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Summary

a wide variety of tracers have been used to measure spray deposition such as active 
ingredient, water-soluble food dyes, fluorescent tracers and metal ions. Several advantages 
of mineral tracers have been reported, e.g. overcoming the errors arising from plot-to-
plot variation, their stability in daylight, recovery, accuracy and similar behaviour as 
pesticides. hence, our research group has used mineral chelates in several comparative spray 
application trials. In most cases, filter paper collectors (FPC) were used as artificial targets. 
Regardless the advantages presented in literature, we still encounter scepticism about 
the mineral/FPC-tracer method in terms of recovery, relocation, leaching or interference 
of mineral tracers when applied to the same plot. the experiments showed that multiple 
mineral tracers can be used to assess the distribution and penetration of several spray 
application techniques in the same canopy, with minimal risk of leaching, interference 
and relocation of the tracers.

Key words: Multiple mineral tracer, tracer stability, recovery, relocation, leaching, spray 
deposition

Introduction

In several studies, our research group used mineral chelates, normally used as horticultural leaf 
fertilizers, in combination with filter paper collectors (FPC) to monitor the spray distribution and 
penetration in a canopy (Braekman et al., 2009, 2010; Foqué et al., 2012a,b,c; Foqué & Nuyttens, 
2010, 2011a,b; Langenakens et al., 2002; Nuyttens et al., 2004, 2009). Nine leaf fertilizer products 
containing a single mineral (viz. B, Ca, Co, Cu, Fe, Mg, Mn, Mo and Zn) are commercially available.
  Cayley (1987) first explained that applying spray application techniques to the same plot with a 
different metal tracer for each application is one of the best ways to overcome errors arising from 
plot-to-plot variation (i.e. differences in plant densities, crop heights, growth stage, and leaf angles 
of individual plants). In addition, Murray et al. (2000) proved that mineral chelates are stable with 
a high recovery. The accuracy of the mineral/FPC-tracer method was evaluated by De Moor et al. 
(2002) except for B, Ca and Mg. Finally, Braekman et al. (2009) suggested that mineral chelates 
perform similarly as pesticides under the same conditions which makes them even more suitable 
as tracer.
  The advantage of using FPC as artificial targets is their uniformity in size, absorbing properties 
and non-waxy surface. the latter two properties make them less susceptible to bouncing of droplets 
than actual leaves. therefore, they give a better indication of the ability of a spray application 
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technique to reach a certain location in a plant. Furthermore, leaves and other plant parts are known 
to take up mineral chelates and transport them throughout the plant (e.g. Fernández et al., 2008; 
White & Broadley, 2009), which makes the leaves even less suitable as collector in combination 
with mineral tracers.
Nevertheless, there is still some scepticism towards the recovery and accuracy (relocation, leaching, 

interference) of the mineral/FPC-tracer method. The experiments described aim at giving an answer 
to some of these questions. 

Materials and Methods

Accuracy experiment
For nine mineral chelates, i.e. boron (B), cupper (Cu), cobalt (Co), iron (Fe), manganese (Mn), 
molybdenum (Mo), zinc (Zn), magnesium (Mg) and calcium (Ca) (Chelal®, BMS Micro-Nutrients 
NV, Bornem, Belgium), stock solutions with a targeted chelate concentration of 1.0 g L-1 were 
prepared. For Mg and Ca, new stock solutions were made while for the other mineral chelates the 
liquid tank samples obtained during a parallel orchard spray application experiment (Dekeyser et al., 
2012) were used. In eight pipetting rounds, 200 µL of each chelate stock solution was pipetted onto 
four FPC (7.6 cm × 2.6 cm, Schleicher & Schuell, type 751, Filter Service NV, Eupen, Belgium) 
each in a separate Petri dish (Ø 9.0 cm). Stock solutions of the mineral chelates were applied in a 
different sequence eight to eight stacks of four FPC, as shown in Table 1. Between each pipetting 
event, the FPC were allowed to dry completely. These collectors will further be referred to as 
recovery chelate collectors. In addition to those collectors, four recovery reference collectors were 
made for each mineral chelate by adding 200 µL of stock solution to the FPC in the Petri dish. This 
was done to allow for further calculations. Similar, four recovery blank collectors were made by 
adding 200 µL of tap water to the FPC to allow to correct for background concentrations of the 
minerals in the FPC or the tap water used to prepare the spray liquid. All FPC were then analysed 
by Inductively Coupled Plasma (ICP) analysis (VISTA PRO, Varian, Palo Alto, CA), after extraction 
(6 h) of minerals in 20 mL 16N HNO3 (nitric acid; 66+%, p.a., Acros organics, Geel, Belgium). 
The results were reported as a mineral chelate concentration in the nitric acid extract (Cex, mg L-1). 
For B, Co, Cu, Fe, Mn, Mo and Zn, the liquid tank samples were also analysed using ICP-analysis.

