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ABSTRACT

Nutrient use efficiency by turfgrasses is still one of the major challenges for turf
managers world wide. Limited research exists on sports turf foliar nutrient absorption and
comparisons with granular fertilizer. However, to date, findings on foliar fertilization include: 1)
younger leaves have better foliar nutrient absorption; 2) lower (underneath) leaf surfaces (with
more stomata) absorb more nutrients than upper side of the leaf; 3) neutral ion absorption seems
more efficient than cation (positively charged ions) and anion (negatively charged ions)
absorption; 4) all 16 plant nutrients including some beneficial elements have been reported to be
absorbed by leaves; 5) cuticle penetration is possible and is genetically regulated; 6) the total
fertilizer input may be reduced by using foliar fertilization; 7) there may be synergetic effects by
using foliar fertilizers and plant growth regulators; and 8) it is environmentally safer to use more
foliar fertilizers. Thus, this review is trying to provide the most updated research results on

turfgrass foliar fertilization including sports turfgrasses.
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Introduction

Foliar fertilization has been practiced for many years for different turfgrasses and the
trend in recent years has shown a rapid increase of foliar fertilizer applications for all levels of
turfgrass maintenance and management including golf courses, sports turf, and home lawns.
There may be multi-reasons or motivations for such changes using more foliar fertilizers than
granular fertilizers for turfgrass management and these may include: 1) the new findings and
approval of foliar absorption of nutrients; 2) rapid responses of turf; 3) reduced total fertilizer
input; 4) superior advantages using lower rate foliar fertilizers than granular fertilizers when a
turf is under stress; and 5) environmental concerns with further minimized potential losses by
runoff and leaching. This review article attempts to address current research findings related to
foliar fertilization for plants and turfgrasses and offers perspectives and discussion on the subject
based on possible needs of the current and future turfgrass management.
Foliar Application and Foliar Absorption

The subject of foliar fertilization automatically raises the question: How much liquid
fertilizer do leaves actually absorb? It is a very reasonable question and points to uncertainty
about the process of foliar absorption. In fact, when radio-labeled isotopes first became available
in the 1950s for research, the search for answers to this question was immediately started by
tracking the chemical movement in plant parts based on the labeled element’s radioactivity
(Boynton, 1954; Table 1). This method is still being used as an accurate research tool to track
element distribution in turfgrasses and even in soils (Horgan et al., 2002a, 2002b). The most
commonly labeled plant nutrient has been **N, which has a much longer half life and minimum
hazardous impact in comparison with **N, with a half life of only seven minutes (Below, et al.,

1985; Table 1). In addition to nitrogen, Fe, Mg, B, and Ca have been applied as liquid fertilizers
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to turfgrasses (McCaslin and Watson, 1977; Fu and Huang, 2003; Stiegler et al., 2003; Guertal,
2004). The following provides general characteristics of foliar fertilization (Boynton, 1954;

Wittwer and Teubner, 1959; Stewart, 1963; Sargent, 1965; Franke, 1967; Riederer and Muller,

2006):
= Younger leaves have better foliar absorption.
= Plants have both cuticular and stomatal absorption of liquid materials through above
ground tissues, mainly leaves.
= Lower (underneath) leaf surfaces (with more stomata) absorb more nutrients than upper
side of the leaf.
= The first research on foliar absorption was documented in 1844.
= Neutral ion absorption seems more efficient than cation (positively charged ions) and
anion (negatively charged ions) absorption.
= All 16 plant nutrients including some beneficial elements have been reported to be
absorbed by leaves (Table 1).
= Cuticular penetration follows physical laws.
= Cuticular layer biosynthesis, development, and functions are dependent on species and
cultivars and genetically controlled.
Several studies on both cool-season and warm-season turfgrasses indicate a foliar
absorption rate normally between 30 and 60 percent of the nitrogen applied (Eliot, 1960; Eliot,

1972; McCaslin and Watson, 1977; Rieke et al., 1982; Wesly et al., 1985; Spangenberg et al.,
1986; Wesly et al., 1987; Bowman and Paul 1989; Bowman and Paul 1990; Bowman and Paul
1992; McCarty, et al., 1994; Liu et al., 2005; Totten, 2006). For P and K, absorption efficiencies

vary between 43 and 74.8 percent (Table 1). So another question arises for turfgrass
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management: Where does the rest of the liquid fertilizer go? The rest may be left in the soil and
the turf-soil system, lost by removal of clippings, or held in the thatch layer similarly to a
granular fertilizer. However, the unabsorbed liquid fertilizer in the turf-soil system is still
available to turfgrasses with a better chance being reabsorbed than granular fertilizers simply
because it does not require a process to be dissolved in the soil solution before being absorbed by
roots in comparison with solid granular fertilizers.

