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Abstract: On golf courses planted to creeping bentgrass, invasion of annual bluegrass 

is a constant concern. To analyze if nitrogen fertilization manipulation could bias growth 

to creeping bentgrass, both grasses were fertilized either through foliar or soil 

application with either urea or ammonium sulfate and the impact on shoot and root 

growth measured. Ammonium sulfate resulted in greater overall growth for both 

species. Foliar application resulted in greater shoot growth for annual bluegrass and soil 

application resulted in greater root growth for creeping bentgrass. Leaf samples, as well 

as multiple leaf samples collected from golf courses, were examined microscopically for 

potential routes for foliar nutrient uptake: stomata and aqueous pores. No statistical 

difference was observed in the stomatal number between the two species but annual 

bluegrass possessed more aqueous pores. The enhanced ability of annual bluegrass to 

benefit from foliar fertilization may aid in its encroachment on highly managed golf 

greens.  
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Introduction 

Annual bluegrass (Poa annua L.) is a pervasive weed on creeping bentgrass (Agrostis 

stolonifera L.) putting greens (Lush 1989). Controlling the invasion of annual bluegrass 

is a primary concern for golf superintendents because of the reduced stress tolerance of 

annual bluegrass compared to creeping bentgrass (Vargas and Turgeon 2003). Annual 

bluegrass is highly susceptible to diseases and is less resilient to heat and drought 

stresses (Beard 2002; McCullough, Liu, and McCarty 2005). Traditionally, plant growth 

regulators (PGRs) such as trinexapac-ethyl, mefluidide or ethephon have been used to 

reduce seed head emergence and thereby reduce growth of annual bluegrass in 

creeping bentgrass stands (Danneberger, Branham and Vargas 1987; Eggens et al. 

1989; Johnson and Murphy 1996). However, there are limitations for the effectiveness 

of these chemicals and not every herbicide is acceptable on golf courses. Chemicals 

such as mefluidide have erratic effectiveness and can cause turf injury (Danneberger, 

Branham and Vargas 1987; McMahon and Hunter 2012). Treatment of creeping 

bentgrass with ethephon has been associated with a negative impact on putting green 

quality and ball roll distance (McCullough, Liu, and McCarty 2005). Although the 

herbicide bispyribac-sodium has been shown to control annual bluegrass in creeping 

bentgrass fairways, it has also been shown to be harmful to creeping bentgrass (Lycan 

and Hart 2006; Dernoeden, McDonald, and Kaminski 2008). While newer chemistries 

such as methiozolin can provide excellent control of annual bluegrass in creeping 

bentgrass, they require multiple yearly applications (Askew and McNulty 2014). 

Herbicides have also been shown to persist in the soil where they can affect future 

growth (Kaminski, Dernoeden, and Bigelow 2004). In most of the world, the use of 

certain PGRs and numerous herbicides is banned. In response to regulatory bans and 

restrictions, golf superintendents have begun to focus on management practices to 

control annual bluegrass invasion. Nutrient management strategies thus far have been 

shown to have limited effect on annual bluegrass populations (Waddington et al. 1978; 

Varco and Sartain 1986). Although the foliar application of iron (Fe) and magnesium 

(Mg) was shown to reduce annual bluegrass populations in seeded sites, it was 

ineffectual on golf course fairways (Bell, Odorizzi, and Danneberger 1999). While 

nutrient manipulation holds promise for annual bluegrass management, to date there 



are no completely effective nutrient management strategies. This may be due in part to 

limited empirical data from such strategies on the physiological effects on creeping 

bentgrass and annual bluegrass growth. Exploitation of differences between the two 

species is a propitious avenue for the control of annual bluegrass invasion. Creeping 

bentgrass is considered a deep-rooted species (Lyons, Landschoot, and Huff 2011) and 

annual bluegrass a shallow-rooted species (Hutchinson and Seymour 1982). Deep-

rooted plants benefit from an ability to absorb more water and more nitrogen (N) 

(McMurtrie et al. 2012; Rogers and Benfey 2015). Therefore, it is reasonable to 

hypothesize that creeping bentgrass may benefit more from soil-applied nutrients than 

annual bluegrass.  