table 1. Overview of the experimental design

Pipet t ing  
round

Stack Nr.
1 2 3 4 5 6 7 8

1 B Co Cu Fe Mn Mo zn zn
2 zn B Co Cu Fe Mn Mo Mo
3 Mo zn B Co Cu Fe Mn Mn
4 Mn Mo zn B Co Cu Fe Fe
5 Fe Mn Mo zn B Co Cu Cu
6 Cu Fe Mn Mo zn B Co Co
7 Co Cu Fe Mn Mo zn B B
8 - - - - - - - Ca + Mg

For each chelate, the actual volume applied to each recovery chelate collector (200 µL), i.e. applied 
volume, was compared to the calculated volume, which was computed based on the concentrations 
determined for that specific recovery chelate collector, the recovery reference collectors, the 
recovery blank collectors and the quantity of nitric acid used for extraction, using equations 1.1 to 
1.3 in appendix 1. In this way, the accuracy of the multiple mineral tracer method was assessed.
Recovery was calculated as the ratio between amounts recovered from and applied to the recovery 
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reference collectors. the applied amount was calculated based on the concentration in the liquid 
tank samples and the pipetted volume (200 µL). As liquid tank samples were only analysed for 
the mineral chelates used by Dekeyser et al. (2012), recovery was only assessed for B, Co, Cu, 
Fe, Mn, Mo and zn.

Leaching & relocation experiment
to assess possible leaching or relocation of deposited mineral tracers in subsequent sprays, a 

second experiment was performed. Five artificial pear trees were sprayed with seven different 
application techniques, each using a different mineral chelate tracer (viz. Mn, Mo, Co, Cu, zn, Fe 
and B in order of application) as reported by Dekeyser et al. (2012). Subsequently, relocation was 
assessed by placing untreated FPC (n = 55) at several positions in the first artificial tree and on 
different well-defined non-target positions (relocation chelate collectors). To check for leaching, 
five collectors spiked with 200 µL of the molybdenum stock solution were each attached to one 
branch (Branch D, cf. Dekeyser et al., 2012) of the five artificial trees (leaching chelate collectors). 
then, the crop was sprayed with tap water to simulate a subsequent spray event. this was done 
using the Hardi Condor V with a high fan speed, optimized deflectors and Albuz ATR orange 
hollow cone nozzles at the same application rate as the other spray applications (i.e. 532 L ha-1 of 
ground surface for an orchard with tree row spacing of 3.25 m). In addition to the chelate collectors, 
reference collectors were made in triplicate by respectively pipetting 200 µL of water from the 
spray tank (relocation reference collectors) and 200 µL of Mo-stock solution (leaching reference 
collectors) on FPC. Similar, four blank collectors were made by adding 200 µL tap water to FPC. 
All FPC were allowed to dry completely before storage and analysis was done using ICP analysis 
as described above.

Statistics
All statistical analyses were done using Statistica 11.0 (Statsoft Inc., Tulsa, Oklahoma, USA). A 

P-value <0.05 was considered to be statistically significant. Because the Shapiro-Wilk’s test proved 
that none of the datasets was normally distributed, non-parametrical tests were used for both the 
accuracy (W= 0.66; P<0.05) as the leaching & relocation experiment (W= 0.50; P<0.05). All data 
were reported as median values. 

