also used to assess the soil properties explaining variation in maize
yield response to Zn fertilisation at the block level. Based on model selection with pH, SOC, FeAl-AO, and
Zn pools as input parameters, a model with these soil properties was not signi�cantly different from a
model with only an intercept (p = 0.06). The residuals of this model were signi�cantly correlated with the
grain yield in the -Zn treatments (Pearson correlation coe�cient of -0.47, p < 0.05) The plots with low
yields in the -Zn treatments, showed a higher response to Zn fertilisation (Fig. 8).

Zn uptake
The best model predicting Zn uptake in the 61 -Zn plots in which Zn was found to be the most growth-
limiting nutrient, included solely Zn-HNO3 as �xed variable. Zinc uptake increased with increased soil Zn-
HNO3 concentrations (Fig. 9 and Table 2). None of the other soil parameters explained any additional
variation. The zinc-HNO3 explained 35% of the variation in Zn uptake (Table 2). The model residuals were
normally distributed (p = 0.9). The effect of country, representing agroecological zone and/or variety, did
not explain any variation in Zn uptake, as illustrated by the identical total and �xed R2 (Table 2). The
inclusion of possibly competitive nutrients, such as Cu, K or Ca, did not have a signi�cant negative effect
on Zn uptake. When the model was applied to all 101 -Zn plots, model coe�cients for the intercept and
the slope for Zn-HNO3 were similar to those of the model based on the subset of plots for which Zn was
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found to be the most yield-limiting nutrient (Fig. 9). The relation between Zn uptake and soil Zn-M3 or Zn-
DTPA was also signi�cant, in contrast to Zn-CaCl2 (Fig. 9). Based on AIC criteria, the model with Zn-HNO3

as input variable explained more variation than Zn-M3 or Zn-DTPA.

With linear mixed effects models, we assessed the relation between Zn uptake response ratio and soil
properties, using country as random variable. The analysis was done for all 101 -Zn plots. The �nal
model explained the Zn uptake response ratio based on pH and SOC (Fig. 10), with pH having a larger
contribution in explaining the variation. Model residuals were normally distributed (p = 0.23). The
response in Zn uptake to Zn fertilisation was largest in soils with low pH and SOC contents. Country as a
random factor contributed to the model, illustrated by a higher total than �xed R2 value (Table 2). With
similar pH and SOC levels, the response in Zn uptake to Zn fertiliser is the highest in Zimbabwe, followed
by Kenya and Zambia (Fig. 10). This means that underlying variables such as maize variety and/or agro-
ecological zone have an effect on the Zn uptake response to Zn fertilisation. Using only the 61 plots for
which Zn was identi�ed as the most yield-limiting nutrient instead of all 101 plots, gave a model with
similar coe�cients for pH and SOC.

Grain Zn
Variation in grain Zn concentrations for the -Zn plots on which Zn was the most yield-limiting nutrient
(Section 3.2) was best explained by ZnHNO3, with a positive coe�cient (Table 2). Including country as a
random variable, the model explained 56% of the variation in grain Zn concentrations. Model residuals
were normally distributed (p = 0.5). A model with Zn-M3 or Zn-DTPA instead of Zn-HNO3 as independent
variable performed similarly, albeit with a higher AIC value (difference of ~ 2–3). Grain Zn concentrations
increased with Zn-HNO3 (Fig. 11). In contrast to what was found for Zn uptake, including country as
random variable increased the explained variation in grain Zn concentrations (Table 2 and Fig. 11),
indicating that agro-ecological zone, maize variety, or country-dependent management factors affected
within-plant Zn allocation to the grain. For a similar soil Zn-HNO3, highest grain Zn concentrations were
found in Kenya, followed by Zambia and Zimbabwe. When using all -Zn plots to calibrate the model for
grain Zn concentrations, similar coe�cients for the intercept and slope were found.

When relating the grain Zn concentration response to fertilisation to soil properties (n = 101), a similar
model was found as for the response in Zn uptake, namely a negative contribution of SOC and soil pH to
the response in grain Zn concentrations (Table 2). Model residuals were normally distributed (p = 0.4).
There was a contribution of country as random variable, with the highest increase in Zn grain
concentrations for Zimbabwe, followed by Kenya and Zambia, i.e., the same order as found for Zn
uptake.

