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Abstract

Turfgrass species were evaluated for their rooting and foliar characteristics, and their
interaction with the soil. The rooting system was divided into three compartments, one
above another, such that the top and bottom compartments of the root system could be
supplied with a nutrient deprived solution. Exposure of parts of the roots to nitrate
deprivation caused a localised retardation of root initiation and extension, compared with
zones receiving the full supply of nutrients. This resulted in considerable modification to
root form, coupled with a significant depression in foliar growth. The extension of roots
was the least affected by the deprivation of potassium. Phosphate and calcium deprivations
gave rise to similar responses in root and foliar formation. Results from this study showed
that external concentrations of nitrogen, phosphorus, potassium and calcium are required
by the root system in varying amounts for optimal growth of roots. Turfgrass coverage and
turf quality ratings further reinforced these findings. No significant difference was observed
between the different grasses examined here. All three species responded similarly to the
deprivation of the various nutrients. Results from this study confirmed that targeted
fertilization programs are beneficial and can help reduce cost, chemical usage and prevent
leachate and contamination.
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INTRODUCTION

Soil is a key element for grass growth (Vescovo et al., 2004). Soil nutrition determines the
health of grasses and inadequate nutrition may result in reduced foliar and root productivity (Fu
and Huang, 2004; Lee, 2008). Turf cover is significant in that it modifies intrinsic soil properties
(National Turfgrass Evaluation Program, 2009). Turf improves the micro climatic environment
and supplies organic matter which amends the activity of microorganisms (Woods et al., 20006;
Lynch and Brown, 2008). Turf also enhances nutrient availability, all of which are necessary for
sustainable grass performance.

Many studies have been focused on shrubs with grasses receiving much lesser attention and
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even less studies are focused on both above- and below-ground growth characteristics. Roots play a critical role in
absorbing soil nutrition for foliar development. The presence of roots also provides soil with enhanced infiltration
rates (McCarty et al., 2005), and water uptake (Spring et al., 2007).

Several authors (Carrow, 1980; Sherratt et al., 2005; Lee, 2008; Su et al., 2008) proposed that roots occupy available
macro pore spaces and develop deep into the soil matrix seeking out air, water and nutrients. Su et al. (2008) and
Vanini and Rogers (2008) reported that differences in root morphology, root diameter, root length, density, and their
distribution within the soil will contribute to soil nutrition absorption. Fine lateral roots are the major sites of water and
nutrient uptake. Lateral roots are fibrous and can establish very efficiently (White et al., 1993). They account for
90-98% of the total root length in a root system (Allen et al., 1998; Brosnan et al., 2005). Therefore, the density of
lateral roots make up a significant proportion of the entire root system (Hays et al., 1991; Huang and Fry, 1998; Fu and
Huang, 2004).

Although root architecture is somewhat genetically constrained, it still can be highly plastic in response to
environmental cues. This is suggestive that genetically identical grasses may still differ in root density, growth rate,
and distribution (Marcum et al., 1995; Qian and Fry, 1997; Huang and Gao, 2000), as a result of adaptive responses
(Huang and Fry, 1998; Barton et al., 2009). For example, the heterogeneous distribution of nutrients can increase
lateral root length as well as concentrate initiation of lateral roots in soil regions where resources are in rich supply
(White et al., 1993; Gallardo et al., 1996). The localized application of nutrients at prescribed depths and associated
lateral root development offers an opportunity to manipulate the distribution of these roots within the soil profile.

Deprivation of nitrogen (N) as well as phosphorus (P) often limits growth (Daniels and Sugden, 1996; Christians,
2004). Nitrate (NOs’) is the major source of N for most grasses and is readily available for uptake (Goss et al., 2002).
Lynch and Brown (2008) and Ticconi and Abel (2004) proposed that the availability of P also assisted with increased
lateral root extension while the effects of Potassium (K) were less pronounced (Cherney et al., 2004; Woods et al.,
2006). Noteworthy also was that Tinker and Nye (2000) highlighted the importance of the presence of both nutrients,
N and P in stimulating lateral root development.