Accuracy experiment
  First, the amount of mineral found in ICP extract of the blanks and recovery reference collectors 
was looked at:
• For each mineral chelate, χ²-tests were used to compare the mass of that mineral in their recovery 

reference collectors (viz. Own reference collectors in Fig. 1) to their theoretically expected 
value (200 µg) and, if available, to the expected mass of mineral based on the concentration 
in the liquid tank sample and the applied volume (200 µL). As no liquid sample was analysed 
for Ca and Mg, their recovery reference collectors were only compared to the theoretically 
expected value.

•	 χ²-tests were also used to compare the background amounts of minerals in the blanks and in 
recovery reference collectors of other mineral tracer (viz. Other reference collectors in Fig. 
1) to their expected value. Based on the detection limit of the ICP analysis (0.01 mg L-1) the 
expected value was set to 0.2 µg instead of 0 µg. 

•	 Kruskal-wallis aNOvas, followed by a post-hoc comparison of mean ranks of all pairs of 
groups (Siegel & Castellan, 1988), were used to identify significant differences between the 
amounts of mineral found in the blanks, own reference collectors and other reference collectors.

•	 Mann-Whitney U-test was used to look for significant differences in the amount of background 
minerals between the blanks and the other reference collectors. this was done separately for 
each mineral chelate considered.

  afterwards, the calculated volumes and recoveries were submitted to χ²-tests and also a Kruskal-
Wallis test. The χ²-tests for the calculated volume were done for each stack separately (n=4) and 
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per chelate (n=32). The calculated volume was compared to the applied volume (200 µL), while 
the recovery of each tracer was compared to total recovery (100%). Kruskal-Wallis ANOVAs were 
used to identify significant differences. 
In the case of normal distributed data, the coefficient of variation (CV) can be used as an indicator 

for uniformity (e.g. for a spray: Barber et al., 2003; Sánchez-Hermosilla et al., 2011; Sayinci & 
Bastaban, 2011; wang et al., 1995). Although recovery does not show a normal distribution, the CV 
was used to give some information about repeatability of the mineral extraction and the stability 
of the mineral chelates.

Leaching and relocation experiment
Because of the low number of collectors and as only one repetition was made, non-parametrical 

statistics also had to be used for this second experiment (W= 0.50; P<0.05). For leaching, the 
difference in concentration of Mo in the ICP extract between the unsprayed leaching recovery 
collectors and the ones attached to the artificial trees and sprayed (leaching chelate collectors) was 
evaluated using a Mann-whitney U-test.
For relocation, the difference in chelate concentrations in the ICP extract between the blanks, 

the relocation reference collectors and the collectors sprayed with water (relocation chelate 
collectors) was investigated using Kruskal-Wallis ANOVAs, one for each chelate, followed by a 
post-hoc comparison of mean ranks of all pairs of groups. as several relocation chelate collectors 
were attached to the trunk, branches, leaves, ground and on the off-target poles behind the crop, 
a difference between these different collector positions was made (viz. trunk Relocation, Branch 
Relocation, Leaf Relocation, Ground Relocation, Off-target Relocation in Fig. 3).

Results and Discussion

Accuracy experiment
the amount of each mineral in the blanks, their own reference collectors, the reference collectors 

of other minerals and in the liquid tank samples is given in Fig. 1. the graph shows that the mean 
mass on the own reference collectors and in the liquid tank samples of only five mineral tracers 
(viz. Co, Cu, Fe, Mn and Mn) were found to be more or less in range of the theoretically expected 
mass of 200 µg, while the others were not (viz. B, Ca, Mg and Zn). This is mainly caused by a 
tank mix concentration diverging from the intended 1 g L-1. That is why no significant differences 
were found for most of the mineral chelates when compared to the expected mass calculated based 
on the pipetted volume and tank concentration. For B, however, the mass observed on their own 
reference collectors is still significantly lower than the expected value in this case (χ²=11.8; df=3; 
P<0.05) which suggests a lower recovery for this tracer from the FPC.
Up till now, the values, however, were not yet corrected for the background concentrations in 

the extract. the small min.-max. whiskers in Fig. 1 and similar trends for the values found on the 
blanks as well as on the other reference collectors, point out that the background concentration can 
be considered as a constant for all mineral chelates. the highest background concentration was 
found for Ca followed by Mg and B and is more likely caused by a higher concentration of these 
tracer elements in the tap water or in the FPC. 
Table 2 shows that the recoveries are not significantly different from 100%. The minima, maxima 