Discussion

Zn Fertilisation Does Not Result In Higher Maize Yields
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Field trials on 19 locations in three different countries showed that Zn fertilisation led to signi�cant
increases in maize yields at only two locations. These two locations did not differ from the other
locations in terms of soil properties, nutrient uptake or tissue nutrient concentrations. A clear positive
yield response above 20% to Zn fertilisation was only observed for a minority of all replicates.

The lack of yield responses to fertilisation was not expected, given that the majority of these locations
had soil Zn levels below the critical values reported in literature. Critical soil Zn levels, below which a
positive maize yield response to Zn fertilisation is expected, have been derived previously from �eld and
greenhouse experiments (Chilimba et al., 1999; Cuesta et al., 2020; Lindsay and Norvell, 1978; Wendt,
1995). Both positive and negative yield responses were found for soils that had soil Zn concentrations
below these critical levels (Fig. 2). In addition, no extraction method was capable of predicting the yield
response to Zn fertilisation (Fig. 2). This result points towards the challenges associated with the use of
soil extractions as diagnostic criteria for nutrient de�ciencies and corresponding fertiliser
recommendations (Schut and Giller, 2020).

The relative dilution of Zn dilution in maize was also found to be a poor indicator of yield response to Zn
fertilisation. For the majority of the -Zn plots, Zn was found to be highly diluted in the maize crop,
approaching its maximal IE indicating Zn may have been yield-limiting. This was however not the case,
since no positive response to Zn fertilisation was observed. One explanation may be that other factors
and/or nutrients may be still more growth-limiting than Zn, despite low soil Zn levels and despite the
applied fertilisation with a range of macro-and micronutrients. Another explanation can be that this IE
approach may not be suitable for Zn. Generally, it has been shown that Zn de�ciency in maize rapidly
decreases with increasing Zn availability, after which the yields remain constant with increasing Zn
supply (Singh and Banerjee, 1987). This may suggest that a critical threshold may exist, above which Zn
uptake does not determine maize grain yields but that Zn uptake is merely driven by grain (and stover)
yields, despite strong Zn dilution in the crop. Our results have shown that Zn can indeed be highly diluted
in the crop, resulting in tissue Zn concentrations below 10 mg kg− 1 which is lower than previously
reported critical tissue concentrations (Reuter and Robinson, 1997; Singh and Banerjee, 1987). It must be
noted that these critical tissue concentrations have often been derived based on measurements of plant
parts during the growing season and not after harvest. Tissue concentrations measured in this study
were, however, found to be a poor indicator of a positive yield response to Zn fertilisation (Fig. 7).

The most important diagnostic criteria of Zn de�ciency for maize growth that can be derived from this
study, is the yield in the control treatment that received optimal fertilisation with macro-and
micronutrients except Zn. This effect of yield in the control treatment on the yield response has been
previously observed when soil fertility treatments were tested in the �eld (Ichami et al., 2019; Vanlauwe et
al., 2016). Generally, the plots with yields below ~ 6 Mg ha− 1, had the highest probability for a positive
yield response to Zn fertilisation (Fig. 8). Kihara et al. (2017) reported a similar trend for the results from
�eld trials in various SSA countries, where the yield response to secondary and micronutrients decreased
with increasing maize yields in the plots that received only NPK fertilisers. Combining literature data from
�eld trials in SSA countries (Kihara et al., 2017, 2016; Rurinda et al., 2020) shows that the yield level
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below which there is a high probability that maize shows a positive response to secondary and
micronutrients also points at a diagnostic threshold value of around 6 Mg ha− 1 (Figure S5), similar to
what has been found in this study (Fig. 8). In addition, previous studies with Zn omission trials in SSA
that reported a positive yield response of maize to Zn fertilisation, are also characterized by relatively low
yields compared to the yields in this study (i.e. below 6 Mg ha− 1) in the plots receiving no Zn fertiliser
(Abbas et al., 2007; Eteng et al., 2014; Manzeke et al., 2014; Nziguheba et al., 2009).

