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1 Introduction

This study verifies the hypothesis whether enhancing early plant growth leads to a better use of P from
indigenous soil resources and fertilizer P.

Phosphorus (P) availability is limiting crop production nearly everywhere in the world. Annual input of mineral P
fertilizer in global food production is about 17 Mton P, which corresponds to approximately 10kg P ha™ arable
land. The application rate varies however significantly between continents from about 3 kg P ha™ in Africa to over
25kg P ha™ in Europe (Liu etal., 2008).Total P input on cropland (so including manure and organic recycling)
was estimated globally between 15 and 19 kg P ha™, indicating that a yearly input of mineral P of 10 kg P ha™ is
essential for food production (Liu etal., 2008; Smit etal., 2009a). Global offtake (crops and crop residues) was
estimated at 7-9 kg P ha™’. So, worldwide the input of fertilizer exceeds already the takeoff.

Also, the global estimate for the efficiency of “conversion” of P from fertilizer to consumed P in food is only about
20% (Cordell 2010; Cordell etal., 2011). Losses throughout the production chain can explain this apparent low
efficiency, erosion being the most important one. In addition application of P in excess to the crops’ offtake
actually lead to accumulation of P in soils. Also soil accumulation in various parts of the world can explain the
apparent low efficiency of fertilizer to consumed food.

As P resources are finite, remaining deposits should be used as efficiently as possible. Boosting efficiencies
should apply to the remaining mining deposits of P but also and importantly, to the already accumulated P in
agricultural soil. In order to efficiently exploit accumulated P in soils and to stimulate the efficient uptake of newly
applied P fertilizers, plant uptake ability should be significantly improved. This report analyses the impact of early
root growth to boost plant P uptake irrespective of soils with high or low P.

2 Background

Experiments show that the recovery of mineral P- fertilizer (i.e. the fraction of the applied fertilizer that is taken up
by the crop) is at least on the short term rather low, usually much less than 30% (Syers etal., 2008). At many
sites much of the applied fertilizer is bound firmly to the soil complex into Al, Fe and Ca phosphates and not
readily available for plant uptake. Soil chemical processes in general lead to very low P concentrations in the soil
solution, often in the order of 10 uM, as compared to concentrations in root that are over 1000 times higher. In
developing countries P deficiency of soils (e.g. on the entire continent of Africa and in Brazil) often results in low
crop yields. To improve the yield on these soils the P concentration in the soil solution needs to be increased or
plants should have the ability to better extract the P from the soil complex.

However, increasing the P availability on these soils requires the application of substantial amounts of P; much
more than the yearly uptake by the crop and should be applied during a large number of years (Romer 2009).
This “loading” of soil with P is sometimes intentionally done to improve the fertility of the soil but sometimes
unintentionally. The latter occurs in regions with nutrient surpluses due to the concentration of livestock; here the
production of manure leads to an excess application on the surrounding arable fields. This can occur even at a
farm scale in Africa where much of the manure is applied in the vicinity of stables or settlements.
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These fertile soils contain over 2500 kg P ha™ and sometimes even exceed 7000 kg P ha™. These are excessive
amounts as comparing to the annual uptake of a high yielding arable crop of approximately 25kg P ha™. In less
fertile soil the amount of total soil P will be less, but so is the off take with the crop. In both cases soil reserves of
P are abundant, and if all of it would be available to the crop, it would suffice to sustain agricultural production for
more than hundred years or several hundred years (W. Europe).

An example for Africa was based on two tables (Total P soil content and Effect of placed fertilizer P on maize
grain yield) of van der Eijk etal. (2006), data from their experiments on several sites in Kenya. Figure 1 shows
that maize yield increases with increasing total soil P content (blue diamonds). When assuming a P content for
the maize of 3kg P tonne™ then the ratio between soil pool and yearly offtake would indicate the number of years
the total soil P pool would sustain production if it were plant available. The figure shows that even at the lowest
fertility level total P content would be sufficient for more than hundred years at the current vyield level, and
probably even longer because the P concentration in the maize dry matter would be lower at these sites than the
assumed 3 kg P tonne™.

Maize vield @ Maize Yield
aize yie .
Soil Total P/ Yearly P offtake
(kg ha™) / y years
14000 A - 180
12000 - - 160
- 140
10000 — )
8000 - 100
6000 - . - 80
4000 - - 00
- 40
i L 4
2000 - 20
0 T T 0
0 1000 2000 3000
Total soil P content (kg P ha)

Figure 1. Relationship between total soil P content and maize yield and the ratio between total Soil P
and yearly offtake (~ number of years total soil P would suffice to sustain production if it
were fully plant available). Calculated from Tables 2 and 4 from van der Eijk et al. (2006)

So, while soils contain large amounts of “indigenous soil P” and/or applied fertilizer P, it is hardly accessible to the
crops.

The challenge is to understand why accessibility of these large soil P pools is so low for plants and how it can be
improved.

We observed in the Netherlands that there is no positive correlation between the recommended P supply for
various crops and the amount of P taken up. On the contrary, a negative relationship was suggested (Smit etal.,
2009b). This is unlike nitrogen where crops taking off large amounts of nitrogen require more nitrogen according
to prevailing recommendations.
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A crop like oilseed rape takes up large amounts of P, but the P fertilizer recommendation rate is very low, if not
zero, whereas some vegetable crops take up small amounts of P but are recommended to be heavily fertilized.
Why are low or even negative correlation found between recommended phosphorus application rates and
phosphorus uptake?

Due to the immobile character of the phosphate ion and the low concentration in the soil solution, root length
determines to a large extent the potential phosphorus uptake capacity (de Willigen and van Noordwijk 1987).
Obviously a crop like (winter) oilseed rape with an extensive root system can easily exploit the soil to obtain its
required P from the soil P reserves without additional P fertilizer. Autumn sown winter oil seed rape has the
additional advantage of a functioning root system already in early spring before growth starts with rising
temperature. In this way, from the beginning onwards this crop can fully exploit the P soil reserves without
additional P fertilization. Many other crops in spring have to build up “from scratch’ such a root system.

Therefore, as a logical follow up, it can be hypothesized that sufficient root length for P uptake will be a crucial
factor particularly in the juvenile phase of growth. This is corroborated by the observation that P-deficiency is
particularly visible in the younger plant stages. If the plant cannot realize the required P uptake already at this
early stage, it will remain detrimental for the crops growth during its entire cycle, especially for short duration
crops like most vegetable crops.

Long-term experiments with a range of P input rates with maize showed that slower development of the crop
caused by a P deficiency takes place in the first part of the growing season (Plénet etal., 2000) and not, which
would make more sense, after closure of the canopy when growth rate (and daily P-uptake rate) would be much
higher (Figure 2Figure 2).
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Figure 2. The effect of P application rate on Leaf Area Index (LAI) of maize. PO, P15 and P3 are
yearly P application rates of 0, 52 en 111 kg P ha™ respectively. From Plénet et al. (2000)
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The consequence of the above could also be that for a good yield and quality a relative high phosphorus status of
the soil is needed for the sole purpose to help the plant through the early growth phase when root length is
limiting phosphorus uptake.