Foliar N fertilization is routine in turfgrass maintenance programs owing to its 

ease of application and its compatibility with the application of other turf care products 

such as fungicides and PGRs. On golf courses, foliar N fertilizer is applied every 10 to 

17 days, allowing for fine control of plant growth for uniform growth and a reduction in 

the amount of fertilizer applied throughout the year (Bowman 2003; Schlossberg and 

Schmidt 2007; Totten et al. 2008). There is the added benefit of low rates of N 

fertilization leading to a reduction in the environmental impact of excess N (Wesely, 

Shearman, and Kinbacher 1985; Orbovic et al. 2001; Dong et al. 2005). While there are 

clear advantages to foliar fertilization, the combination of granular (soil-applied) and 

foliar fertilization reduces total N input while producing the best turfgrass quality for 

creeping bentgrass (Totten et al. 2008).  

Foliar fertilization requires the absorption of nutrients across the leaf cuticle, a 

thin layer of wax and lipids embedded in a cutin matrix that provides a barrier between 

the plant and the environment (Riederer and Friedmann 2006; reviewed in Fernández 

and Brown 2013). Polar and lipophilic transport systems within the cuticle allow 

molecules such as foliar fertilizers to move from the external to the internal environment. 

The cuticle thus influences foliar absorption and is a dynamic structure affected by leaf 

age and environmental factors (Hull, Morton, and Wharrie 1975; Bondada, Oosterhuis, 

and Norman 1997; Bondada, Syvertsen, and Albrigio 2001). The increase in cuticle wax 

on creeping bentgrass leaves in response to moisture stress has been shown to 



negatively affect foliar absorption of N (Bethea et al. 2014). Lipid-soluble neutral 

molecules diffuse through lipophilic pathways while hydrophilic molecules penetrate 

through aqueous pores (Schönherr 2006; Eichert 2013). Fatty acid chains composed of 

carboxyls and hydroxyls in the hydrophobic portion of the cuticle disassociate leaving an 

open space (the aqueous pore) for molecules to enter (Schönherr 1976; Tyree, 

Scherbatskoy, and Tabor 1990; Schreiber 2005). The number of aqueous pores 

depends on the cuticle type, number of stomata or trichomes and pH of the solution 

applied to the cuticle (Schönherr 1976; Schreiber 2006; Eichert 2013). The uptake of 

nutrients occurs through both stomata as well as aqueous pores (Schönherr 2006; 

Eichert and Goldbach 2008; Eichert 2013). Previous research has shown that the 

number of stomata and trichomes is correlated to the absorption of water and different 

solutes (Benzing et al. 1976; Tan, Ikeda, and Oda 1999; Schlegel and Schönherr 2002; 

Schreiber 2006; Eichert et al. 2008). To date there are no studies that examine the 

morphological characteristics of stomatal number and trichome frequency of creeping 

bentgrass or annual bluegrass in relation to foliar nutrient uptake. The uptake of N is 

dependent on its chemical form. The low cost and rapid absorption of urea make it the 

most commonly used N foliar fertilizer worldwide (Wesely, Shearman, and Kinbacher 

1985; Bowman and Paul 1992; Orbovic et al. 2001; Witte et al. 2002). Foliar absorption 

of urea is thought to be more efficient than that of other N compounds due to its smaller 

size and neutral charge (Wittwer, Bukovac, and Tukey 1963; Schönherr 1976). A recent 

study showed that N absorption ranges from 36–69% of N applied as foliar urea 

(Stiegler, Richardson, and Karcher 2011). Unlike urea that remains in its original form in 

water, ammonium sulfate dissociates in water and the cationic ammonium ion is 

absorbed by the plant (Wittwer, Bukovac, and Tukey 1963). In a foliar uptake study of N 

sources by creeping bentgrass, the absorption of the cationic form of N (ammonium ion) 

was not significantly different from that of urea in two of three studies unlike the uptake 

of anionic nitrate that was consistently low (Stiegler et al., 2013). However, other studies 

in creeping bentgrass (Henning, Mulvaney, and Branham 2013) and in perennial 

ryegrass (Bowman and Paul 1992) have observed no difference in the foliar absorption 

of urea, ammonium or nitrate. Studies thus far have focused only on N uptake and here 



we are examining the growth effects resulting from two N sources and application 

methods. 