The application of NPK fertilisers was given to all treatments in this study and the quantities, ranging
between 180–350 kg N ha− 1, 35–180 kg P ha− 1 and 100–120 kg K ha− 1, were relatively high for example
in comparison with Kihara et al. (2016). These high NPK doses, in combination with a range of secondary
and other micronutrients, were applied in order to assure that other nutrients than Zn were not yield-
limiting and that possible Zn de�ciencies would become visible. However, these high quantities of NPK
fertilisers could also have masked the incidence of micronutrient de�ciencies, such as Zn. For example,
the work of Manzeke et al. (2014) in Zimbabwe showed that maize yields responded less to Zn
fertilisation when larger quantities of N and P were applied. The application of relatively high amounts of
macronutrient and secondary fertilisers in our study may have led to healthier crops, whose root systems
were able to explore a larger soil volume. This may have led to su�cient Zn uptake even when Zn was
not fertilised and despite low soil Zn availability as previously suggested by Pasley et al. (2019) based on
�eld trials in Kenya and Zimbabwe. Others have also demonstrated the signi�cant response in root traits
and associated increased Zn uptake, due to macronutrient fertilisation (Ma et al., 2014), but the
underlying processes are still unclear.

It has been stated that the supply of secondary and micronutrients is vital for enhancing agricultural
productivity in SSA (Kihara et al., 2017; Wortmann et al., 2019). However, these conclusions are based on
an average positive maize yield response to secondary and micronutrient fertilisation. One may argue
whether it is justi�ed to use an average yield response as a basis for such recommendations (Vanlauwe
et al., 2016), given the large variation in yield responses found in these studies (Figure S6) as well as for
the 19 locations in this study and the relatively low chance of a positive yield response to Zn fertilisation
(Fig. 4). In addition, caution should be made when such averages are used to calculate the economic
return of micronutrient fertiliser application (Kihara et al., 2020), given the high probability for absent or
even negative yield responses as illustrated by our results (Fig. 4).

Soil Zn availability
Soil Zn availability was measured using four different extractions, namely DTPA, HNO3, M3 and CaCl2.
The �rst three extraction methods are considered to approximate the available Quantity (Q), which
represents the directly available Zn in the soil solution as well as the Zn adsorbed to the soil solid
particles, which can become available throughout a growing season (Groenenberg et al., 2017; Lindsay
and Norvell, 1978; Mehlich, 1984; Robson, 1993). The CaCl2 solution is more related to the Intensity (I) or
the Zn in the solution phase, which represents the Zn directly available for plant uptake (Houba et al.,
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2000). The Zn concentrations measured in DPTA, HNO3 and M3 soil extracts were strongly correlated
(Figure S2). The Zn measured in CaCl2 can be derived from the Zn measured in HNO3 and soil pH (Van
Eynde et al., 2022).

The results from our study have shown that Q-tests, and more speci�cally the HNO3 extraction, performs
best in quantifying the soil available Zn for the unfertilised plots, based on the signi�cant relation with Zn
uptake (Fig. 9). In terms of practical applications, this is a promising result, since soil Zn data available
for SSA mostly comprises Q-tests (Hengl et al., 2021) rather than I-tests (Keskinen et al., 2019).

In literature, contrasting results have been found on whether I-or Q-tests are the best approximation of the
soil available Zn content. Based on a review, Kim et al. (2015) recommended the use of I-tests to quantify
bioavailability of relatively mobile metals such as Zn in contaminated soils, in line with other studies
(Impellitteri et al., 2003; Nolan et al., 2005). For low Zn soils, both Q-tests (Tian et al., 2008)d tests
(Duffner et al., 2013; Menzies et al., 2007) have been found to be related to plant Zn concentrations and
uptake. Due to the relatively low pH and low SOC content of the soils in this study, the adsorption a�nity
for Zn in the solid phase is relatively low as illustrated by the fact that a large proportion of the Zn
measured in the HNO3 is also extracted by the CaCl2 solution (Table 1). This low adsorption a�nity for
Zn also explains the signi�cant response in Zn uptake and grain Zn concentrations since fertilised Zn is
readily available as it stays in solution (see next section). In terms of Zn adsorption a�nity, the soils from
this study differ from the typical calcareous soils that are often associated with Zn de�ciency, as
investigated for example by Duffner et al. (2014, 2013). Their soils are characterized by a pH above 6,
and by higher Zn-HNO3 concentrations (up until 318 µmol kg-1) and lower Zn-CaCl2 concentrations

(mostly below 1 µmol kg-1) than found for the soils from this study (Table 1). In soils with high Zn
adsorption a�nity, Duffner et al. (2013) found that Zn-CaCl2, in combination with pH-CaCl2, related better
with Zn shoot concentrations in wheat than Zn-DTPA. We hypothesize that the relatively low adsorption
a�nity for Zn in the soils in this study explains why Q-tests relate better with Zn uptake than I-tests,
similar to what has been found and discussed previously for phosphorus by Nawara et al. (2017). The
low adsorption a�nity may imply that not the concentration in the soil solution (~ Zn-CaCl2) is limiting
Zn uptake by maize, but the buffering capacity of the soil to provide Zn to maize during the whole
growing season, as re�ected by Zn-HNO3 (or DTPA or M3).