Cuticular and Stomatal Nutrient Uptake

The primary function of cuticle is to prevent uncontrolled water losses (Riederer and
Miiller, 2006). The plant cuticle is not only exposed to abiotic factors like sunlight, temperature,
wind, and rain but it also interacts with biotic factors including microbes, fungi, and insects.
Furthermore, the plant cuticle is the initial contact point and the main barrier of penetration
between an agrochemical and the plant. Cuticles include various structural types occur in higher
plants and typical cuticles proper epicuticular and intracuticular waxes with a lamellate layer
between in a thickness range of 50-150 nm. Efficiency of cuticular penetration of solute of
agrochemicals depends on plant species, cultivars in the thickness of cuticles and cuticular pore
size and distribution (pore sizes range between 1 to 10nm with a density of 10° -10%/mm?)
(Riederer and Mdiller, 2006).

The debate on folair stomatal uptake had been continued for decades with an initial denial
and till recent evidences for stomatal uptake of solutes by leaves have been provided (Eichert et
al., 1998; Eichert and Burkhardt. 2001). In these studies, Eichert et al., (1998, 2001) found that
the stomatal uptake of nutrients was influenced by humidity, light, and stomatal density. Uptake
increased with humidity and stomatal density. The number of stomata that had been penetrated

was highly variable, increasing extremely significantly with the number of repeated
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drying/wetting cycles. These results indicate that stomatal uptake can be a major pathway for the
foliar uptake of ionic solutes.

Although there is a shortage of literature at both the species level and cultivar level of
turfgrasses for cuticular and stomatal uptake, turfgrasses and cultivars vary in their cuticular
layer thickness and stomatal density (Shearman and Beard, 1972; Casnoff et al., 1989; Green et
al., 1990 and 1993) due to the genetic diversity of grass species used as turfgrasses (Anderson
and Briske, 1990; Casler and Duncan, 2003; Fu and Huang, 2004). It would not be difficult to
imagine that cuticular and stomatal uptake can also be influenced from management practices
such as mowing, irrigation, and topdressing and turf use from both foot and vehicular traffics.
However, there is a lack of documents in stomatal uptake among turfgrasses facing a challenge
of dominant distribution of stomata on the lower side leaves in the most species (Shearman and
Beard, 1972; Casnoff et al., 1989; Green et al., 1990 and 1993).

Advantages and Disadvantages of Foliar Fertilization

The major advantages of foliar fertilization include a lower total fertilizer input than a
100 percent granular fertilizer program particularly for turf with a lower mowing height (Liu et
al., 2005; McCullough et al., 2006; Totten, 2006). Foliar fertilization also provides a quicker
response than a granular fertilizer. Foliar fertilization by proper applications and practices will
further minimize losses through leaching and runoff. Foliar fertilizer applications also have been
reported to reduce foliar diseases (Garling et al., 1999). Foliar fertilization can correct plant
nutrient deficiencies rapidly including both macro- and micro-nutrients (Marschner, 1995). For
turfgrass management, foliar fertilization at lower rates has been practiced for years when the
turf is under stresses. When soil conditions are nor favorable for root absorption, foliar nutrient

application is the only choices for turf managers.
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Significant concerns with foliar fertilization include frequent application costs with more
labors and equipment use, and potential burn of the turf applied at high rates, a wrong application
time (Johnson and Christians, 1984; Wehner and Haley 1988), a potential of high volatilization
rate (Wesly et al., 1987), and a potential of enhancement of unwanted species (Stiegler et al.,
2003).