There is limited research on the effects of fertilization method (foliar versus soil 

applied) on plant traits in turfgrasses including root and shoot growth or if these effects 

vary among species. We hypothesized that creeping bentgrass might have a growth 

advantage when N was soil applied as it has a deeper root system. We further 

hypothesized that foliar-applied urea would be absorbed more efficiently by the cuticle 

due to its smaller size and neutral charge than the cationic ammonium ion from 

ammonium sulfate, and would thereby more positively impact plant growth. The 

objectives of this research were twofold. The first objective was to examine changes in 

plant growth when creeping bentgrass and annual bluegrass were fertilized with either 

foliar or soil-applied N in the form of either urea or ammonium sulfate. The second 

objective resulted directly from data generated from the first objective and was to 

microscopically examine the leaf morphologies of creeping bentgrass and annual 

bluegrass to ascertain if there were any differences that could account for the disparity 

between the two species in foliar absorption of N. 

Materials and methods 

Foliar fertilization experiment 

Creeping bentgrass (L-93) was planted into trays of silica sand in May 2008. Cores of 

annual bluegrass were harvested from a golf green at the Guelph Turfgrass Institute 

(GTI), Guelph, Ontario, Canada. The cores contained approximately 80% annual 

bluegrass and 20% creeping bentgrass. After proper identification, annual bluegrass 

tillers were transplanted into a tray with silica sand. A single tiller of each species was 

transplanted to 16 polyvinyl chloride (PVC) tubes with a diameter of 8 cm for a total of 

32 tubes. The PVC tubes contained 10 cm of gravel topped with 30 cm of silica sand 

meeting United States Golf Association (USGA) recommendations to mimic a putting 

green root zone (USGA, 2004). A plastic tube of 15 cm in length was inserted to the soil 

level to allow application of water and/or fertilizer. The tops of all PVC tubes were 

covered with aluminum foil, with the tiller protruding from the foil, to ensure that foliar-

applied fertilizer remained on the plant and was not washed into the soil. Plants were 



grown in a greenhouse under natural light supplemented with a light photosynthetic 

photon flux density of 70 µmol photons m-2 s-1 at canopy height from 400 W high 

pressure sodium bulbs to provide light 16 hr a day for the length of the experiment. 

Fertilizer treatments 

Two 18-3-18 [N-Phosphorus (P)-Potassium (K)] fertilizer solutions were prepared for the 

experiment. The urea-based and the ammonium sulfate-based (N) fertilizer solutions 

both contained monopotassium phosphate (P) and potash (K). Fertilizer was applied 

weekly at a rate of 3.79 L per 100 m2 at a concentration of 45.56 g of N per liter. All 

application methods received the same amount of N per application throughout the 

experiment. For foliar application of fertilizer, 50 mL of deionized water was injected 

through the 15 cm plastic tube inserted to the soil of the PVC tube before 0.2 mL of 

fertilizer solution was sprayed over the plants. The sprayer was calibrated before the 

foliar fertilization by weighing a circle of filter paper (8 cm in diameter) before and 

immediately after spraying water. For soil-applied fertilizer, 50 mL of deionized water 

and 0.2 mL of fertilizer were mixed and injected through the 15 cm plastic tube inserted 

to the soil of the PVC tube. Aqueous magnesium sulfate (0.6%) was added to all PVC 

tubes at week four to eliminate potential sulfur deficiency as a cause for any growth 

differences. Replicates for experiments were temporally independent and pooled for 

analysis. 

Sampling and measurements 

Fertilizer application was maintained for eight weeks prior to plant harvest. Plants were 

separated into root and shoot biomass and tillers counted. Plant material was then 

rinsed under tap water to remove residual fertilizer. Roots were washed over a 1 mm 

sieve to eliminate associated soil particles. Biomass was determined after drying at 

70ºC for six days and recorded. For shoot material, total Kjeldahl N (TKN) was analyzed 

colorimetrically by spectrophotometry (Astoria A2 auto-analyzer, Astoria Pacific 

International, Oregon, USA) after H2SO4-Se-K2SO4 digestion (Sen Tran and Simard 

1993).  