Soil Zn-HNO3 explained only 35% of the variation in the total Zn uptake for the plots receiving no Zn
fertiliser (Fig. 9). The relatively low explanatory power for Zn uptake may be attributed to the fact that Zn
was in many cases not the most yield-limiting factor, as illustrated by the absence in yield response to Zn
fertilisation and the IE analysis. In addition, soil Zn concentrations from samples taken at lower depth
could have given more information about Zn availability, in line with the previously suggested hypothesis
about the maize root system. No clear effect of country or maize variety was found on Zn uptake.
However, differences in Zn uptake among maize varieties have been reported earlier (Bender et al., 2013).

Response in Zn uptake
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Our data show that the Zn uptake response to fertilisation decreases with pH and SOC content. Previous
studies have shown the importance of pH and SOC for the solid-solution partitioning of Zn in similar soils
from SSA countries, with SOC being the most important adsorption surface and a strong increase in Zn
adsorption with increasing pH (Groenenberg et al., 2017; Van Eynde et al., 2022). Our results indicate that
the highest increase in Zn uptake can be expected in soils with a low adsorption capacity (i.e. where
fertiliser-Zn remains mainly in solution). However, for the response in Zn uptake, a contribution of country
as a random factor was found, with the highest response in Zimbabwe (Fig. 10 and Table 2). There may
be several explanations for this observation, as country represents differences in both maize variety as
well as in agro-ecological zone. At low Zn availability (i.e. in the unfertilised plots), the three different
varieties may explore the same volume of soil for Zn, and effectively translocate this Zn supply from the
root to the shoots. In a situation of excess Zn (i.e. in the fertilised plots), varieties can differ in the
reduction of active Zn transport from roots to shoots, and may be less effective in coping with relatively
higher Zn tissue concentrations (White and Broadley, 2011). Next to variety, the agro-ecological zone may
play a role in the Zn uptake response ratio. Not only soil properties, but weather events associated with
the different agroecological zones may also affect the fertiliser use e�ciency. Analysis of the rainfall
data (Figure S1) shows that the cumulative rainfall surplus is the highest in Kenya (348 mm), and the
lowest in Zimbabwe (144 mm). The latter may result in a higher nutrient use e�ciency of fertiliser Zn due
to reduced leaching in these soils with relatively low Zn adsorption capacity, explaining the higher Zn
uptake response ratio in Zimbabwe.

Grain Zn concentrations
Soil Zn availability (Zn-HNO3) only explained 20% of the variation in grain Zn concentrations in the -Zn
plots, compared to 35% of the variation in Zn uptake. In contrast to Zn uptake, maize variety and/or agro-
ecological zone, represented by the random country variable, signi�cantly contributed to the model.
Although the effect of variety and agro-ecological zone cannot be separated, both effects are feasible.
Strong variation in maize grain Zn concentrations, ranging from 4–96 mg kg1, have been found among
genotypes (Prasanna et al., 2020). In addition, environmental factors can also affect grain Zn
concentrations. For example, it has been shown that the maximum grain Zn concentration can be
increased by increasing N availability (Manzeke et al., 2020).