In earlier work done by Levitt (1980) it was found that dense mats of lateral roots are common at the soil surface and
the abundance of roots decline with increasing soil depth (Lawson, 1999; Liao et al., 2004). The abundance of lateral
roots at deeper soil depths is beneficial, as it increases water and nutrient uptake (Lambers et al., 2006). Roots have
been found to respond to heterogeneous nutrient supply with compensatory root growth (Lambers et al., 2002) in areas
abundant with N or P (Lu et al., 1999; Ronnie et al., 2009). Furthermore, the proportion of lateral roots was also found
to have increased in nutrient-enriched zones especially when calcium was present (Sartain, 1993; Spiers, 1993;
Johnson et al., 2003).

In this paper, we compared rooting and foliar characteristics and their interaction with the soil between three
turfgrass species. We identified the effects of soil nutrition on root properties with an emphasis on root proliferation
such as lateral root growth. We also examined nutrient applications involving phosphate, nitrate, calcium, and
potassium to stimulate root development. The objective of this study was to improve our understanding of the specific
requirements of individual nutrients in providing for foliage and roots in three turfgrass species. Such understanding
has significance in sports and recreational management as it provides knowledge to better grapple with fertilizer

application. This information is useful as the requirements for fertilization in a recreational context are related to
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aesthetics. These have been achieved through the aboveground portions of the plant, but the absorption of the nutrients

to enable the growth occurs predominantly below ground (through the roots).

MATERIALS AND METHODS

Experimental growth conditions

Zoysia matrella, Cynodon dactylon (Bermuda) and Stenotaphrum secundatum (St. Augustine) were grown in
vertical columns comprised of clay loam soils made up of 40% clay, 25% loam, 20% sand and 15% organic matter (by
volume). The pH was 7.5 and the column was divided into three compartments, one above another, separated by
horizontal membranes. The aim was to inject nutrient solutions lacking a single nutrient into the top and bottom
compartments of the column. The control (middle compartment) was given the complete nutrient solution whilst the
top and bottom compartments received a solution deficient in a single nutrient. In doing so, we will be able to
understand the response of roots to specific nutrient deficiencies.

Forty-five columns were built using Perspex measuring 80 cm in height and with a 30 cm internal diameter. A
geotextile membrane was inserted 25 and another at 50 cm from the top of the column (Fig. 1). Nutrient solutions were
fed into the system by an inlet built at fixed depths of 0, 25 and 50 cm and supplied to the split-root column at a rate of
2 ml/min. Excess or outflow was permitted through a separate outlet valve positioned at each compartment. Care was
taken to ensure that each compartment was watertight. A complete randomised experimental design was used with 15
replicates per grass species and three replicates per nutrient treatment. Noteworthy also was that although the usual
turfgrass rooting depth ranges from 5 to 30cm, we have allocated additional space in the split-root column to avoid any

potential constraint conditions that might affect the outcomes of this study.

=
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Fig. 1. Split-root column used to supply roots with nutrient solution in soil comprised of clay, loam and sand.
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Turfgrass growing in trays obtained from the nursery were removed and placed into the top compartment of each
column and kept under controlled (growth chamber) conditions. The chambers were set similar to equatorial tropical
climates with a day and night time temperature of 29 and 23°C, respectively. The photoperiod was 12 hours. This
growth process was maintained for 24 weeks. Thereafter, the grasses were excised and the columns decoupled so that
the roots could be harvested, washed and separated into the various zones that corresponded to the three compartments
of the split-root column.

St. Augustine grass was mowed weekly at 4.8 cm, whereas Bermuda and Zoysia grasses were mowed at 2.5 cm. All
clippings were removed and harvested fortnightly and dried at 70°C for 24 hours prior to weighing. Turf performance
which was regarded as turf quality was evaluated fortnightly on a 1 to 9 scale, where 6 was the minimum acceptable
turf quality and 9 was the best. Turf coverage was rated as a percentage of area covered by living turf. Biomass
measurements of foliage and roots were observed by placing the plant material in an oven set at 70°C for 48 hours. For
the measurement of available N and P, the dried root samples were digested in a mixture of concentrated H,SO, and
H,0,. Digested samples were analysed for N by the Kjeldahl method and for P, using the molybdo-vanadophosphate
method (Johnson and Ulrich, 1959; Shi, 1986; Da Silva et al., 2016).