Experimental design and statistical analyses 

The experimental design was a three-way factorial (species, application method and 

fertilizer type) randomized with four replicates. Analyses of variances (ANOVA) were 

performed using the MIXED procedure in SAS (version 9.1) (SAS Inc. Carey, NC, USA). 

Fisher’s protected LSD tests were done (Steel, Torrie, and Dickey 1997) when 

interactions were significant at α = 0.05. 

Plant material for microscopy 

Leaf blades were examined microscopically for any morphological differences between 

creeping bentgrass and annual bluegrass leaves. Both creeping bentgrass and annual 

bluegrass leaf samples harvested at the end of the original experiment were examined 

as well as samples from plants collected from golf greens at three different sites in 

Guelph, Ontario, Canada. Collected plants were regrown to ensure that leaf tissue was 

harvested at eight weeks from fully expanded leaves from growing plants. Two of the 

three sites are golf courses (Victoria Park East, Cutten Club) and samples of the third 

site were taken from two GTI research greens. At each golf course, four plants of each 

species were collected from four separate greens for a total of 16 samples per golf 

course. At the GTI, four plants of each species were collected from two separate greens 

for a total of eight samples. Plants were harvested with a knife and placed in plastic 

bags with a wet paper towel to maintain soil moisture. Each tiller was transferred into a 

pot filled with sand and placed in a greenhouse with a temperature cycle of 24ºC/16ºC 

day/night and a 16 hr photoperiod. The samples were placed under automatic misters 

(15 s/hr) and fertilized by watering with a 20-20-20 (N-P-K) solution weekly. Plants were 

clipped once a week to a height of 6 cm. 

Stomatal count 

For tissue samples, a 2-cm section of leaf blade was selected between the sheath and 

the leaf tip from fully expanded leaf blades of growing plants. All procedures were 

conducted at room temperature during the day under normal room lighting after Rice, 

Glenn, and Quisenberry (1979) with the following modifications. To obtain average 

stomatal count, clear nail polish was painted onto the leaf blade surface fixed at its ends 

with tape on a microscope slide. Once the nail polish dried, it was peeled from the leaf 



blade and placed on a slide with a drop of water and a cover slip, which was sealed with 

nail polish. Four counts were taken from each peel under a compound microscope 

(Olympus BX51) at 200x, and photographed with an Olympus DP71 camera (Olympus 

Corporation, Tokyo, Japan). The stomatal count was an average per 1 mm2 . The same 

procedure was used for both creeping bentgrass and annual bluegrass species on 

adaxial and abaxial surfaces. 

Localization of aqueous pores with silver nitrate using light and scanning electron 

microscopy (SEM) 

To identify locations of aqueous pores, silver nitrate (AgNO3) was applied to the leaf 

surface (Lord, Green, and Emino 1979; Schlegel, Sch€onherr, and Schreiber 2005). 

Sites of silver (Ag) precipitate in the apoplast or cytoplasm are indicative of sites of 

selective permeability. For light microscopy, AgNO3 uptake was performed on cleared 

leaves (pigment removed) of both species. Leaf blade samples were prepared as 

above. A 2-cm section of a leaf blade was selected between the sheath and the leaf tip. 

The leaves were cleared by submergence in 5.25% sodium hypochlorite solution for 4 

hr at room temperature (21ºC), and were then rinsed twice in deionised water for 5 min. 

Cleared leaves were washed with hand soap in place of a wetting agent to reduce 

surface tension of the cuticle and upon rinsing, placed on filter paper in a petri dish. 

After 40 mL of a 0.02 M solution of AgNO3 was placed on the samples, the closed petri 

dish was incubated at room temperature for 1 hr. The leaves were then rinsed with 

deionised water to remove excess AgNO3, and mounted on a microscope slide with a 

drop a glycerol. A cover slip was placed on top and sealed with nail polish. Slides were 

viewed under a compound microscope (Olympus BX51) and photographed with an 

Olympus DP71 camera at 200X (Olympus Corporation, Tokyo, Japan). 

Leaf samples prepared for SEM were not cleared but were treated with AgNO3 

as above. Samples were left to dehydrate for 24 hr prior to being mounted on an SEM 

aluminum stub. Images were captured on microscopes that did not require a sputter 

coating of gold. Annual bluegrass samples were analyzed using the Hitachi Tabletop 

Microscope TM-1000 SEM (Hitachi High-Technologies Corporation, Tokyo, Japan) and 

creeping bentgrass using the Fei Phenom SEM (Fei Company, Hillsboro, USA). 