Importance of Urea and Urease for Foliar N Nutrition

Nitrogen is the most demanded plant nutrient and it has been the most frequently used
nutrient through foliar application for turfgrasses. Nitrogen can be absorbed both by roots and
above ground parts including leaves and shoots (Marschner, 1995; Carrow et al., 2001; Hull and
Liu, 2005). The primary absorbed N forms are nitrate (NO3") and ammonium (NH,") for roots.
For foliar absorption, urea is absorbed more than NOs” and NH,4" with improved understanding
of cuticular penetrations (Bowman and Paul, 1989; Bowman and Paul, 1990; Bowman and Paul,
1992). Urea is one of the most frequently used N fertilizers for warm-season turfgrasses (Beard,
1973; Carrow et al., 2001; McCarty, 2005; Turgeon, 2005). The reaction catalyzed by urease is
essential to make urea N accessible to plants (Marschner, 1995). Urease, the first enzyme ever
being crystallized, catalyzes the hydrolysis of urea to carbamate and NH3; where carbamate is
unstable and yields a second molecule of NH3 and carbonic acid. Then, the released NH3 during
the urease reaction leads to a pH rise because at neutral pH most NH3 will become protonated as
NH; + H" to NH,", which is the ready form for nitrogen assimilation in plants (Marschner, 1995;
Sirko and Brodzik, 2000). Urease activity has been detected in many plants (Frankenberger and
Tabatabai, 1982 ; Hogan et al., 1983 ; Witte and Medina-Escobar, 2001; Witte et al., 2002) and
is reported to be inducible by urea in rice (Oryza sativa) (Matsumoto et al., 1966 ), jack bean

(Canavalia ensiformis) (Matsumoto et al., 1968 ), and barley (Hordeum vulgare) (Chen and



162

163

164

165

166

167

168

169

170

171

172

173

174

175

176

177

178

179

180

181

182

183

184

Ching, 1988). Urea can also be supplied to plants through the foliage to facilitate optimal N
management, which minimizes N losses to the environment without affecting turf quality.
Foliar Application and Root Growth

Although leaves and shoots are not ideal plant organs for nutrient uptake in comparison
with roots, foliar fertilization itself has minimum impacts to root growth. Based on two year field
research results, differences were not found in root mass treated with 100% foliar fertilizers and
100% granular fertilizers for both creeping bentgrass and hydrid bermudagrass (Liu et al., 2005;
Totten et al., 2005a and 2005b; Totten, 2006). However, excessive nitrogen application can
cause more carbohydrates produced through photosynthesis for shoot growth, leaving fewer
carbohydrates for roots (Carrow et al., 2001; Hull and Liu, 2005). Under stressful conditions, the
situation is worsened and the turfgrass becomes weaker. Foliar nutrient absorption has much less
impact on root growth because foliar absorption itself is more of a physical and chemical process
than a biological process (Riederer and Miller, 2006) to penetrate through cuticles. Foliar
nutrients are absorbed mainly through very small channels of the cuticle layer in addition to
stomata absorption. For nitrogen, urea (NH,=CO=NHy,) is much more easily foliar-absorbed than
nitrate (NO3") and ammonium (NH,") even though the molecule sizes (Bowman and Paul, 1989;
Bowman and Paul, 1990; Bowman and Paul, 1992; Riederer and Muller, 2006) of the latter two
are smaller than urea. Somehow, these small channels do not let charged molecules, like nitrate
and ammonium, pass through easily but let neutrally charged molecules such as urea pass more
freely. The bio-energy relationships in comparison of root and foliar cell membrane nutrient
uptake require more fundamental research. However, if the differences do exist, the negative
impacts to root growth from foliar nutrient uptake may be not significant as other factors

influencing root growth.
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Nutrients in soils are taken up by roots through soil solutions. Whether enough nutrients
exist in the soil solution or not, the water potential differences will keep the soil solution,
including available nutrients, moving from the soil to the roots and into the upper parts of plants.
(Marschner, 1995; Taiz and Zeiger. 2005). Under slight to moderate water stress, root growth
will be stimulated to search for more water due to a drought resistant mechanism, or drought
avoidance (Taiz and Zeiger. 2005; Baldwin et al, 2006). In addition to water, many other factors
may have a greater impact on root growth than foliar fertilization such as stressful soil
conditions, mowing, traffic, and pests (Beard, 1973; Carrow et al., 2001; McCarty, 2005;
Turgeon, 2005).

Are There Better Times of the Day to Apply Foliar Fertilizers?

Based on two studies carried out for two years for both creeping bentgrass (L93) and
ultradwarf bermudagrass (TifEagle) greens at Clemson University, no differences in turf quality
were found between applications at 10am versus applications at 5pm. However, evening
applications are recommended (Liu et al, 2005).