Treatment and nutrient feeding

The experiment had four treatments (excluding controls) each with three replicates. Control plants had all the
nutrients (NPK and calcium) supplied throughout the entire root system. The rest of the treatments received the
complete nutrient solution (like the control) but was limited to the middle compartment. The top and bottom
compartments were supplied with a solution deficient in a single nutrient either, N, P, K or calcium. The concentration
of supplied nutrients was similar to the work done by Li et al. (2013) on urban and rural roadside soil cores. The
nutrient concentrations were in the ranges of 41.5, 28.3, 15.3 and 10.4 mg kg for N, P, K and calcium, respectively.
Liquid fertilizer was developed according to methods detailed in Broschat (1995) and Catanzaro et al. (1998) and
applied on a weekly basis. Outflowing nutrients were analysed on a weekly basis to ascertain leachate and depletion

within each compartment and there were no significant chemical remnants observed in the outflow.

Data analysis
Factorial ANOVA was conducted across turfgrass species using SAS statistical software (SAS Inst., Version 9, NC,

USA) for foliage, rooting and nutrient parameters. Significant differences between means (within the same species)

were determined by LSD at the P<0.05 probability level.

RESULTS

Dry matter distribution between foliage, roots and nutrient concentration (in roots)
The major effects of nutrient supply on foliage and root development are summarised in Table 1. Deficiency in
phosphate, nitrate and calcium markedly reduced foliage biomass and clipping yield with a pronounced effect

observed with nitrate deficiency. This finding was further reinforced through turfgrass coverage and turf quality
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ratings. Potassium deficiency was found to have significantly reduced foliage biomass but did not significantly affect
root biomass. This outcome was especially pronounced in Zoysia matrella and the St. Augustine grass across all
depths in the split-root column. The deficient supply of a given nutrient in the root was validated through the values of
N and P uptake (Table 1). In addition, some interactions occurred between different nutrients; for example, a deficient
supply of phosphate to the roots was also observed to have reduced the absorption potential of calcium (data not
shown). Nutrient deficiency in calcium and phosphate resulted in broadly similar effects on root and foliage weight
whereby, biomass data indicated that % difference in calcium and phosphate was between 0.9 to 7.5 and 2.9 to 7.4%

for foliage and roots, respectively.

Table 1. Root and shoot parameters of Zoysia matrella, Cynodon dactylon and Stenotaphrum secundatum in
relation to specific nutrient deprivation.

Clipping Turfgrass Foliar growth ~ Root biomass
Treatments yield cover (dry weight (dry weight
(gm?) (%) basis) (g m™) basis) (g m?)

Mean visual N uptake P uptake
quality rating (mg clump™) (mg clump™)

Zoysia matrella
Control 15.3a 95a 6.43a 4.30a 8a 23.4a 19.6a
W/o Phosphate 10.2b 62b 3.17c 2.73b 6b 12.5b 5.8¢
W/o Nitrate 5.6¢ 42c 1.90d 1.55¢ 4c 1.6¢ 11.4b
W/o Calcium 9.8b 65b 3.20c 2.65b 6b 9.8b 10.9b
W/o Potassium 14.9a 83a 4.36b 4.18a Ta 15.3b 13.7b
Cynodon dactylon
Control 16.1a 93a 6.02a 4.16a 8a 19.8a 18.5a
W/o Phosphate 9.7b 60b 3.86¢ 2.31b 6b 10.3b 4.4c
W/o Nitrate 4.9¢ 39¢ 2.04d 1.23c 3c 1.9¢ 9.7b
W/o Calcium 9.1b 55b 3.57c 2.14b 6b 9.5b 8.8b
W/o Potassium 15.3a 80a 4.72b 3.95a Ta 12.4b 10.7b
Stenotaphrum secundatum
Control 21.3a 9%4a 8.38a 5.62a 9a 31.7a 24.7a
W/o Phosphate 16.4b 68b 441c 3.41b 7b 15.1b 6.6c
W/o Nitrate 9.2¢ 46¢ 2.32d 2.20c Sc 2.3c 12.1b
W/o Calcium 15.2b 60b 4.08¢c 3.22b 7b 14.2b 11.7b
W/o Potassium 19.9a 84a 6.53b 5.29a 8a 20.1b 15.5b