Results 

Nitrogen fertilization experiments 

The number of tillers arising from the single tiller at the start of the experiment was 

determined as a gross indication of the effectiveness of N fertilization. Here a strong 

fertilizer solution effect was noted with ammonium sulfate fertilized plants of both 

species producing more tillers regardless of application method (p = .0002). A more 

limited but significant species effect was noted with annual bluegrass generating more 

tillers than creeping bentgrass (p = .026). 

Analysis of shoot dry mass revealed statistically significant effects of fertilization 

solution (N source), application method and an interaction between species and 

application method (Table 1). With fertilizer type pooled, a difference between 

application methods was observed for creeping bentgrass where soil application 

resulted in greater shoot dry mass than foliar application (Figure 1a). Application 

method did not affect the shoot dry mass of annual bluegrass but under foliar 

fertilization, the shoot dry mass of annual bluegrass was significantly greater than that 

of creeping bentgrass (Figure 1a). The type of fertilizer was consequential. Shoot dry 

mass was higher when species, creeping bentgrass and annual bluegrass pooled were 

fertilized with ammonium sulfate as opposed to urea (Table 1; Figure 1b). Nitrogen 

analysis, TKN, revealed a significant increase in shoot N concentration for plants 

(species pooled) grown with foliar-applied fertilizer (2.17%) compared to soil-applied 

fertilizer (1.78%) (p = .025). 

Table 1. Summary of ANOVA results for shoot and root dry mass measured on creeping 

bentgrass and annual bluegrass submitted to various fertilization solutions and 

application methods. ndf = numerator degrees of freedom. 



Source of 

Variation 

(Fixed) 

ndf Shoot 

Dry 

Mass F 

Shoot 

Dry 

Mass P 

Root 

Dry 

Mass 

(Above 

6 cm) F 

Root 

Dry 

Mass 

(Above 

6 cm) P 

Root 

Dry 

Mass 

(Below 

6 cm) F 

Root 

Dry 

Mass 

(Below 

6 cm) P 

Species 

(S) 

1 0.23 0.633 12.53 0.002 11.47 0.002 

Fertilization 

solution (F) 

1 27.81 <0.001 8.26 0.008 0.70 0.004 

Application 

method (A) 

1 4.63 0.042 4.23 0.051 7.28 0.013 

S x F 1 1.30 0.265 0.19 0.670 2.63 0.118 

F x A 1 4.05 0.056 10.79 0.003 4.56 0.043 

S x A 1 5.07 0.034 2.89 0.102 2.48 0.129 

S x F x A 1 1.84 0.181 0.55 0.586 4.77 0.018 

 

The effect on root growth was greater overall for both creeping bentgrass and annual 

bluegrass when ammonium sulfate was soil applied compared to all other conditions (p 

= .043). Since creeping bentgrass is considered a deep-rooted species (Lyons, 

Landschoot, and Huff 2011) and annual bluegrass a shallow-rooted species 

(Hutchinson and Seymour 1982), root dry mass was separated into that in the top 6 cm 

of the soil and that below 6 cm in order to ascertain whether the N fertilization 

permutations resulted in differences between the two species. As would be predicted, 

root dry mass distribution was significantly affected by species (p = .005). Creeping 

bentgrass fertilized with soil-applied ammonium sulfate had greater root dry mass in the 

upper 6 cm (p = .004) compared to all other conditions (data not shown). When 

fertilization solution and application method are pooled, root dry mass in the top 6 cm 

was still greater for creeping bentgrass (Figure 2a). While the deep-rooted creeping 

bentgrass had 50% of its total root mass in the upper 6 cm of the soil profile (0.171 g 

(SE = 0.03)) the shallow-rooted annual bluegrass had 66% of its total root mass (0.117 

g (SE = 0.025)) in the upper 6 cm. Root dry mass in the upper 6 cm was affected not 



only by species but also by fertilization solution with an interaction between fertilization 

solution and application method (Table 1). Plants of both species fertilized with 

ammonium sulfate showed a 20% increase in root dry mass compared to those 

fertilized with urea, although this effect was not observed under foliar application (p = 

.001) (Figure 2b). Creeping bentgrass had more root dry mass in the upper 6 cm under 

soil-applied fertilizer 0.20 g (SE = 0.03) compared to foliar fertility 0.13 g (SE = 0.01) 

(Figure 2a). 