and Cvs in table 2 indicate a very good repeatability in recovery for all mineral tracers. Mn 
showed the highest recovery, but still similar to the ones obtained for zn, Co, Cu and Mo. the 
lower recovery of B is confirmed.
 Fig. 2 shows that the volumes calculated based on the extracts of Co, Cu, Fe, Mn and zn did not 
significantly differ from the applied volume of 200 µL and were comparable for all five mineral 
tracers. Despite the high background concentration and the rather low recovery, a similar result 
was found for Mg on Stack 8, i.e. the only stack to which it was applied. As the outcome of the
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Fig. 1. Mass (µg, median ± minimum/maximum) of each mineral present in the extracts of the blanks and 
the reference collectors. Medians with a  label are significantly different from their theoretically expected 
value (200 µg or 0.2 µg). Blanks labelled with a different number (viz. 1–3) are significantly different. 
Median masses of chelates recovered in their own reference collector labelled with a different capital letter 
(viz. A‒C) are significantly different. Median masses of chelates recovered in reference collector other than 
their own, labelled with a different letter (viz. a–d) are significantly different. The *label show significant 
differences between the mass of a mineral in the blanks and in all reference collector but their own. a and 
b indicate significant differences between the mass of chelates recovered in their own reference collector 
and tank sample respectively.

table 2. Median recovery (%) for all chelates. Medians with a different letter (A‒C) are 
significantly different

Chelate Median (%) Min (%) Max (%) CV (%)
B 88C 86 88 1

Co 100aBC 99 101 1
Cu 97ABC 96 97 0
Fe 96BC 95 97 1
Mn 106A 106 107 0
Mo 97ABC 96 98 1
zn 104aB 104 88 1

Kruskal-Wallis test is only based on four records, more experiments are needed to confirm the 
suitability of Mg chelate as a tracer. Volumes significantly lower than 200 µL were calculated for B 
and Mo although these differences were not always significant if the stacks were assessed separately. 
Nevertheless, no indications of leaching or interference between the mineral tracers were found. 
The latter statement is in agreement with findings of De Moor et al. (2002).
Because of the significant differences between the calculated and applied volumes (Fig. 2) and 

the high background concentration in the tap water and/or the FPC (Fig. 1), Ca proved not to be 
suitable as a mineral chelate tracer.
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Fig. 2. The calculated volume (µL, median) pipetted to each collector. *labels show significant differences 
between the calculated and the applied volume per stack of Petri dishes and for each chelate separately,  
labels show significant differences between the calculated and the applied volume for each chelate and 
chelates labelled with a different capital letter (viz. A,B) are significantly different. For Ca and Mg, only 
Stack 8 was taken into account for the Kruskal-Wallis analysis. 

Finally, the results in Fig. 2 show that using B and Mo could have a limited effect on the outcome 
of an experiment, especially when no repetitions are made or when chelates are not used in a 
randomized order.

Leaching and relocation experiment
  Based on the Mann-Whitney U-test, no significant difference between the untreated Mo-spiked 
collectors and the ones sprayed with water could be found. Consequently, leaching of Mo did not 
occur after an additional spraying with water and does not seem to be an issue. however, as these 
exploratory measurements only used five collectors, more experiments should be done to fully 
exclude the possibility of leaching.
In Fig. 3, the chelate concentrations in the ICP extracts of the blanks, the relocation reference  

collectors and the relocation collectors attached to the artificial trees and positioned on non-target 
locations is shown. No significant differences between the blanks and the relocation reference 
collectors were found indicating that the spray tank was thoroughly cleaned and rinsed. No 
significant differences between the different collector types were found for Cu, Co, Mo, Zn and 
Mn. this shows that no relocation occurred on the experimental collectors for these elements. In 
addition, the small and constant concentrations of Cu and zn, prove that these elements are present 
in the FPC in very small and constant amounts which is not the case for Co, Mn and Mo (apart 
from some inexplicable outliers). 
  Only for Fe, but especially for B, some differences could be indicated by the Kruskal-wallis 
aNOva and subsequent post-hoc test. as B was the last chelate that was sprayed by Dekeyser 
et al. (2012), the contamination of the FPC by this mineral is likely to be caused by relocation 
resulting from spraying the canopy with water before it was fully dried. as mentioned above, the 
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Fig. 3. Chelate concentration in the ICP-extract (mg L-1, median; mean ± SD) of the different collector types 
used to explore the potential relocation of the minerals during subsequent sprays. Bars with a different letter 
label (A‒L) show significant differences between the different collectors for the same chelate.