Means (in a column) followed by same letter are not significantly different (LSD test) (within species).
Turf quality were rated on scales of 1 to 9, where 6 is the minimum acceptable quality and 9 is the optimal.

Specific nutrient deficiency on rooting characteristics
Root growth was most affected by the absence of nitrate where root biomass was reduced between 60 to 70% across
the three species. However, roots were less affected by the absence of potassium (Table 1). The effects of phosphate

and calcium deficiency on root growth were similar. These findings are consistent with data in similar studies
conducted by Cherney et al. (2004) and Barton et al. (2006).
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Comparative effects of phosphate, nitrate, potassium and calcium on root development

Generally, specific nutrient deficiency tends to elicit different responses in root proliferation but the broad effects
are similar. The localised retardation of root growth was observed when all nutrients were omitted suggesting their
importance in root development (data not shown). Noteworthy however, that potassium was a notable exception.
Potassium was found to have the least impact on root development with biomass data indicating a small difference of
between 2.8 to 5.9% across all three species when compared against the control. A localised deprivation of calcium
elicited a similar response to that of phosphate, but it was nitrate that showed a pronounced slowdown in root
development.

With the solution of NPK and Ca supplied, the control roots were lush all throughout the various compartments
(Fig. 2). Nutrient deprivation clearly negatively affected root proliferation with nitrate particularly impactful (Fig. 2).

Nitrate Calcium Potassium

Phosphate
Control -deprived ~deprived ~deprived

~deprived

Fig. 2. Effect of localized supply of phosphate, nitrate, calcium, and potassium on root development in (A) Zoysia
matrella, (B) Cynodon dactylon and (C) Stenotaphrum secundatum. Control received the complete nutrient solution
to all parts of the root system. The others received the complete nutrient solution only in the middle shaded section,
the top and bottom sections were supplied with a solution deficient in the specified nutrient.
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DISCUSSION

This experiment was conducted in 2017 to characterize the effects of localized N, P, K supply in combination with
calcium on root growth and nutrient uptake in common warm season turfgrass species. Turf is widely used for
horticulture, recreational and sports purposes. Therefore, the results from this paper are significant as it provides
information on suitable depth for fertilizer placement. It also validates targeted fertilization programs for horticulture,
recreational and sports maintenance.

The results from this experiment demonstrated that considerable modification to overall dry matter distribution can
occur in turfgrasses as a result of variation in the concentration of nitrate, phosphate, potassium and calcium within the
rooting zone. Nitrate particularly had a pronounced effect on dry matter distribution. Similar physiological responses
occurred when phosphorus and calcium were absent. Modifications to the root zone were most pronounced when
nitrate was omitted and least pronounced when potassium was removed.

The localised effects on root distribution following deficiency of specific nutrients indicated that the presence of
these nutrients in contact with the root system can directly affect the development of roots and foliage. Variation in the
effects of root and foliage growth may occur between species (Vietor et al., 2004a) and genotypes (Flavel and
Murphy, 2006). This may be attributed to differences in nutrient uptake and utilization efficiency (Vietor et al., 2002).
Therefore for the purpose of comparison, future research may need to study this variability in cool season grasses.
Nevertheless, root development is a low-cost strategy adopted by plants to absorb available ions, nutrients and water in
heterogeneous environments. It requires only an additional 0.2% of daily carbon gained (Hodge, 2006). However,
only roots with small diameters (i.e. fine roots) (Drew, 1975; Kirkham, 1983; Smucker, 1993; McCully, 1999) can
take advantage of this as they face less resistance in the uptake of ions and water (Smucker, 1993).