 

Figure 1. (a) The effect of application method of nitrogen fertilizers on the shoot dry 

mass of creeping bentgrass and annual bluegrass with the fertilizer type pooled, (b) the 

effect of fertilizer type on shoot dry mass when species and application method are 

pooled. Error bars represent standard error of four replicates in a factorial experiment. 

Values with the same letter are not statistically different at the 0.5% level. 

 

Figure 2. (a) Root dry mass in the top 6 cm of creeping bentgrass and annual bluegrass 

with fertilization solution and application method pooled, (b) the root dry mass in the top 



6 cm of soil- and foliar-applied ammonium sulfate and urea (species pooled). Error bars 

represent standard error of four replicates in a factorial experiment. 

 

Figure 3. Root dry mass below 6 cm of creeping bentgrass and annual bluegrass when 

ammonium sulfate and urea are applied to foliage or soil. Error bars represent standard 

error of four replicates in a factorial experiment. Values with the same letter are not 

statistically different at the 0.5% level. 

The root dry mass in the upper 6 cm of the soil for annual bluegrass was not 

significantly affected by application method. For root dry mass below 6 cm, species, 

fertilization solution and application method were all significant (Table 1). Roots in the 

lower portion of the soil profile fertilized with ammonium sulfate had a 19% increase in 

root mass over those fertilized with urea (Figure 3). Further, there is a statistically 

significant interaction between fertilization solution and application method (Table 1). 

Below 6 cm, creeping bentgrass again had a higher root dry mass under soil-applied 

ammonium sulfate compared to all other conditions (Figure 3). 

Stomatal counts 

No difference between species and populations was found for stomatal count for either 

the adaxial (p = .805) or the abaxial (p = .173) surfaces. The adaxial leaf surface had a 

mean count of 122.39 (+/- 42.13) stomates per mm2 and the abaxial side 109.19 (+/- 

46.66) stomates per mm2. 



Localization of aqueous pores 

The black precipitate of silver chloride that forms at sites of AgNO3 absorption 

reveals the locations of aqueous pores in leaves (Schreiber 2005). Precipitate was 

observed close to both trichomes and stomata. 

Some cultivars of creeping bentgrass such as L-93 are known to have trichomes 

or “barbed-like” extensions from the waxy cuticular layer (Bonos, Casler and Meyer 

2004; Williams and Harrell 2005). These structures were present on the margins of the 

creeping bentgrass leaves (Figure 4c). Annual bluegrass also possessed these 

structures and they were present on more of the leaf surface at the margins, midrib and 

veins. A higher absorption of AgNO3 was observed to be concentrated at the base and 

head of these barbs on annual bluegrass leaves compared to creeping bentgrass 

leaves (Figure 4a). Silver deposits were observed on creeping bentgrass barbs or 

trichomes but not to the same degree as on annual bluegrass. 

 

Figure 4. Bright field photomicrographs of cleared leaves of annual bluegrass (a, b) and 

creeping bentgrass (c, d) after treatment with silver nitrate. Characteristic silver 

precipitates are shown on barbs (a, c) and stomata (b, d). 

Both creeping bentgrass and annual bluegrass had aqueous pores near the 

stomata (Figure 4b and d). On cleared leaf samples, the black precipitate appeared to 

be concentrated between the guard cells and not outside them. The concentration of 



silver precipitate with the guard cells of the stomata is even more striking when viewing 

the SEM micrographs (Figure 5). Both creeping bentgrass and annual bluegrass 

species had consistent morphological traits regardless of the population 

(genotype/ecotype). The greater amount of silver precipitate on annual bluegrass leaves 

as compared to creeping bentgrass leaves would correlate to annual bluegrass leaves 

having a greater number of aqueous pores. 