When considering that during this period only slight amounts of P are taken up and also taking into account that a
high soil fertility status requires large inputs of (organic) fertilizer, it seems likely that every factor that can improve
the P acquisition during this period would lead to a more efficient use of fertilizer and, even more important, to a
better exploitation of the indigenous soil P reserves and applied fertilizer P in subsequent periods when root
length is not limiting any longer.

Plant characteristics and agronomic practices helpful to bridge the vulnerable period would include:
e Plant traits:

= Root and root hair architecture (branching, length, density).

= Root exudation rates (especially carboxylates) and enzymes (phosphatases).
e  Cultural practices:

= P fertilizer placement.

=  Foliar application of P.

= Seed coating with P or enzymes.

In the following we reviewed the literature to corroborate the hypothesis mentioned above thereby focusing on
mitigation possibilities to prevent early stress in crop production, resulting in an improvement of the efficiency of P
fertilizers.

3 Mitigation possibilities to bridge the vulnerable early
growth period

3.1 Fertilizer placement

Relatively small amounts of P fertilizer are placed in close vicinity of the germinating seed. Even with a small root
length the high concentration of P in the soil solution then warrants sufficient P uptake as the maximum uptake
rate of roots is not met under field conditions (de Willigen and van Noordwijk 1987). In later stages root length is
sufficient to take over and utilize the larger amount of the soil P reserves. In general, placement of P is a proven
technique and the comparison between broadcasted P and placed P often shows that a reduction of sometimes
more than 90% in fertilizer application can be realized.

The effect of P placement is especially large under drought conditions, as drought strongly counteracts the
diffusion of P towards the plant roots. Because the phosphate ion is much more immobile than the nitrate ion,
placement will be especially beneficial for P uptake (de Willigen and van Noordwijk 1987), more than for N
uptake. The effect of P placement is also expected to be larger in sown crops than in planted crops because sown
crops need more time to proliferate their root system. A positive effect of placement is shown to be more effective
when the growth period of a crop is shorter, as a longer growth period allows for more compensation of the slow
growth earlier in the season.
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Ehlert etal. (2002) identified on the basis of a literature review, low temperature and a large plant distance as
factors to increase the fertilizer saving effect of placement vs. broadcasting. They categorized vegetables such as
onion, lettuce, carrots as positive reacting to placement, but in cauliflower less effect was to be expected. The
latter is very probably related to the strong rooting characteristics of Brassica species.

Stone (1998) experimented with NPK “starter” solutions in various vegetable crops. He found a stimulation of
early growth and often higher yields in the end, even at sites with a high soil fertility level. At lower fertility levels
small amounts of fertilizer could influence growth in such a way that the difference with high fertility sites were
small or absent. The author concluded that with placement it would be possible to lift the low fertility sites to the
level of sites with a high soil fertility.

Also Stone (2000) mentioned that placement is especially effective in crops with a large row distance.
Experiments with starter solutions, which were applied in close vicinity of the seed, showed that diammonium
phosphate (DAP) stimulated early growth and the final yield of onion. The effect was attributed entirely to P and
not to N as solutions with only N did not show an effect. The combination of DAP placement with broadcasted N
however was successful because N recovery was increased and yield and quality could be maintained with
decrease N fertilizer rates. Stone states in his article: “It is likely that, following the boost to early growth provided
by a high P starter fertilizer, the root systems of the larger plants can extract mineral N from a larger volume of
soil and consequently the requirement for fertilizer N is likely to be less.” In his experiments the author did not
apply a complete dose-response trial for both nitrogen and phosphorus so the foregoing statement could refer to
fertilizer P as well. Figure 3 shows the positive effect in lettuce of a starter gift with ammonium phosphate (around
25kg P) on the response curve for nitrogen, keeping in mind that also 100 kg P was given as maintenance
application (however broadcasted).
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Figure 3. The effect of starter fertilizer with ammonium phosphate starter (AP) with or without urea
ammonium nitrate (UAN). From Stone (2000)

Van der Eijk etal. (2006) investigated P placement on phosphorus-fixing soils in southwest Kenya. Total P
content varied on the various experimental sites between 490 and 1681 mg P/kg soil, which would correspond
assuming a soil profile depth of 20 cm with a total P content of more than 1000 and 4000 kg P ha™ or 2200 and
8800 kg P,0s ha'. Olsen P varied between 1.6 and 59 mg/kg respectively. The comparison between placed and
broadcasted P in maize on these P-fixing soils revealed that the advantage of placement over broadcasting is
seen especially at low application rates of fertilizer P and also at sites with lower yields. An additional advantage
of placement was the observation that weed growth was much less than when fertilizer P is incorporated in the
whole topsoil where weeds could benefit also.

Van der Eijk etal. (2006) also concluded that yearly small amounts of P fertilizer are much more effective than
larger amounts at longer intervals; in the latter case obviously more P is fixed at binding sites in the soil (Fe and
Al hydroxides).

Much earlier, Prummel and Barnau Sijthoff (1975) showed some data on the efficiency of placement at low P
fertility levels. With placement of only 1/6 of the amount of broadcasted P fertilizer, the same yields were obtained
with Phaseolus and Faba beans, crops known to be sensitive to P fertilization. At higher fertility levels, crops did
not respond to broadcasted or placed P fertilizer.

Smit etal. (2010) explored the effects of P-placement using a simulation model (a combination of a plant growth
model and a soil model) to study the interactions between P-fertility status, rooting characteristics and P-demand.

The simulation confirmed that in the early stages of growth P-uptake is strongly constrained by the length of the
root system, although small amounts of P are involved (sometimes <1 kg P ha‘l).
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At a low fertility level (Pw 251), P uptake was less than the crop demand, especially for crops which were defined
to have a low rooting density and a high demand. However, when increasing the fertility level from Pw 25 to 35
the fraction uptake to demand increased only by 10% whereas the application of placed P at a rate of only 6kg
Pha™’ was sufficient to realize uptake to meet the demand. However, to increase the fertility level from Pw 25 to
35 would require large amounts of P. For Germany (Rémer 2009) concluded that within the recommended range
of P fertilities, to bring the soil from the lowest to the highest recommended fertility level, already 500 kg Pha’
was needed.

On a hectare basis, daily P-uptake, expressed as kg P (ha.day)'l, is initially very low and will increase with the
development of the crop. However, the model showed - assuming a realistic development pattern of root length
and P uptake in time - that if uptake of P is expressed as kg P (km root Iength.day)'1 then the opposite is true: the
uptake rate decreases with time (see Figure 4). This emphasizes the role of the root system in the early stages of
growth, especially for sown vegetable crops with a short growing period as elaborated by Smit et al (2009b).
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Figure 4. The simulation of a P uptake vs. time in kg P.ha'l.day'1 (red) and expressed as mg
P.rootlength'l.day'l(yellow). From Figure 8, Smit et al. (2009b)

In addition Smit and colleagues (2010) carried out an experiment in a climate chamber to observe the effect of P-
placement on early growth of several vegetable crops. Next to a non-fertilized control (treatment P1, see Table 1),
P was added in only 3% of the pot soil volume in a cylinder shape immediately under the germinating seed at two
rates of 58 and 175 mg P kg'l soil (freatment P2 and P3), equivalent to 4.4 and 13.4 kg P ha™.