Here in this study, potassium deprived solution was found to have the least impact on root growth both at shallower
and greater depths. This finding was consistent with pioneering work conducted by Bengston and Davis (1939), as
well as follow up work carried out by McClean and Watson (1985) and Cherney et al. (2004).

It is evident that nitrogen is essential for optimal growth in any part of the root system. Considerable amounts of this
nutrient are translocated in the xylem to the shoot which explains the negative impact nitrogen deprivation had on
foliage biomass. The contrasting outcomes between potassium and nitrogen in promoting the growth of roots may be
attributed to the translocation abilities of nitrogen within the root system. Nitrogen had been proposed to move swiftly
within the root system thereby, promoting optimum root development though there is still no strong evidence to
suggest that nitrogen is more mobile than potassium within root tissues (Sims, 1990; McCoy, 1998). An alternative
explanation is that very low concentrations of nitrogen in the roots are sufficient for growth (Reid, 1933; Linde and
Hepner, 2005). This raises the question as to whether there is a threshold concentration for key nutrients. Exceeding
which, increasing concentrations are no longer beneficial for root and foliage growth. Such questions pave the way for
future research seeking out concentration threshold limits in common horticulture soils. The development (e.g. length,
density) and distribution of roots in the soil will determine overall plant growth and sustainability. It had been argued
that a higher rooting density and spread would be particularly beneficial in enhancing nutrient assimilation and that
fertilizer placement may be one way of achieving this ideal outcome.

Several aspects of the findings made in this controlled experiment can be applied to field conditions. Firstly, all

other nutrients examined in this study except potassium had a significant role in the development of roots. This finding
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was consistent with work carried out by Puhalla et al. (1999), Nikolai (2002) and Vietor et al. (2004b). Secondly,
changes in root development may be nutrient specific - this reinforces the need to ensure that all critical nutrients are
worked into the soil during fertilization for the best results. Thirdly, surface application of nutrients is likely to limit
the benefits of root proliferation to shallower soil depths. To achieve a deep and well-spread root system, all nutrients
should be mixed into the soil to depths as deep as possible (Carrow et al., 2004; Woods et al., 2006). In the case of an
established landscape, the option of liquid injection of fertilisers may be an option to achieve deeper penetration of

soluble nutrients.

CONCLUSION

Though this research was conducted under controlled conditions, the outcomes have relevance across other
turfgrass species and field environments. More importantly, such information is valuable to municipalities, growers
and maintenance personnel involved with horticulture, sports and recreational management. The literature holds very
limited information on nutritional effects on root development relating to lawns for horticulture, sports and
recreational purposes. This work had shown the key roles of various nutrients in root development with nitrogen
possessing the most pronounced effect on root proliferation. Future research is best targeted towards the identification
of localized application of key nutrients at specific soil depths and involving different soil types. Additionally, the
establishment of concentration threshold limits for specific nutrients will also need to be identified. Related work may
consider the responsiveness of different grass species though no significant differences were observed between the
different grasses examined here. All three species responded similarly to the deprivation of the various nutrients.
Targeted fertilization programs have environmental benefits because they facilitate the use of less chemicals and

potentially have cost saving benefits and can prevent leachate and contamination.

ACKNOWLEDGEMENTS

Appreciation and thanks to the Analytical Chemistry Faculty for analyses of plant tissues. In advance, we also like

to thank the anonymous reviewers for their constructive comments.

REFERENCES

Allen, R.G., Pereira, L.S., Raes, D. and Smith, M. 1998. Crop evapotranspiration - Guidelines for computing crop
water requirements. Irrigation and Drainage Paper no. 56. FAO, Rome, Italy.

Barton, L., Wan, G.G.Y. and Colmer, T.D. 2006. Turfgrass (Cynodon aactylon L.) sod production on sandy sails: |.
Effects of irrigation and fertilizer regimes on growth and quality. Plant Soil 284:129-145.

Barton, L., Wan, G.G.Y., Buck, R.P. and Colmer, T.D. 2009. Effectiveness of cultural thatch-mat controls for young
and mature kikuyu turfgrass. Agron. J. 101: 67-74.