Foliar nutrient absorption is more of a physical and chemical process (penetrating
through the cuticle layer) than a biological process and it requires time (Riederer and Miiller,
2006). A minimum of three hours or more is recommended to maximize foliar absorption for
turfgrasses. So, after a foliar application, an irrigation or rainfall should be avoided for three
hours. For a cool-season turfgrass used on golf courses or sports fields during summer months,
the first syringing of the day may be applied as early as late morning. After morning mowing,
this may leave insufficient time for a foliar fertilization. If a foliar application is conducted in the
late morning, rising day temperatures will reduce foliar absorption efficiency and may increase

burn potential to the turf since more salts are in contact with the leaf surface. Most forms of N
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foliar fertilizer are urea and the heat will promote volatilization losses (Wesly et al., 1987). Still,
turfgrass managers have practiced late morning foliar fertilizer application for years with little
problems during the summer months. This is probably due to syringing practice that washes the
foliar fertilizer into the soil with roots eventually absorbing it. This may be another advantage to
foliar fertilization because foliar applications provide a “second chance” for plants to access the
material. However, minimizing volatilization losses, varying the time length between foliar
application and the first irrigation afterwards, and hourly changes of turfgrass turgor pressure on
foliar absorption deserve more attention and research.

When heavy dews exist, foliar fertilization along with a foliar absorbed plant growth
regulator such as trinexapac-ethyl (Primo) is not recommended. Without a mowing first, heavy
dews exist as water droplets on the leaf surface causing immediate runoff of applied liquids from
leaves and a high potential of leaf burn. Finally, during the evening, more stomata are typically
open which increases the chances for foliar absorption (Eichert and Burkhardt. 2001).

Foliar Fertilization Practices for Warm-season and Cool-season Turfgrasses

Warm-season turfgrasses grow best in the temperature range between 25 to 35 °C and
they require relatively more fertilizers than cool-season turfgrasses during the summer months.
Unlike soils, there are no physical sites such as cation and anion exchange interfaces between
roots and soil particles soil solutions for foliar applied fertilizers to stay before absorption except
the plant above ground surfaces. High concentrations of salts sitting on turfgrass leaves and
shoots will burn the turf particularly under high air temperatures. The management practices to
avoid foliar fertilizer burning include more frequent applications with a lower rate. Each single
foliar application rate of fertilizers for warm-season turfgrass can be varied depending on

mowing height, species and cultivar, and maintenance level. Rates greater than 12 kg N ha™ for

10
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each single foliar application can increase fertilizer burning potential for warm-season
turfgrasses even during the summer months (Totten et al., 2005b). The frequency of foliar
application can be controlled between 7 to 10 days.

Cool-season turfgrasses grow best in the temperature range between 20 to 25 °C and they
require relatively more fertilizers than warm-season turfgrasses during the early spring and fall
months. Avoiding midday foliar applications during summer months and a combination of
several foliar fertilizers are also recommended (Fu and Huang, 2003). A rate greater than 10 kg
N ha™ for each single foliar application can increase fertilizer burning potential for cool-season
turfgrasses even during the spring and fall season months (Liu et al., 2005; Totten et al, 2005a).
The frequency of foliar application can be controlled between 7 to 10 days.

There is a need of future research on formulas of foliar fertilizers specified for each types
of turf use particularly for sports turf and home lawns. The challenges of long-term or slow-
release effects of foliar fertilizers for turfgrass management exist due to facts that there are no
ionic pools surrounding leaves and shoots unlike in soil conditions, in where fertilizers can stay
in soils for much longer times.

Balanced Foliar and Granular Fertilization Programs

Foliar fertilization provides more uniform coverage than the granular fertilization or the
next mowing might have removed some granular fertilizers (Mancino et al., 2001; Totten, 2006).
Granular fertilizers require less labor (less frequently applied) and the relatively slow releasing
effects mean longer availability in the soil, which liquid foliar fertilizers do not have.
Combination of both methods rather than relying on one method exclusively has been adapted by
many turf mangers with consideration of season of the year, labor, fuel, and budget conditions.