1 pw: Soil P fertility level expressed as water extractable P (mg P20s L™ after extraction in a 1:60 viv ground:water
solution. In the Netherlands a Pw of 25 is at the lower limitof the recommended range of P fertility levels.
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These treatments were compared to a treatment with 35 mg P kg'l soil added homogeneously to the entire pot’'s
soil volume (Treatment P4), equivalent to 84 kg P ha™. Table 2 shows that the smallest amount of placed P at
44kg P ha™ for most characteristics came close to the broadcasted amount of 84 kg P ha™. The fertility status
increased in the broadcasted P treatment from Pw 24 to 31, which was comparable to the rise from PW 25 to 35
in the model simulation, corroborating that placement of small amounts of P led to the same or better P uptake
and growth than raising the overall P-fertility of the soil. Although the results of the simulation as well as the pot
experiment are quite in line with each other, they should be verified under field conditions.

In general we think that especially in the early growth stages, the balance between sufficient root length and
actual P-uptake is very fragile and may be strongly influenced by environmental conditions like soil and air
temperature, soil moisture and radiation. This may explain why placement studies in the field often have
conflicting and variable results.

Table 1. Treatments in climate chamber experiment (Smit et al., 2010)

Average P-Status (Pw) During
Treatment P-Fertilization in kg P ha™ P Added as mg P/kg Soil the Experiment
Pl 0 0 24
P2 4.4 58 in 3% of the soil volume -
P3 134 175 in 3% of the soil volume -
P4 84 35 homogeneously 31

Table 2. The effect of P fertilization (by placement and broadcasted) on some plant characteristics in spinach,
onions and carrots in a climate chamber pot experiment (Smit et al., 2010)

P Fertilization in kg P ha **
Placement Broadcast

Variable Crop 0 4.4 13.1 87

Leaf area (cm’) Spinach 90 123 196 113

Onion 6 5 9 7

Carrots 5 7 17 7

Dry matter (mg/pot) Spinach 603 828 1,070 715

Onion 115 123 160 135

Carrots 48 70 123 62
P-content (mg/kg) Spinach 1.6 2.0 2.8 2.5
Onion 1.1 1.1 15 1.1
Carrots 2.1 2.3 2.8 2.5

a. The P-rates in the table are scaled up to kg P ha~ assuming a topsoil of 20 cm (the height of the pots). The
effects of P-fertilization were significant (ANOVA) for all crops and all variables.
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Table 3. Factors that will lead to strong or minor response by the crop in terms of P uptake and growth upon
placement of P

Expected strong effect of placement Minor effect of placement
Sown crops Planted crops
Slow root development rate Fast development rate
Short growth period Longer growing period
Less root branching per root hair More branching per root hair
Sites with lower (P) fertility Sites with a high (P) fertility
Lower application rates Higher application rates
Low (soil) temperature High temperature
Large plant distance per row width Small row width per plant distance

The early growth phase could be critical for the reasons mentioned above. In addition, plants take up about 50%
of their seasonal P requirements by the time they have accumulated only 25% of their final dry matter (Black
1968, as cited by Chien etal. (2010). The fact that P uptake is ahead of dry matter production tends to be valid for
a wide range of crops, it was already mentioned by van ltallie in 1937 (cited by de Willigen and van Noordwijk
[1987] on p.35 of their thesis). It corroborates the hypothesis that early in crop production, P requirements are
critical.

Finally, based on examples in the West African countries of Niger, Burkina Faso and Togo, Buerkert etal. (2001)
concluded that P placement is a promising strategy to overcome P deficiency being the strongest regional growth
limiting nutrient constraining cereal yield. They carried out experiments with pearl millet (Pennisetum glaucum L.),
sorghum (Sorghum bicolor (L.) Moench) and maize (Zea mays L.) either continuously or in rotation with cowpea
(Vigna unguiculata Walp.) and groundnut (Arachis hypogaea L.). Across the eight sites, NPK placements at
0.4 g P per hill raised average cereal yields between 26 and 220%. This was confirmed in 119 on-farm trials.

Based on the above findings in literature with experiments in pots and field and simulation models we conclude
that placement of P:

e Can prevent that a large fraction of applied P is fixed to soil binding sites.

e Could subsequently lead to a better utilization of soil P reserves.

e Can lead to a better utilization of other nutrients, like nitrogen.

See Table 3 for a summary of the conditions influencing the success of placement.

To maintain soil fertility, however, total P input in a rotation should be at least meet total P offtake. Yet, placement
creates the possibilities for the saved P to be applied in P sensitive crops where placement is not possible.

3.2 Rooting characteristics

In their thesis de Willigen and van Noordwijk (1987) concluded that especially for P-uptake, enough root length is
important as more length decreases the transport distances from the soil solution to the roots. They proved that
transport distances in the soil are the main limiting factor for P uptake and not the physiological capacity of the
root for P uptake.
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Root proliferation, root architecture, branching and development, root hairs, etc. all can have a significant
influence in the extent to which the plant can utilize the available P reserves in the soil. Much is known about the
strategies a plant can pursue to respond to P-deficient conditions. In their review article, Richardson etal. (2009)
mention more adventitious roots, smaller root diameter, shallower basal roots, more dispersed lateral roots and
also longer and denser root hairs; the latter can be seen as an extension of the root system.

Also in a recent review article, Niu etal. (2013) mention root architecture development in response to low P
availability as crucial to cope with P stress. The paper describes how plants adjust their root architecture to low-P
conditions through inhibition of primary root growth, promotion of lateral root growth, enhancement of root hair
development and cluster root formation, which all promote P acquisition by plants. Most of these strategies
consist of using root dry matter as efficiently as possible to produce more length per volume soil, thereby
stimulating the possibility to scavenge the soil volume for the scarce P ions.

The development of root hairs might be an especially interesting strategy as it increases the length of the root
system considerably without much investment of dry matter. A drawback might be the short longevity of root hairs,
but it could be argued that after exploring and exhausting a certain volume of soil for phosphorus, the
maintenance of these root hairs is no longer needed. Indeed, Brown etal. (2013) concluded based on a cost-
benefit analysis of various root traits that root hair development has the greatest potential for P acquisition relative
to their cost of production. Moreover, in a modelling approach they argued that the greatest gains in P-uptake
efficiency would be made through increased length and longevity of root hairs rather than by increasing their
density. They formulated six potential ideotypes to improve crop P acquisition. The conclusion that an investment
in more root hair length is more important than root hair density was also drawn by Zygalakis etal. (2011) based
on a model approach as well.

Could breeders select for root hair traits and thus improve P efficiency of their varieties?