Bengston, J.W. and Davis, F.F. 1939. Experiments with fertilizers on bent turf. USGA Green Section Rec. Dec.:193-213.

Weed & Turfgrass Science Vol.7 No.1, 2018 83



Effects of localised liquid fertilization of N, P, K and Ca on root development in Zoysia matrella, Cynodon dactylon and Stenotaphrum secundatum

Broschat, T.K. 1995. Nitrate, phosphate and potassium leaching from container-grown plants fertilized by several
methods. Hortsci. 30(1):74-77.

Brosnan, J.T., Ebdon, J.S. and Dest, W.M. 2005. Characteristics in diverse wear tolerant genotypes of Kentucky
bluegrass. Crop Sci. 45:1917-1925. doi:10.2135/cropsci2004.0511.

Carrow, R.N. 1980. Influence of soil compaction on three turfgrass species. Agron. J. 72:1038-1042.

Carrow, R.N., Stowell, L.J., Gelernter, W., Davis, S. and Dunca, R.R. et al. 2004. Clarifying soil testing: Ill. SLAN
sufficiency ranges and recommendations. Golf Course Manage. 72(1):194-198.

Catanzaro, C.J., Williams, K.A. and Sauve, R.J. 1998. Slow release versus water soluble fertilization affects nutrient
leaching and growth of potted chrysanthemum. Journal of Plant Nutrition. 21(5):1025-1036.

Cherney, J.H., Ketterings, Q.M. and Orloski, J.L.. 2004. Plant and soil elemental status as influenced by multi-year
nitrogen and potassium fertilization. J. Plant Nutr. 27(6):991-1014.

Christians, N. 2004. Fundamentals of turfgrass management. pp. 33-58. Ann Arbor Press, Chelsea, UK.

Da Silva, T., Detmann, E., Franco, M., Palma, M. and Rocha, G. 2016. Evaluation of digestion procedures in Kjeldahl
method to quantify total nitrogen in analyses applied to animal nutrition, Acta Scientiarum. Animal Sciences
38(1):45-51.

Daniels, R.W. and Sugden, S.K. 1996. Opportunities for growth regulation of amenity grass. Pestic. Sci. 47:363-369.

Drew, M. C. 1975. Comparison of the effects of a localized supply of phosphate, nitrate, ammonium and potassium
on the growth of the seminal root system, and the shoot, in barley. New Phytologist 75:479-490.

Flavel, T.C. and Murphy, D.V. 2006. Carbon and nitrogen mineralization rates after application of organic amendments
to sail. J. Environ. Qual. 35:183-193.

Fu, J.M. and Huang, B.R. 2004. Leaf characteristics associated with drought resistance in tall fescue cultivars. Acta
Hortic 661:233-239.

Gallardo, M., Jackson, L.E. and Thompson, R.B. 1996. Shoot and root physiological responses to localized zones of
soil moisture in cultivated and wild lettuce (Lactuca spp.). Plant Cell Environ. 19:1169-1178.

Goss, R.M., Baird, J.H., Kelm, S.L. and Calhoun, R.N. 2002. Trinexapac-ethyl and nitrogen effects on creeping
bentgrass grown under reduced light conditions. Crop Sci. 42:472-479.

Hays, K.L., Barber, J.F., Kenna, M.P. and McCollum, T.G. 1991. Drought avoidance mechanisms of selected
bermudagrass genotypes. HortScience 26:180-182.

Hodge, A. 2006. Plastic plants and patchy soils, J. Experiment. Bot. 57:401-411.

Huang, B. and Fry, J.D., 1998. Root anatomical, morphological, and physiological responses to drought stress for tall
fescue cultivars. Crop Sci. 38:1017-1022.

Huang, B. and Gao, H.W. 2000. Root Physiological Characteristics Associated with Drought Resistance in Tall Fescue
Cultivars. Crop Science 40:196-203.

Johnson, C.M. and Ulrich, A. 1959. Analytical methods for use in plant analysis. Calif. Agric. Exp. St. 1959:78.