Discussion 

The exploitation of species differences between creeping bentgrass and annual 

bluegrass in response to N fertilization rests on the accumulation of empirical data of 

plant growth. It was surprising that by every measure ammonium sulfate resulted in the 

greatest growth regardless of application method. Our hypothesis that the deep-rooted 

creeping bentgrass would have a growth advantage over shallowrooted annual 

bluegrass when N was soil applied was upheld. The advantage of annual bluegrass 

shoot growth over creeping bentgrass under foliar N fertilization correlates with the 

greater number of aqueous pores available for N absorption observed on the leaves of 

annual bluegrass. 

Ammonium sulfate outperformed urea in growth stimulation of both the species. It 

was expected that urea would be absorbed more efficiently due to its smaller size and 

neutral charge than the cationic ammonium ion from ammonium sulfate. Other studies 

have observed no difference in N uptake between urea and ammonium (Bowman and 

Paul 1992; Henning, Mulvaney, and Branham 2013; Stiegler et al. 2013). The work 

presented here is not directly comparable to those studies as plant growth served as an 

indirect indicator of N absorption. It should be noted that the addition of aqueous 

magnesium sulfate to all pots ensured that any growth discrepancies were not 

attributable to a sulfur deficiency since urea as an N source lacks the sulfur component 

of ammonium sulfate. In tea, sulfur deficiency can cause poor shoot growth that results 

in less absorption of nitrogen (Ruan and Gerendás 2015). 



 

Figure 5. SEM photomicrographs of uncleared leaves of annual bluegrass (a, b) and 

creeping bentgrass (c, d) after treatment with silver nitrate. Stomata of untreated 

samples (a, c) lack the characteristic silver precipitates are shown on treated samples 

(b, d). 

Our results showed that shoot dry mass was higher when grass species were fertilized 

with ammonium sulfate, regardless of the application method. In general, the greatest 

impact on shoot growth was observed when N fertilizer was soil applied. Creeping 

bentgrass exhibited a clear preference, based on dry shoot mass, for soil-applied 

fertilizer. Foliar application of N fertilizer clearly resulted in annual bluegrass achieving 

greater shoot growth than creeping bentgrass. When creeping bentgrass and annual 

bluegrass are competing for dominance, the predilection of creeping bentgrass for 

fertilizer applied to the soil may in fact bias growth toward annual bluegrass under foliar 

application of N fertilizer. The concentration of N in shoots as measured by TKN 

analysis revealed higher concentrations under foliar application with species pooled. 

Within the confines of those data, one could not draw any direct correlation between N 

concentrations in shoots and shoot dry mass. Just as fertilization with ammonium 

sulfate resulted in greater shoot growth as measured by shoot dry mass for both the 

species; it also resulted in a greater number of tillers for both the species underscoring 



the greater growth response of both species to this N form. It should be noted that the 

effect was greater for annual bluegrass than creeping bentgrass. This is interesting 

because it speaks to the invasive potential of annual bluegrass in a course planted to 

creeping bentgrass. More work would need to be done to discern if tiller number for 

annual bluegrass would vary under soil versus foliar application of ammonium sulfate. 

 The impact on growth observed in shoot dry mass was also observed in the root 

dry mass. The root to shoot ratio was similar for plants treated with foliar and soil 

applied fertilizers (data not shown). Again, greater overall growth was observed for 

ammonium sulfate-treated plants than for urea-treated plants. The root systems of the 

deep-rooted creeping bentgrass (Lyons, Landschoot, and Huff 2011) and shallow-

rooted annual blue grass (Hutchinson and Seymour 1982) are known to differ in their 

depth. These observations were consistent when plants were treated with soil-applied 

fertilizer. However, root systems of creeping bentgrass and annual bluegrass treated 

with foliar-applied fertilizer were of similar size. Normally only 10–20% of the root 

system is needed when there is an adequate supply of water and nutrients (Marschner 

2002). Under foliar-applied fertilizers, plants can require even less of that root system 

for N uptake as N is supplied directly onto the leaves. Witte et al. (2002) demonstrated 

that little N was moved into the root system of potato plants treated with foliar 

applications of N. A limit in N in the roots may be problematic in the summer when root 

growth is impaired by warm temperatures (Huang, Liu, and Xu 2001). Under foliar 

fertilization, creeping bentgrass no longer has the advantage of a deeper root system 

over annual bluegrass. For that reason, soil application of N fertilizer would be 

recommended for creeping bentgrass as the resultant greater root mass would relate to 

a strong competitive advantage for drought tolerance. In terms of overall quality for 

creeping bentgrass, it has been shown that a combination of soil and foliar-applied N 

works best (Totten et al. 2008). 