Yan etal. (2004) investigated the combination of root hair traits and organic acid root exudation traits and the
relationship with phosphorus uptake in common bean (Phaseolus vulgaris L.). Substantial genotypic variability
was observed for these traits as well as for the response to P availability. A P efficient genotype had a greater
root hair density, longer root hair length and greater exudation of H' and total acid than the P inefficient genotype
in the study. P uptake in the field was found to be correlated to these characteristics. Also from the data given by
Hoffland etal. (1989) a relation between root hairs and root exudates could be deduced. They mention that
organic anion efflux varies between different parts of root systems but the efflux of organic anions tends to be
greater in young regions near the root tip than older parts of lateral roots of rapeseed, which coincides with the
region where root hairs are active.

We therefore conclude that the desired root properties for P uptake are well described in literature, but not
specifically for the early stages of growth. To our knowledge, any improvement in traits which could enhance P
uptake for the young plant could lead to a better use of P soil reserves and to a better use of fertilizer P in later
stages. Selection and breeding for these traits in young plants (root hairs — in particular hair length, longevity, root
branching, etc.) could be relatively simple and not time consuming, as breeders do not have to wait for the final
yield.
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3.3 Soil P binding capacity and plant P-uptake in relation to exudates

As a solution, phosphorous is taken up by plants either in the form of H,PO, or HPO,” (Raghothama 1999).
However, when applied to acidic soils, P tends to bind very strongly on iron and aluminum hydroxides, thereby
decreasing P fertilizer use efficiency (van der Zee and Riemsdijk 1988). Similar effects are observed in
calcareous soils when inorganic P fertilizers such as triple superphosphate are applied; for instance calcium
phosphate is instantly formed and makes the phosphorus relatively unavailable for plant uptake (Marschner
1995).

Over time plants have developed several mechanisms to overcome the P-binding capacities of several types of
soils (Richardson etal. (2011) and references therein): (1) root foraging strategies geared towards enhanced P-
uptake, including fine root hair formation, cluster roots, top soil foraging; (2) soil P mining strategies via excretion
of carboxylates such as oxalate, malate, citrate; and (3) improved internal P-utilization efficiency. Hard evidence
for increased P solubility with increased excretion of carboxylates is scarce however (Richardson etal., 2011),
because citrate efflux is difficult to separate from other exudates such as protons and secondary metabolites. Still
it is to be expected that carboxylates play a role in solubilizing P, as several incubation experiments have shown
that addition of carboxylates to the soil increased water soluble P concentrations. Root born carboxylates have
been shown to have the capability of forming bonds with metals such as Fe and Al, and thus decreasing the P
sorption capacity of the soil.

The question now arises whether chemically produced chelating agents or organic acids that are mechanically
applied to the soil will increase water soluble P concentration, resulting in higher plant P uptake and eventually
higher productivity. In a laboratory incubation experiment Edwards (2013) showed that P binding to metals
decreased when chelating agents were applied to two acid types of soil, resulting in an increased concentration of
water soluble P. Adding chelating agents in a pot experiment with corn, however, did not increase productivity or
decrease soil binding P capacity. Guertal and Howe (2013) compared two commercially available P-solubilizing
products and concluded that “results are not definitive, but indicate that both products have the potential to
improve plant available forms of P in the soil.” Andrade etal. (2007) reported positive effects on productivity of
corn when organic acids were supplied to the soil, and that the effect depended on the time of application, i.e.,
either before or simultaneously with P fertilizing. From a field trial with corn, McGrath and Binford (2012)
concluded that starter P fertilizer increased early growth, but that only on 2 sites out of 8 was an increased grain
yield observed (this could be an example of compensation mentioned above; i.e. no apparent impact on crops
with long growth periods). In the same experiment a simultaneous supply of a commercially available P-
solubilizing agent did not have any effect on productivity in the early growth phase or grain yield. In a pot
experiment, Khademi etal. (2010) analyzed the effect of carboxylates added on P uptake in wheat and concluded
that oxalate was far more effective than citrate in stimulating P uptake, as citrate mineralization by microorganism
proceeded at a far higher rate.

Even though there seems to be sufficient evidence that carboxylates by themselves have a P solubilizing effect
and therefore will increase P-availability for plants, it is still very uncertain that direct application of carboxylates or
analogues to the field will have the desired effect in high P binding soails.

Based on information given in Gerke etal., 2000a and Gerke etal., 2000b we here calculate the absolute

minimum amount of Trisodium citrate required per hectare to be effective in solubilizing P. Based on
measurements, Gerke etal. (2000a) concluded that concentrations of at least 10 umol citrate adsorbed g'1 soil
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re required for P to become soluble. Soil P-solubility increased exponentially in the range of 10 to 50 pmol citrate
-1

g.

This suggests that 6.7-33.5 tons of Trisodium citrate are required per hectare for P-solubilization. A quick scan
revealed a sales price of approx. 800€/ton Trisodium citrate, i.e. 5300-27000 € ha™, excluding machinery and
labor costs. In this financial calculation we assume that the top 20 cm of soil is then fully saturated with
carboxylates. Large amounts of carboxylates will be necessary as it is paramount for the action of exudates to be
in close vicinity of (all the) roots at sites where P can be solubilized. This is quite in contrast to placement of P,
where a small volume of higher P concentration leads to a higher diffusion rate of P to the roots, thereby in
addition making use of the large P uptake capacity of the roots in the vicinity of the higher P concentration.

We therefore conclude that exudation of organic acids is important to utilize the soil P reserves but it is not
feasible to apply these compounds exogenously on a large scale. A possible research area might be to test the
activity in the very first phase of growth (e.g. the germination phase), then the input of exudates could perhaps be
limited to affordable amounts and applied in the vicinity of roots. In a crop rotation it could be worthwhile to
integrate certain crops that are known to have high exudation rates. These crops could make some P available for
subsequent crops in the rotation, provided the crop residues are ploughed under.

3.4 Seed coating with P and enzymes

3.4.1 Coating with P

Seed coating with nutrients could be a practical measure to provide the emerging plant with small amounts of P.
Although the amounts are small it could help the plantlet to bridge the first stages of growth, phosphorus being
right on the spot for uptake. Seed coating would therefore be an effective means to stimulate early P uptake;
some promising results have been reported in practice. Several companies have engaged in the production of
seeds coated with fertilizers (e.g. www.innoseeds.nl).

Rebafka etal. (1993) conducted experiments with millet on an acid sandy and P deficient soil in Niger. Seeds of
pearl millet were coated with different rates of P and with different fertilizer types, including superphosphate,
ammonium phosphate and ammonium dihydrogen phosphate (AHP). However, seedling emergence was reduced
at rates higher than 5 mg P per seed. The most favorable effect on plant growth and P content was obtained with
AHP as seed coating. This was attributed to the enhancement effect of ammonium on P uptake. Compared to the
untreated control, dry matter production at 20 days after planting was increased by 280%, plant P content by
330%, total bhiomass at maturity by 30% and grain yield by 45%. They concluded that seed coating with AHP may
be harmful to seedling emergence, but with a large ability to enhance early growth and increase yield of pearl
millet.