Johnson, P.G., Koenig, R.T. and Kopp, K.L. 2003. Nitrogen, phosphorus, and potassium responses and requirements
in calcareous sand greens. Agron. J. 95:697-702.

Kirkham, M.B. 1983. Physical model of water movement in split-root system. Plant Soil 75:153-168.

Lambers, H., Atkin, O. and Millenaar, F.F. 2002. Respiratory patterns in roots in relation to their functioning. In:
Waisel Y, Eshel A, Kafkaki K (eds), Plant Roots: The Hidden Half. pp 521-552. Marcel Dekker, NY, USA.

Lambers, H., Shane, M.\W., Cramer, M.D., Pearse, S.J. and Veneklaas, E.J. 2006. Root structure and functioning for
efficient acquisition of phosphorus: matching morphological and physiological traits. Ann Bot 98:693-713.

Lawson, D.M. 1999. Phosphate and potassium nutrition of Agrostis spp. and Festuca spp. turf growing on sandy

84

Weed & Turfgrass Science Vol.7 No.1, 2018



Effects of localised liquid fertilization of N, P, K and Ca on root development in Zoysia matrella, Cynodon dactylon and Stenotaphrum secundatum

loam soil. I. Turf ground cover and Poa annua. J. Turfgrass Sci. 75:45-54.

Lee, H. 2008. Measurement of turfgrass quality, leaf area index, and aboveground biomass with multi-spectral
radiometry. M.S thesis. Kansas State University, Manhattan, USA.

Levitt, J. 1980. Responses of plants to environmental stresses. 2nd ed. Academic Press, NY, USA.

Li, Z., Zhang, G., Liu, Y., Wan, K. and Zhang, R. et al. 2013. Sail nutrient assessment for urban Ecosystems in Hubei,
China, PLoS ONE, 8(9):75856.

Liao, H., Yan, X., Rubio, G., Beebe, S.E. and Blair, M.W. et al. 2004. Genetic mapping of basal root gravitropism and
phosphorus acquisition efficiency in common bean. Funct Plant Biol 31:959-970.

Linde, D.T. and Hepner, L.D. 2005. Turfgrass seed and sod establishment on soil amended with biosolid compost.
HortTechnology 15:577-583.

Lu, Y., Wassmann, R., Neue, H.U. and Huang, C. 1999. Impact of phosphorus supply on root exudation, aerenchyma
formation and methane emission of rice plants. Biogeochemistry 47:203-218.

Lynch, J.P. and Brown, K.M. 2008. Root strategies for phosphorus acquisition. The Ecophysiology of Plant-Phosphorus
Interactions. pp. 83-116. In: The ecophysiology of plant-phosphorus interactions. Springer, Dordrecht, Netherlands.

Marcum, K.B., Engelke, M.C., Morton, S.J. and White, R.H. 1995. Rooting characteristics and associated drought
resistance of zoysia grass. Agron. J. 87:534-538.

McCarty, L.B., Gregg, M.F., Toler, J.E., Camberato, J.J. and Hill, H.S. 2005. Minimizing thatch and mat development
in a newly seeded creeping bentgrass golf green. Crop Sci. 45:1529-1535.

McClean, E.O. and Watson, M.E. 1985. Soil measurements of plant-available postassium. pp. 277-308. In R.D.
Munson (ed.) Potassium in agriculture. ASA-CSSA-SSSA, Madison, USA.

McCoy, E.L. 1998. Sand and organic amendments influences on soil physical properties related to turf establishment.
Agron. J. 90:411-419.

McCully, M.E. 1999. Roots in soil: unearthing the complexities of roots and their rhizospheres, Ann. Rev. Plant Phys.
50:695-718.

National Turfgrass Evaluation Program. 2009. A guide to NTEP turfgrass ratings. http://mwmw.ntep.org/reports/
ratings.htm. (Accessed Apr. 24, 2009)

Nikolai, T.A. 2002. Effects of rolling and fertility on putting green root zone mixes. PhD. diss., Michigan State Univ.,
East Lansing (Diss. Abstr. AAI3064284).

Puhalla, J., Krans, J. and Goatley, M. 1999. Sports fields: A manual for design, construction and maintenance. Ann
Arbor Press, Chelsea, UK.