During the summer months, foliar liquid fertilization at lower rate with high frequency of 7 to 10

11
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days is highly recommended for both warm-season and cool season turfgrasses. During the fall
and early spring growing seasons, a slower release granular fertilizer provides an economic
alternative. For soils with unbalanced nutrients or poor conditions such as a lower P
concentration or under an acidic condition, granular P fertilizer is recommended to efficiently
correct the problem of P deficiency at a longer term.
Foliar Applications of Products Other than Mineral Nutrients

Foliar applied pesticides, plant growth regulators (PGR), and bio-stimulants are
commonly used for turfgrass performance enhancement including stress relief or amelioration
(Zhang and Schmidt. 2000a and 200b). Among these foliar-applied bio-stimulant products,
cytokinin-containing seaweed and humic acid extracts are most commonly used to enhance
overall turfgrass performance or to ameliorate stresses such as heat and drought stresses for cool-
season turfgrasses (Liu et al., 1998; Zhang and Ervin, 2004; Kauffman et al., 2007). A foliar
applied PGR, trinexapac-ethyl, has been applied to both cool-season and warm-season
turfgrasses to enhance turf quality and ameliorate shaded and other conditions (Quian and
Engelke, 1999; Stier and Rogers, 2001). The foliar absorption of these products is essential for
turfgrass management and the future trend of research may include practices with improved
foliar absorption such as nozzle sizes, surfactants, and tank mixes, and concerns on turfgrass
species and variety differences.
Conclusions

In summary, foliar fertilization requires more attention and research for future turfgrass
management. Very limited information exists on differences between turfgrass species and
cultivars in cuticular and stomatal uptake of different nutrients. There is a lack of evidences of

foliar uptake of other foliar nutrients other than N for turfgrasses. The synergetic effects between
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foliar fertilization and plant protection chemicals have not been fully understood. The
influencing factors of efficient foliar nutrition absorption have not been fully studied. However,
these new research and findings will heavily depend on the new research of dynamics of
cuticular and stomatal penetration and absorption as well as the functions of related enzymes
such as urease for foliar applied urea. The uniqueness of turfgrass management provides
challenges of mowing cuts of turfgrass leaves and shoots. The roles of these cuts and wounds
affecting foliar absorption have not been investigated yet. The foliar fertilizer formulas
including surfactants and other plant protect chemicals require further development for efficient

nutrition absorption and plant needs.
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Table 1. Foliar nutrient uptake efficiencies of selected agricultural and horticultural crops,
woody plants, and turfgrass species by using different labeled isotopes.

Crop Compounds with Percentage of | References
radioactive labeled- | recovery of
element foliarly the foliar-
applied applied
nutrient
apple (Malus CaCl 80-99% Schlegel and Schonherr,
domestica Borkh. 2002.
cv. Golden
Delicious)
blue lake bean ¥p 42K g PCy, 51, 61, 70, Bukovac and Wittwer. 1957
(Phaseolus vulgaris | *>*°Fe, ****Mn, , 69, 17, 35,
L. cv. Bros, Twin %2Zn, **Cl, and *Mo | 68, 90, and
Falls, and Idaho) 6%
corresponding
to the left
cell’s
isotopes,

respectively.

broad bean (Vicia | **CaCl 28% Schlegel and Schonherr,

faba L. cv. Hang 2002.

Down)

Corn (Zeamays L.) | *CaCl 37-42% Schlegel and Schonherr,
2002.

Corn (Zeamays L.) | ©N-urea 29-30% Below et al., 1985.

cotton (Gossypium | *°N-urea 80% Bondada et al., 1997.

hirsutum L.

cowpea (Vigna p 43% Adedipe and Ormrod, 1975

unguiculata L.)

creeping bentgrass | *°N-urea 55% Bowman and Paul, 1990

(Agrostis palustris

Huds.)

Kentucky bluegrass | *>N-urea 50% Bowman and Paul, 1989

(Poa pratensis L.)

Pear (Pyrus CaCl 60-69% Schlegel and Schonherr,

communis L. cv. 2002.

Conference)

perennial ryegrass

BN-urea, N-NH,",

35% - 40%

Bowman and Paul, 1992

(Lolium perenne L.) | and >N-NO5°

radish (Raphanus 1og 74.2% Chamel, et al., 1981
sativus L. cv. 18

days)

Satsuma mandarin | %P 74.8% Xie and Zhang, 2004

(Citrus unshiu
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483

484

Marc.)

slash pine N-urea 71% Eberhardt and Pritchett,
(Pinus elliottii 1971

Engelm.)

soybeans ®N-urea 44-67% Vasilas and Wolf, 1980
[Glycine max (L.)

Merr.]

tall fescue N-urea 55% Bowman and Paul, 1990
(Festuca

arundinacea

Schreb.)

tomato N-urea 76.9t099% | Nicoulaud and Bloom,
(Lycopersicon 1996; Tan et al., 1999
esculentum Mill.)

wheat ®N-urea 44% Altman et al., 1983

[Triticum aestivum

(L)]
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