Karanam and Vadez (2010) stress that phosphorus is one of the main limiting nutrients in the semi-arid regions
where pearl millet is grown; its deficiency leads to poor seedling establishment and eventually poor crop yield.
They experimented with seed priming, i.e. soaking the seed with (nutrient) solution, and seed coating with P in
three hybrid varieties of pearl millet in a low P Alfisol (soils that have a clay-enriched subsoils and a relatively high
native fertility but usually deficient in P). Overall, seed priming did not increase shoot biomass at two and four
weeks after sowing. In pots, seed coating at a rate of approximately 400 g P ha® increased vegetative biomass
over 400% at early stages, and panicle yield by about 50%, over the non-coated treatment, with genotypic
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variation in the magnitude of the response. According to the authors, a seed P coating treatment appears a valid
option to promote pearl millet seedling establishment and then to boost yield under low soil P conditions.

MaSauskas etal. (2008) mention for malting barley that coating with P sometimes decreased emergence, also the
positive effects on seed yield were not convincing with only a positive effect when conditions enabled a grain yield
over 6 tha.

Experiments with oat (Peltonen-Sainio etal., 2006) showed that seed coating with P resulted in alterations to
many plant stand structure traits. All significant changes represented improvements over the non-coated control
but were not consistent. Most often, enhanced biomass accumulation (up to 22%) and grain set (up to 15%)
occurred. This was not, however, associated with increased grain yield in any of the experiments. The authors
concluded that P seed coating promoted early oat growth however without increasing economic yield.

Ros etal. (2000) investigated the effect of soaking and coating rice with various P fertilizer, including rock
phosphate, in view of the large influence that phosphorus can have on early seedling growth and the fact that
many rice growing soils are P deficient. However, seedling emergence was reduced by 40-60% when seeds were
coated or soaked in solutions (priming). By contrast, seed coating with rock phosphate did not affect final
emergence compared to the untreated control but did delay seedling emergence by 2-3 days. At 20 and 40 days
after sowing (DAS), no remaining significant effects of soaking in P solutions was found on plant growth. At 20
DAS, coating increased shoot dry weight but decreased root dry weight of plants. The effect of coating treatments
persisted up to 40 days after sowing, and at this stage, seed coating increased root length and dry weight and
increased shoot dry weight by 400-870%. Although plant growth responded to coating seeds, these seed
treatments initially reduced seed emergence and may therefore not be acceptable to farmers. They concluded
that coating rice seeds with rock phosphate may be more promising for stimulating early rice growth on low P
soils. Rock phosphate when applied at 1.2 mg P per seed or 0.5 kg rock per kg of seed was not harmful to final
seedling emergence but quadrupled shoot and root growth of rice.

3.4.2 Coating with phosphatase

A large part of soluble P from fertilizer reacts with soil components, forming chemical compounds that are on the
short term not easily taken up by the plants. Eventually in many places in the world this leads to accumulation of
P in soils and environmental problems such as eutrophication of surface water. The sometimes large amounts of
this P in the soil profile can be in organic as well as in inorganic forms. The fraction of organic P can range
between 20 and 80% (Fransson and Jones 2007; Richardson etal., 2011). Especially under P deficient conditions
both plant roots and soil microorganisms can release phosphatase enzymes into the soil that have the potential to
mobilize at least some of this organic P reserve in soils. Mineralization of organic P is essential because only
phosphate ions can pass the barriers in the root system. This mineralization occurs through the activity of
phosphatase enzymes in the rhizosphere. The enzymes can be of plant or microbial origin. In their review
(Richardson etal., 2011) mention that the root phosphatase activity is enhanced under P-deficient conditions, and
is considered a key component of the general response of plants to P starvation. Enhancing this activity may
assist in increasing P-use efficiency. Seed coating with the enzymes can therefore be a possibility to increase the
use of the organic P pool in the soil.

Rhizosphere microbial inoculants with a specific interest in their ability to increase the availability for P have also
been proposed. In their review Richardson etal.,, 2011 mention some positive responses and even development

of commercial inoculants, but mention that often positive responses in a laboratory are not reproduced under field
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conditions and concluded more or less that still much work has to be done to arrive at application under field
conditions.

However, Pilar-lzquierdo etal. (2012) and Pilar etal. (2009) coated barley seeds with free and immobilized
alkaline phosphatase. Two coating techniques were studied: film-coating and pelleting. The highest phosphatase
activity retention in the coating layer was observed when seeds were film-coated with phosphatase-polyresorcinol
complex (PPC). Under pot culture conditions, an increase in the soil inorganic P was detected when the seeds
were film-coated with phosphatase. Moreover, the film-coating significantly increased the P uptake by plants
between 25% and 31% at 35 days after planting. The study showed that the seed film-coating with free and
immobilized phosphatase increased the phosphatase activity in the rhizosphere and the P uptake by plant.

We therefore conclude that seed coating with P seems a promising technique, but the lower rate of emergence
may be problematic. Based on the review so far, there seems to be merit in investigating the effect of a
phosphatase coating in combination with coating seeds with fertilizer P or phosphate rock.

3.5 Foliar spraying of phosphorus

The question arises whether foliar spraying of P can be a practice to promote the early vigor of plants in P
deficient situations. Here we summarize literature on this subject.

At sites that contain enough soil P to supply the plants till maturity no effect of foliar P is observed (Noack etal.,
2010). However, foliar P fertilization may allow an adequate alternative for P supply when P content in the soil is
insufficient, when soils have a high capacity of P fixation, and when they are poor in native P (Natale etal., 2002).
Roots may also have limited access to P in soils with a low soil moisture content (dos Santos etal., 2006). In a
review, Noack et al (2010) present many studies in which foliar P application results in positive plant responses
and significant increases of yield at P insufficiency in the soil.

A number of studies have investigated the physiology of foliar P fertilizer uptake under controlled conditions, using
single droplets applied to the leaf or sprayed on the crop (Koontz and Biddulph 1957; Bouma 1969). It appears
that a spray application method proved superior to droplet methods (Koontz and Biddulph 1957).

3.5.1 Uptake mechanisms

The mechanisms of P uptake through the leaves differ considerably from P uptake through plant roots. After
spraying of the foliar P fertilizer, the P-containing solution must first penetrate the leaf surface before entering the
cytoplasm of a cell within the leaf. There are several processes required for leaf penetration of solutes:
1. The solute must adhere to the leaf surface and must be retained to allow sufficient time to penetrate.
2. The solute must diffuse through the leaf surface.
3. The P has to be transported as molecule or as complex through different cells or cell layers into the phloem

to be transported further to high growth areas in different plant organs (Kirkwood 1999).

Penetration of foliar P fertilizer can occur through the cuticle (Figure 5), cuticular pores, the stomata, leaf hairs
(Figure 6) and other specialized epidermal cells (Franke 1967), although not all traverse routes have the same
accessibility. There is ongoing debate as to which of these penetration pathways plays the most important role in
nutrient uptake (Wittwer and Teubner 1959; Buick etal., 1992), (Kirkwood 1999; Ferndndez and Eichert 2009).
Plant leaves have thick cuticles that are coated with a waxy layer, making penetration of solutes difficult (Currier
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and Dybing 1959). Almost all plant surface waxes are hydrophobic and repel water-based sprays. The cuticle
itself is a lipid layer making it wettable by oils but remaining only slightly permeable to both water and oils. So,
epicuticular waxes are a barrier to the retention and penetration of foliar fertilizers into plant organs (Jenks and
Ashworth 2010).