Qian, Y. and Fry, J.D. 1997 Water relations and drought tolerance of four turfgrasses. J. Am. Soc. Hort. Sci.
122:129-133.

Reid, M.R. 1933. Effect of variations in concentration of mineral nutrients upon the growth of serval types of turf
grasses. USGA Green Section Rec. 13(5):122-131.

Ronnie, W.S., Donald, M.V., Richard, H.W. and Tony, L.P. 2009. Effects of Composted Biosolids and Nitrogen on
Turfgrass Establishment, Sod Properties, and Nutrient Export at Harvest. HortScience 44(6):1746-1750.

Sartain, J.B. 1993. Interrelationships among turfgrasses, clipping recycling, thatch, and applied calcium, magnesium,
and potassium. Agron. J. 84:40-43.

Sherratt, P.J., Street, J.R. and Gardner, D.S. 2005. Effects of biomass accumulation on the playing quality of a
kentucky bluegrass stabilizer system used for sports fields. Agron. J. 97:1107-1114

Shi, R. 1986. Soil and Agricultural Chemistry Analysis. p. 388. China Agricultural Press, Beijing, China.

Sims, J.T. 1990. Nitrogen mineralization and element availability in soils amended with Co-composted segage sludge.

Weed & Turfgrass Science Vol.7 No.1, 2018 85



Effects of localised liquid fertilization of N, P, K and Ca on root development in Zoysia matrella, Cynodon dactylon and Stenotaphrum secundatum

J. Environ. Qual. 19:669-675.

Smucker, A.J.M. 1993. Soil environmental modifications of root dynamics and measurement, Ann. Rev. Phytopathol.

31:191-216.
Spiers, J.M. 1993. Calcium, Magnesium, and sodium uptake in rabbiteye bluberries. J. Plant Nutr. 16:825-833.

Spring, C.A., Wheater, J.A. and Baker, S.W. 2007. Fertilizer, and sand topdressing and aeration programmes for

football pitches. I. Performance characteristics under simulated wear. J. Turfgrass sports Surf. Sci 83:40-55

Su, K., Bremer, D.J., Keeley, S.J. and Fry, J.D. 2008. Rooting characteristics and canopy responses to drought of

turf-grasses including hybrid bluegrasses. Agron. J. 100:949-956. doi:10.2134/agronj2007.0292.

Ticconi, CA. and Abel, S. 2004. Short on phosphate: plant surveillance and countermeasures. Trends Plant Sci

9:548-555
Tinker, P. and Nye, P. 2000. Solute Movement in the Rhizosphere. Oxford University Press, NY, USA.

Vanini, J.T., Rogers, J.N. and lll. 2008. Mowing strategies and fertilization improves sports fields during and after

70-day re-establishment window. Applied Turfgrass Research. 5(1):9-12.

Vietor, D.M., Griffith, E.N., White, R.H., Provin, T.L. and Muir, J.P. et al. 2002. Export of manure phosphorus and

nitrogen in turfgrass sod. J. Environ. Qual. 31:1731-1738.

Vietor, D.M., Provin, T.L., White, R.H. and Munster, C.L. 2004a. Runoff losses of phosphorus and nitrogen imported

in sod or composted manure for turf establishment. J. Environ. Qual. 33:358-366.

Vietor, D.M., McDonald, B.T., White, R.H., Provin, T.L. and Munster, C.L. 2004b. Optimizing production and P export

through manuregrown turfgrass sod. Agron. (Abstr.) C-5:6401.

White, R.H., Engelke, M.C., Morton, S.J. and Ruemmele, B.A. 1993. Irrigation water requirement of zoysia grass. Int.

Turfgrass Soc. Res. J. 7:787-593.

Woods, M.S., Ketterings, Q.M., Rossi, F.S. and Petrovic, A.M. 2006. Potassium Availability Indices and Turfgrass

Performance in a Calcareous Sand Putting Green. Crop Sci. 46:381-389.

86

Weed & Turfgrass Science Vol.7 No.1, 2018