FPC were allowed to dry between successive sprays or before being collected. As often observed 
in the field or lab, some parts of the crop can still be wet when all FPC are already dry. This also 
explains why the highest relocation was found on the leaves and branches. therefore, a subsequent 
spray can only be made appropriately if the crop completely dried.
although some differences can be observed between the different collectors of the Fe mineral tracer, 

all experimental collectors are statistically similar to the blanks or relocation reference collectors. 
So also for Fe, the effect of relocation during subsequent sprays can be minimized. 

Conclusion

In general, these experiments show that multiple mineral tracers can be used to assess the 
distribution and penetration of several spray application techniques in the same canopy, with 
minimal risk of leaching, interference and relocation of the tracers.
It should be pointed out, however, that if no repetitions are made, only the Co, Cu, Fe, Mn and 

zn chelates should be used. In case of repetitions, B and Mo can be used as well, if the chelates 
are used in a randomized order. In this way, more techniques can be assessed at the same time. 
Even then, it should be kept in mind that these additional mineral tracers could result in a very 
small underestimation of the spray deposition. If repetitions are made to the same targets (plants, 
poles, etc.), the set-up should be washed thoroughly with water and the plants should be allowed 
to dry completely before starting a new set of spray events to avoid relocation. No indications for 
leaching of minerals were found.
Despite the relatively high background concentration and low recovery, promising results were 

obtained for one of the newer mineral tracers tested: Mg. Because the results of this chelate are only 
based on four records, additional tests are needed to confirm its usability as a tracer. Additionally, 
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using Mg as a tracer, one should keep in mind that Mg is present as a natural chelate in chlorophyll 
and therefore contamination could take place when attaching the collectors to different parts of 
plants.
A final advantage of the chelate tracer method is that deposition values (L ha-1) can easily be 

calculated  by incorporating the surface area of the collector as shown in appendix 2.
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Appendix 1

First, the amount of mineral chelates extracted by ICP analysis is calculated:

  wex = Cex × vex       (1.1)
with:
wex = the mass of the mineral chelate recovered via ICP analysis from the blanks (Wb), the reference 

collector (Wr) and the experimental Petri dish stacks (Wstack) (µg).
Cex = the reported concentration of the mineral chelate in the extract (mg L-1).
vex = the 20 mL volume of nitric acid used for extraction (mL).

Next, for each mineral chelate the concentration in the stock solution is calculated as the mean of 
all four subsamples:

with:
<Cr> = the mean mineral chelate concentration in the stock solution (g L-1).
wri = the mass of the mineral in the extract of reference collector i (µg).
<wb> = the mean amount of the chelate recovered from the blanks (µg).
vr= the 200 µL volume that was pipetted to the collector (µL).
n = the number of replicas.

Finally, the calculated volume applied to every collector was calculated using following equation:
with:

V = the calculated volume pipetted onto the collector (µL).
wstack = the amount of chelate recovered from a collector in the experimental Petri dish (µg).
<wb> = the mean amount of chelate recovered from the blanks (µg).
<Cr>  = the mean mineral concentration in the chelate stock solution (g L-1).

Appendix 2

When the tracer method is used to asses spray techniques, deposition (L ha-1) can be calculated by 
incorporating the surface area of the collector and equations 1.1–1.3:

with:
D = the deposition onto the considered collector (L ha-1).
V = the spray volume deposited onto the collector (µL).
A = the surface area of the collector (cm²).
w = the amount of chelate recovered from the collectors (µg).
<wb> = the mean amount of chelate recovered from the blanks (µg).
<Ct> = the mean concentration of the tank mix (g L-1).
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