Penetration through stomata appear to be a more important pathway for plants to absorb solutes in foliar sprays.
Although measuring stomatal uptake of chemicals applied to leaves has proven to be difficult, Currier and Dybing
(1959) provided early evidence for stomatal penetration of P. They described it as quick and rapid with respect to
the slower cuticular penetration. Indeed, it has been shown that pretreatment of broad bean leaves with abscisic
acid to close stomata resulted in diminished absorption of foliar-applied solution (Buick etal., 1992). Other studies
(Field and Bishop 1988; Eichert etal., 1998) also identified stomatal penetration as an important path for nutrient
absorption. On the other hand, some researchers suggest that stomatal uptake plays a minor or negligible role
compared with cuticle penetration of foliar applied (Schonherr and Mérida 1981; Schonherr 2006). They mention
the cuticle, and the cuticle layer that partially extends across the stomatal cavity forming cuticle ledges (Figure 6),
as the first route available for penetration of solutes into leaves upon contact with the leaf.

(a)

Cuticie Epidermis Outer ledges :

Stomata Guard cell Epidermis

With adjuvant

Without adjuvant 9

Figure 5. Cross-section (a) of wheat leaf and (b) diagrammatic representation of foliar
fertilizer dispersion and penetration with and without adjuvant. From
Figure 1, Noack et al. (2010)
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Figure 6. Surface of wheat leaf showing stomata and leaf hairs (redrawn from
Scanning Electron Microscopy image). From Figure 2, Noack et al. (2010)

3.5.2 Translocation through the plant

After foliar P uptake, P is translocated from the leaf to other plants organs within a 24-hour period as measured
with ¥P, and this translocation increased when the concentration of the applied P increased (Koontz and Biddulph
1957).

Translocation of applied phosphorus is greatest with NaH,PO, and decreases with the following compounds
(Koontz and Biddulph 1957): K,HPO, > K3PO,; _NaHPO4 - NH4H,PO, -= (NHg),HPO, > HsPO4 (injury) >
KH,PO, NazPO,. It is shown that the two compounds for which translocation is the highest, NaH,PO and K,HPO,,
do not crystallize on the leaflet as rapidly as the other formulations (Noack etal., 2010) and so they attributed to
the effectiveness of supplying P. Wittwer and Teubner (1959) suggested that, when the mono-ammonium salt
[(NH4)3PO,] is applied to leaves at low pH values, itcan maximize P absorption.

The amount of P translocated, appears to be directly related to the time for the solution to dry on the leaf (Noack
etal., 2010). It has been shown that absorption of applied phosphorus (NaH,PO,) falls off markedly after about 30
hours, but then 60 % is absorbed and 34.5 % translocated out of the treated leaflet in 96 hours. The amount of
phosphorus that moved downward from a treated leaf in the stem is initially greater than the amount that moved
upward, but after 48 hours accumulation in the upper part exceeds that in the lower. Barrier and Loomis (1957)
used *P to track the movement of P into soybean leaves and found that 16% of the p applied to the leaf was
even absorbed within 2 hours. Of the absorbed *P, 66% remained in the leaf and the remainder was
concentrated in the bud, in young growing leaves in the stem above the leaves treated, and in the roots.

Natale etal. (2002) studied the effectiveness of foliar P spraying in guava and reported that P was quickly
absorbed by leaves, and redistributed quite well through the plants because of its phloem mobility. They also
showed that the foliar application of P affected the uptake of other nutrients from the soil, but did not affect the
production of fruits.

Translocation rate within the plant appeared to be independent of the leaf area treated, independent on the time
of the day and irrespective of whether the upper or lower leaf surface was treated. However, translocation rate
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was found to really depend on the stage of leaf maturation: more P was translocated from older leaves positioned
lower in the canopy than from younger upper leaves, while very young leaves did not export P from the leaf
surface at all. We infer from the above that the application of foliar P fertilization therefore may have limited
perspectives at early growth to be translocated for root growth, but the effect should be tested under field
conditions also with other crops.

Pawar etal. (2003) showed in a study on sugar cane that foliar P application significantly increased enzyme
activities of sucrose synthase and sucrose phosphate synthase. As a result mean commercial cane sugar content
was increased to 14.5 % as compared to the control containing 13.7%.

3.5.3 Increasing yield and quality

Foliar applications of P have been tested on various agricultural crops such as soybeans (Garcia and Hanway
1976; Barel and Black 1979; Syverud etal., 1980; Hag and Mallarino, 2005), clover (Bouma 1969; Bouma and
Dowling 1976), wheat (Mosali etal.,, 2006, McBeath etal., 2011) and corn (Harder etal., 1982; Giskin and Efron
1986; Girma etal.,, 2007). Many researchers demonstrate that foliar applied P fertilizers are more effective as
compared to soil-applied P. They show that foliar supply can increase photosynthetic efficiency by delaying the
onset of leaf senescence and by increasing net returns from the production of assimilates, because of a higher P
uptake efficiency (Noack etal.,, 2010). The use of a tracing technique with %p enables measurement of the
partitioning of foliar P fertilizer between different plant organs.

For many crops significant increases in crop yield and an increase in the accumulation of valuable compounds
upon side foliar P spraying were reported. Results are summarized in Table 4.
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Table 4. Effects of foliar P spraying on yield and quality of different cash crops.

Crop Effects on Yield Effects on quality Ref
Rapeseed- | Improved yield (shoot length, Increase oil yield and fatty acid Siddiqui et al. (2008)
Mustard leaf number, leaf area, LAI, fresh | composition in oil

weight, dry weight, pod number
(up to 100% increase), seed
number, 1000-seed weight
Spanish Increased yield Total kernel P content (TKC), percent | Sistani and Morrill
Peanut sound mature kernel (% SMK) (1989)
Soybean Increase yield higher number of Vinoth Kumar et al.
pods, number of seeds pods per (2013)
seed index and higher grain yield
Cowpea Higher contents of protein, nitrogen, Yadav and
phosphorus and potassium Choudhary (2012)
Maize Increase plant height, flag leaf Yosifi et al. (2011)
length, grain and biological yield
Wheat Increase grain P uptake McBeath et al. (2011);
Benbella and Paulsen
(1998)
Apple Fruit color, postharvest firmness (Wojcik and Wojcik
2007).
Cotton Increase cotton seed yield, seed | Increase seed oil on saponifiable Sawan et al. (2007)
index, protein yields matter and total unsaturated fatty
acids (oleic, linoleic); decrease oil acid
value

3.5.4 Risks of foliar spraying

One of the major problems associated with foliar P nutrition has been the limited amount of a given P compound
that can be applied without damaging the leaf through high nutrient loading (Koontz and Biddulph 1957; Gray
1977; Barel and Black 1979). The appearance of leaf burn at the spots where foliar droplets have been applied,
has been observed in many studies (Barel and Black 1979; Parker and Boswell 1980). Some studies have
resulted in leaf burn so severe that part or all of the leaf died, causing a lower yield for foliar-applied treatments.
However, the detrimental effect clearly depends on the formula in which the phosphate is added and foliar P
spraying does not need to be detrimental to the plant. A study by Barel and Black (1979) showed that more P can
be added in polyphosphate compounds compared with the orthophosphate form: The maximum concentration of
P tolerated in solutions of tri- and polyphosphates as sprays was 1.3% compared with 0.5% orthophosphate on
corn leaves. The most successful compound tested on maize was ammonium tripolyphosphate followed by
ammonium polyphosphate and phosphoryl triamide.