Microscopic analysis of creeping bentgrass and annual bluegrass leaves 

revealed a potential explanation for foliar-applied fertilizer resulting in a greater shoot 

dry mass for annual bluegrass as compared to creeping bentgrass. Foliar uptake of 

nutrients occurs through stomata as well as aqueous pores (Schönherr 2006; Eichert 



and Goldbach 2008; Eichert 2013). No statistical difference was observed between the 

turfgrass species studied here for either adaxial or abaxial stomatal counts. Care was 

taken to harvest leaves of similar position and age as stomatal density is influenced not 

only by species and cultivar, but also by leaf age and position (Shearman and Beard 

1972). The number of stomata observed here is in tight agreement with that observed 

for creeping bentgrass at putting green height (Williams and Harrell 2005). Green, 

Beard, and Casnoff (1990) also reported similar adaxial and abaxial stomatal counts for 

creeping bentgrass and annual bluegrass. Therefore, the greater effect of foliar 

fertilization on annual bluegrass as compared to creeping bentgrass shoot dry mass 

cannot be solely attributed to the number of stomata. Instead the greater shoot dry 

mass of annual bluegrass may be the result of increased N absorption through aqueous 

pores associated with “barb-like” extensions observed on the leaf cuticle. These 

extensions extrude from the waxy cuticular layer and resemble trichomes and have 

been associated with absorption of foliar solutions (Schreiber 2006). While these “barb-

like” structures have also been observed on creeping bentgrass (Williams and Harrell 

2005), we have detected them on annual bluegrass in multiple locations: at the margins, 

midribs and veins of the leaf surface. The absorption of AgNO3 at the base and the 

head of these structures is similar to that observed for trichomes of Vicia faba leaves 

(Schlegel, Schönherr, and Schreiber 2005). We theorize that the higher AgNO3 

absorption at the site of the annual bluegrass barbs mimics the higher absorption of N 

and could explain the greater shoot dry mass of this species compared to creeping 

bentgrass when fertilized with a foliar solution. There are two distinct ecotypes of annual 

bluegrass: one annual and one short lived perennial (Lush 1989; Darmency and 

Gasquez 1997) and many genotypes across this range of reproductive strategies 

(Zontek 1987; Huff 2004). Interestingly, observations of the leaf morphology of this 

species were independent of ecotype or genotype. The potential modifications of leaf 

morphology due to manipulation of fertilization regime would be noted when comparing 

leaf data from the experiment to that from the field. Plants harvested from the field were 

all exposed to the same rate and source of N, K and P. Leaf age is also known to 

impact nutrient absorption with older leaves absorbing less due to an increase in cuticle 

thickness (Bondada, Syvertsen, and Albrigio 2001). Care was taken to harvest freshly 



expanded leaf tissue so that cuticle thickness related to leaf age would not be an issue. 

Therefore, we propose that the shoot growth and tiller generation advantage of annual 

bluegrass under foliar fertilization results from having a greater number of aqueous 

pores for nutrient absorption. The leaf morphologies of the creeping bentgrass 

ecotypes/genotypes examined were also similar to one another regardless of the 

population studied or where the samples originated: either from the N experiment or the 

field. Clearly, the next step would be to repeat the experiment in the field, but the fact 

remains that the species specific differences in leaf morphology were not consequent to 

N fertilization manipulation. 

In conclusion, the results of this research reveal that the type of N used for 

fertilization was significant with both creeping bentgrass and annual bluegrass achieving 

greater shoot and root dry mass when fertilized with ammonium sulfate versus urea. 

While species did not affect the preference for the type of fertilizer, the impact of 

application method on shoot and root dry mass was species specific. Here we provide 

evidence that that foliar application of N fertilizer creates a bias for annual bluegrass 

growth whereas soil fertilization creates a bias toward creeping bentgrass growth. The 

manipulation of N fertilization provides novel approach and a promising control strategy 

for managing annual bluegrass encroachment in golf greens planted to creeping 

bentgrass. 
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