Gashu et al. (2021) collected around 2000 maize samples in Malawi and Ethiopia and found that grain
Zn concentrations increased with increasing soil pH and SOC content. With regard to SOC, our results are
in agreement with those from Gashu et al. (2021). In our study, Zn-HNO3 was the most important variable
explaining grain Zn concentrations and Zn-HNO3 was strongly correlated with SOC (Figure S2). However,
the relationships between grain Zn and soil properties found by Gashu and other authors (Bevis and
Hestrin, 2021; Gashu et al., 2021) were not always clear and straightforward, as opposite trends were
found. Based on our �ndings in this study, we question the general feasibility of using soil properties as
proxy for grain Zn concentrations and the associated likelihood of human Zn de�ciencies, since soil
properties only explained 26% of the variation in grain Zn concentrations. Giller and Zingore (2021) posed
the same question after reading the study by Gashu et al. (2021), particularly with regard to challenges
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associated with estimating soil bioavailable Zn and the effect of management practices that may
weaken the relation between soil and grain Zn concentrations. Our analyses raise additional challenges
with regard to this question. First of all, soil-plant relations in terms of Zn uptake may only be signi�cant
when Zn is the most yield-limiting nutrient (Janssen et al., 1990). Secondly, we have shown that there is a
strong effect of variety and/or agro-ecological zone on grain Zn concentrations. Thirdly, tissue
concentrations such as grain Zn, may also depend on the relative dilution of Zn in the maize, and thus on
the availability of other nutrients that affect biomass production. These factors may all lead to a weak
relationship between soil properties and grain Zn concentrations, thus challenging the assignment of
areas with high risk of Zn de�ciency in humans due to low grain Zn concentrations based only on soil
properties.

Agronomic bioforti�cation
Goredema-matongera et al. (2021) argued that the application of soil Zn fertilisers may bene�t the crop
by increasing its yield, but without increasing grain Zn concentrations, because of the low soil Zn content
for most countries in SSA. Based on our results, we argue that the opposite is true, and that the
application of Zn fertilisers may be bene�cial for grain Zn content while it does not increase yields
despite low soil Zn levels. Our results have demonstrated that the application of 5 kg ha1 Zn fertiliser can
lead to an average increase of 20% in grain Zn concentrations. This �nding is in line with a review of Joy
et al. (2015), who found an average increase in maize grain Zn concentration of 28% with fertilisation of
~ 16 kg ha− 1 Zn. However, despite Zn fertilisation, grain Zn concentrations were still below the target level
of 38 mg kg− 1 of the HarvestPlus program (Bouis and Welch, 2010). We have shown that soil properties
affect the effectiveness of agronomic bioforti�cation through soil fertilisation. The increase in Zn grain
concentrations by fertilisation was the largest for soils with low pH and SOC content, similarly as found
for Zn uptake. Next to soil properties that are related to the adsorption of fertiliser-Zn, country as random
variable was also found to affect agronomic bioforti�cation, with the largest increase in grain Zn
concentrations found in Zimbabwe (Table 2). Similarly as discussed for uptake, this result can be
explained by variety and/or agro-ecological zone effects. Finally, the effectiveness of agronomic
bioforti�cation may also depend on the availability of other nutrients, such as nitrogen (Manzeke et al.,
2020; Pasley et al., 2019) and phosphorus (Amanullah et al., 2020).

Conclusions
Zinc fertilisation did not lead to higher yields. It requires further research to �nd out why an increase in Zn
uptake does not generally lead to higher yields, even when Zn is strongly diluted in the maize crop.
Conclusions with regard to micronutrient fertilisation should not be based on average yield responses,
given the large variability that was observed in this study and previous work.

The application of Zn fertilisers can be a feasible strategy to combat human Zn de�ciencies in
communities that are heavily reliant on maize as a staple crop since we found that Zn fertilisation
improved Zn uptake and grain Zn concentrations. However, grain Zn concentrations were still below
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target values, pointing towards the use of more e�cient fertiliser strategies such as foliar application
when improvement of the nutritional quality is the main objective.

Existing critical levels based on commonly used soil tests, such as DTPA and Mehlich-3, failed to predict
Zn de�ciencies and a positive yield response of maize to Zn fertilisation. Other soil extractions such as a
0.43 M HNO3 or 0.01 M CaCl2 were also not able to predict maize yield responses to Zn fertilisation.

Soil tests could reasonably predict Zn uptake, albeit that only 40% of the variation was explained. Soil
tests that measured the Zn quantity performed better in predicting Zn uptake than soils tests that
measure the Zn intensity. We explained this observation by the relatively low adsorption a�nity for Zn of
the soils used in this study. The response in both grain Zn concentrations and Zn uptake to Zn
fertilisation was explained by the soil properties associated with the Zn adsorption a�nity of these soils,
namely soil organic carbon and pH. Grain Zn concentrations were found to be less related to soil
properties than aboveground Zn uptake, with only 20% explained by the soil Zn levels estimated by a 0.43
M HNO3 extraction. An effect of variety and/or agroecological zone was found to contribute to the
variation in grain Zn levels, but not Zn uptake. Our results show that the identi�cation of areas in which
crop and human Zn de�ciencies may be problematic, based on soil properties, remains challenging.
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Figures