The sensitivity to leaf burn also varies between plant species (Noack et al., 2010). The leaf structure for each crop
species varies (cuticle thickness, leaf hairs, etc.) and this will influence the sensitivity to P formulations, i.e.,
soybean appears to be more sensitive to scorch, tolerating 60%-75% less compound than corn.

Possibilities to improve the effectiveness of foliar P spraying
There are different factors that affect the effectiveness of the foliar P spraying:
1. Water status of the soil and the leaves
2. The timing of the application.
3. Facilitation of the foliar P uptake.
4. Formulation of the foliar P by making a mixture with other anions and/or addition of adjuvents.
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Ad 1. Alston (1979) investigated the effects of soil water content on the effectiveness of foliar P fertilization on
wheat yield. He commented that increasing grain yield after heading can be obtained by applying foliar P fertilizer
while keeping the soil wet to enable the uptake of other nutrients. When bean plants were put under severe water
stress, their photosynthetic rate was significantly reduced and there was only a small effect of foliar applied P on
yield (dos Santos etal., 2006). However, data from Mosali etal. (2006) showed increases in grain yield that
resulted from foliar P application in seasons of water stress. Noack etal. (2010) argues in their review that this is
likely due to reduced root-soil contact for nutrient exchange, which enhances the benefits of foliar P in lower
rainfall areas and/or years. The timing of the application of foliar nutrients under water stress conditions requires
careful consideration of stomatal opening and rate of fertilizer drying on the leaf before penetration is possible.
The results from Ekelof etal. (2012) confirmed the importance of the soil water status for the responsiveness to
foliar P application. They also emphasized on the importance of a good water status of the leaves, which is
related to soil water status, to enable an adequate diffusion of P through the leaf cells. In their study the P use
efficiency was significantly improved after foliar P spraying in combination with soil irrigation while only adding P
to the soil decreased the P use efficiency.

Ad 2. Key factors that control optimal timing of foliar P applications during the growing season are (Noack etal.,
2010): (1) The physiological age of the crop: the potential for yield improvement will decrease with increasing crop
age, most likely diminishing beyond anthesis; (2) The degree of P deficiency at the moment of spraying: a crop
that is very P deficient already will have limited potential to overcome deficiency at low foliar P application rates,
while a crop that is P sufficient will not be responsive; and (3) Leaf area of the crop: the area determines foliar P-
uptake potential and photosynthetic potential for grain filling.

The most appropriate timing to apply this in-season ‘top-up’ P to increase growth rate and yield varies between
plant species (Noack etal., 2010) from early pod development in soybeans (Gray 1977), from canopy closure to
anthesis in cereal crops (Benbella and Paulsen 1998; Mosali etal., 2006; Girma etal., 2007; Zadoks etal., 1974,
Roémer and Schilling 1986) and early tasseling in maize/corn (Harder etal., 1982; Giskin and Efron 1986; Girma
etal., 2007). In mature apple trees, the influence of the foliar PK-application on photosynthesis of leaves was
observed only late in the season (Veberic etal.,, 2002). While yield was unaffected by foliar application, the P
content of the corn grains was increased by 4.7% due to the foliar fertilization.

Ad 3. Hydration of the plant cuticle can improve penetration and conversely water stress can decrease
penetration (Kirkwood 1999). When a leaf is hydrated, the stomata are open (Eichert and Burkhardt 2001), and
this could allow the foliar spray to be transported across the epidermis at a faster rate, while the opposite effect is
expected under water stress. As a penetration of foliar spraying via the stomata has been proved (see above;
Noack etal., 2010) it is important to consider the factors that control stomatal opening, like light and water
availability when applying foliar P fertilizers.

The effect of high temperature causes the foliar spray to have an increased viscosity that decreases surface
tension and increases diffusion across the cuticle and stomata (Kirkwood 1999). However, at high temperatures
the solute may evaporate more quickly and so there would be a decrease in the available penetration time. A high
temperature in the presence of increased humidity delays the drying of the applied droplets, prevents water stress
and favors stomatal opening (Clor et al., 1962; Kirkwood 1999).
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For the effectiveness of the cuticular uptake, drop sizes of the foliar sprays are also important: Schénherr (2006)
showed that the radius of cuticular pores ranged from 0.45 to 1.18 nm, with most having a diameter of less than 1
nm. Foliar sprays with drop sizes smaller than 1 nm therefore have the capacity to penetrate the cuticular pores.
The permeability of cuticles for ions depends on their electric characteristics: The pores are lined with a fixed
negative charge and consequently cation movement along this diffusion potential is enhanced whereas anions
are repelled from the pores (Tyree etal., 1990). Phosphorus formulations containing anions are not soluble in
lipids as they are charged and cannot pass through the lipophilic pathway. The pH has an important effect on the
electric characteristics of solutes. A P-fertilizer formulation with a low pH of 2-3 has been shown to facilitate more
rapid uptake by leaves, compared with formula with a higher pH (Tukey etal., 1961; Bouma 1969). Low pH will
suppress the dissociation of H3PO, and so facilitate absorption due an increased permeability of the epidermal
and adjacent tissues (Swanson and Whitney 1953). Bouma (1969) sprayed P-deficient clover plants every 2-3
days with 10-300mM P solutions of H3PQ,4 with a solution pH adjusted to 2.5 and 5.0. The resulting leaf analysis
7 days after application showed that 23% of the pH 5.0 solution and 72% of the pH 2.5 solution was absorbed by
the first trifoliate leaf. Similarly, HsPO, (pH 2-3) had better penetration than other phosphate salts (pH 4-5) on
bean leaves (Tukey etal., 1961).

Ad 4. As reviewed by Noack etal. (2010) a range of P formulations have been examined as potential foliar
fertilizers (Silberstein and Wittwer 1951; Garcia and Hanway 1976; Alston 1979; Barel and Black 1979; Parker
and Boswell 1980; Harder etal., 1982; Hag and Mallarino 2005). These studies demonstrated that the salt load,
pH and mixture with other nutrients all had important effects on the efficacy of foliar P fertilizer.

Giskin and Efron (1986) found in field experiments that foliar applications of N, P, K and sulfur (S) resulted in a
significant uptake of P, giving a 16.6% increase in grain yield.

Ahmed (2006) applied a foliar nutrient solution containing 9% P with 12% N, 8% K, 1% zinc, 2% iron, 1.5%
manganese, 3% magnesium, 1.4% copper, 2.3% S and 0.05% boron at three different rates to two different wheat
cultivars compared with a control treatment with no fertilizer. In all treatments plants had a higher P concentration
than the control. When orthophosphoric acid (0.5%) was sprayed with or without urea (2%) on the mango
(Mangifera indica L) cv. Langra trees, it appeared that the urea given along with P improved the utilization of P in
the fruits (Eswara Reddy and Majmudar 1983). Sistani and Morrill (1992) evaluated the effect of foliar P spraying
in Spanish peanuts and the residual effect of gypsum and demonstrated a significant increase in yield and total
kernel content, although the foliar spray P did not significantly increase the percentage sound matured kernels.

Inclusion of sucrose in the solution applied to soybean (Glycine max L. merr.) leaves greatly reduced the severity
of the damage to the leaves from application of urea and, to a lesser extent, from application of P as
orthophosphoric acid (Barel and Black 1979). Sucrose had no evident effect on P absorption. Addition of
adjuvents to foliar P fertilizer are effective to facilitate the P uptake and/or to reduce the effect of leaf burn (Noack
etal., 2010). The most common adjuvant cited in research is Tween 20 (Clor etal., 1962; Bouma 1969; Barel and
Black 1979; Syverud etal., 1980; Reuveni etal., 1996; Ahmed 2006). Generally this adjuvant is added to foliar
fertilizers at a concentration of 0.1% v/iv. The majority of studies have considered it a suitable adjuvant because it
does not solubilize the lipid-lipid and lipid-protein interactions in the membranes (Helenius etal., 1979). Silicone-
based non-ionic surfactants are recommended because to their ability to reduce surface tension and the contact
angle of the spray solution (Knoche 1994; Singh and Singh 2008). Stein and Storey (1986) tested 46 adjuvants
for leaf burn and foliar absorption of N and P by soybean leaves. The adjuvants were added at 0.05% (v/v) with
foliar fertilizer N, P, K, S to the middle adaxial surface of the leaf. Glycerol was the only adjuvant that significantly
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increased leaf P concentration over the unsprayed controls at 90 L ha™. If treatments were applied at the 470 L
ha™ numerous adjuvant/fertilizer combinations increased the P penetration. However, by increasing the spray
rate, the phytotoxicity rating also increased with many adjuvants causing total cell necrosis. Therefore,
identification of the optimal spray volume requires consideration of the most efficient uptake with minimal leaf
damage. Stein and Storey (1986) found that the adjuvants Lecithin and Pluronic L-121 significantly increased
percentage of P and chlorophyll content over the control and foliar (no adjuvant) treatments.

Scanning Electron Microscopy images showed that Ferti-Vant, which are fertilizers coated with an adjuvant
containing emulsified oils, surfactants and food grade polysaccharides, had a greater spread of P fertilizer across
citrus leaves: it increased P % in the dry weight by 0.9% at day 6 compared with the control. While there have
been a number of studies on the effect of adjuvants, the findings suggest (Noack etal., 2010) that no single
adjuvant, rate of adjuvant, or spray volume will simultaneously increase spread, delay drying and increase the
permeability of the cuticle or the plasma membrane for all foliar fertilizer-plant combinations. The adjuvant and/or
combination of adjuvants to be used requires careful consideration when developing a foliar fertilizer application
plan.

Conclusion: Foliar application of P seems to have effect under conditions of P deficiency. Whether it would be
effective in young plant stages is not clear, one reference mentions that only older leaves translocate the P taken
up. Experimental evidence of a positive effect of foliar P application in young stages would require new field
experiments. Application in a non-closed canopy would also require special precautions and arrangement for a
precision application due to the small leaf area. A small LAl would not be a problem per se as also P
requirements in this stage are small.

4 Conclusions and a possible research approach

In the preceding paragraphs several indications can be found which support the hypothesis that plant properties
and cultural measures can stimulate P uptake in early plant stages and could lead to a better use of indigenous
soil P as well as a higher efficiency of mineral P inputs.

With respect to plant properties, it seems worthwhile for breeders to focus on rooting characteristics (especially
root hair characteristics) in the early plant stages. This would not be time consuming as a selection for these
characteristics can be done in a short period of plant growth. It would be worthwhile to explore the present genetic
variation for these traits in specific crops and measure the effects in the field. A selection in breeding programs
has not been done to our knowledge.

Placement of P is a promising technique with a large potential to increase the efficiency of mineral P fertilizer and
possibly also for nitrogen fertilizer (the word efficiency is used here in the sense that at the same yield level input
of fertilizer can be reduced by placement vs. broadcasted fertilizer). Questions remain to specify in more detail
under which conditions and for which crops placement is a viable option and which techniques should be used
(placement in bands, row, spot or plant) and in combination with fertilizer type (solid/liquid etc.) and other
nutrients.
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As far as placement techniques are concerned, the combination with Global Positioning Systems (GPS) could be
feasible, especially in non-tillage systems (widespread in South America for instance). In these systems it would
be possible to establish with GPS high-P fertility zones solely on places where plants are grown or planned to be
grown. Placement can stimulate early growth and consequently the recovery of P in the rest of the profile. The
ultimate effectiveness of this approach would have to be investigated experimentally. In tillage systems (plows or
chisels) creating areas of improved P-fertility would be restricted to one season only, as the main tillage would
disturb the areas of high fertility. But even in these systems GPS can have possibilities as time of sowing/planting
can be decoupled from the time of fertilization.

Seed coating with P and phosphatases seems a promising technique but the often resulting lower emergence
rate is still a problem. It would be interesting to investigate the effect of a phosphatase coating in combination with
a P (or phosphate rock) coating. In the Netherlands there is now some experience with coating of seed potatoes
with P; potatoes have the advantage of a large surface (compared to a seed) to which nutrients can be attached.
Possibilities for similar planted crops seem to be present.

Although the exudation of organic acids is important to utilize the soil P reserves, it is not feasible to apply these
compounds exogenously on a large scale. A possible research area might be to test the activity in the very first
phases of growth (e.g. the germination phase); this would limit the input of exudates to affordable amounts.

Crops which are known for high exudation rates could be used at the level of crop rotation, provided the P rich
residues are plowed under and made available for subsequent crops.

Finally, foliar application of P is found to have a favorable effect on growth under P deficient conditions. It is
unclear whether it would be effective in young plant stages as one reference mentions only older leaves to
translocate the P that is absorbed through leaves. A positive effect of foliar P application in young stages
therefore needs verification. Foliar P would have to be precisely applied in an open canopy because of the small
leaf area. The use of detection equipment and GPS could support precision application. Although P foliar
application in young stages could be less effective than in a closed canopy in terms of uptake and translocation of
P, the positive impact on growth could still be large as P requirements in this stage are small also.

Summarizing it would be worthwhile to combine some or all of the strategic interventions mentioned above and
research their impact on yield formation and yield quality and stability. Prior to testing, a thorough evaluation
would be needed to find out for which crops this approach is likely to be effective, taking into account the
conditions and application techniques. Fine-tuning to crop characteristics and environmental conditions such as
climate, soil type, soil fertility etc. is essential as these factors each determine to a great extent the effect of the
proposed measures and may also interact.
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