Figure 1

Locations of the �eld trials in Kenya (A), Zambia (B) and Zimbabwe (C). The maps represent soil Zn
concentrations in a Mehlich-3 (Zn-M3) extraction (Hengl et al., 2021).
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Figure 2

The relation between the yield response ratio, and Zn in a Mehlich-3 (A), DTPA (B), HNO3 (C) or 0.01 M
CaCl2 (D) extract. Above the dotted horizontal lines, Zn fertilisation increased yields; below these, it
decreased yields. The grey areas in Figures A and B show the range of critical values of Zn-M3 and Zn-
DTPA below which it is expected that Zn fertilisation leads to an increase in maize yields (Chilimba et al.,
1999; Cuesta et al., 2020; Lindsay and Norvell, 1978; Wendt, 1995).
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Figure 3

Yields in the full (white) and the -Zn (grey) treatments at �ve locations in Kenya, four locations in Zambia
and ten locations in Zimbabwe. The boxplots show the median (line), �rst and third quartiles (hinges), the
minimum and maximum based on the interquartile range (whiskers) and the outliers (markers). Asterisks
indicate a signi�cant treatment effect. Locations within a country with the same letter do not differ
signi�cantly  (P<0.05; n=5 for Kenya, n=4 for Zambia, n=6 for Zimbabwe).
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Figure 4

The cumulative proportion of blocks in all three countries for the response ratio of yield (A), Zn uptake (B)
and grain Zn concentration (C), calculated as the ratio of the full treatment over the -Zn treatment. A
response ratio >1 means a positive response of maize to Zn fertilisation. The horizontal lines and
accompanying numbers in the �gures show the cumulative proportion of all blocks with a response ratio
of 0.8 (dashed), 1 (solid), and 1.2 (dashed), respectively.
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Figure 5

Zn uptake in the full (white) and the -Zn (grey) treatments at �ve locations in Kenya, four locations in
Zambia and ten locations in Zimbabwe. Boxplots are similar as shown in Figure 3.
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Figure 6

Grain Zn concentrations in the full (white) and the -Zn (grey) treatments at �ve locations in Kenya, four
locations in Zambia and ten locations in Zimbabwe. Boxplots are similar as shown in Figure 3.
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Figure 7

A Grain yield as dependent on Zn uptake. The lines represent the maximum dilution and accumulation of
Zn in the maize crop. The colours refer to the most yield-liming nutrient in the full and -Zn treatment. B
The yield response ratio in relation to stover Zn concentrations for the 101 blocks. Above the dotted
horizontal lines, Zn fertilisation increased yields; below these lines, it decreased yields.
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Figure 8

Yields obtained in the full treatment in relation to the yields in the -Zn treatment. The solid black line
represents the 1:1 line, the grey line shows the local polynomial regression line using the loess method in
R (Vanlauwe et al., 2016).
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Figure 9

The relation between Zn uptake and Zn measured in the Mehlich-3 (A), DTPA (B), HNO3 (C) and CaCl2 (D)
extraction for the plots without Zn fertilisation. The circles show the plots for which Zn was identi�ed as
the most yield-limiting nutrient while the triangles show the plots for which N, P or K was identi�ed as
most yield-limiting nutrient. The dotted line shows the regression line based on the linear mixed effects
model with country as random factor and the respective soil Zn measurement as �xed variable (n=61),
the R2

�xed represents the explained variation of the regression model attributed to the soil Zn
measurement.
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Figure 10

The relation between the log10 of the uptake response ratio as explained by Equation 1, and the pH (x-
axis) and soil organic carbon (SOC) content for the locations in Kenya, Zambia and Zimbabwe. A log10

(uptake response ratio)> 0 (dotted line) means a positive response in Zn uptake by maize when Zn
fertiliser is applied.
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Figure 11

The relation between grain Zn concentrations and Zn measured in the HNO3  extraction. The circles show
the plots for which Zn was identi�ed as the most yield-limiting nutrient while the triangles show the plots
for which N, P or K was identi�ed as most yield-limiting nutrient. The black solid line shows the linear
mixed effects model with parameters for all three countries while the dashed lines show the different
intercept of the model  that includes country as random factor.
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