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Abstract: The root zone physical condition influences root development and function, 

which affects turfgrass growth, quality and performance. The temporal variability of  

root zone properties was investigated in a factorial experiment combining sand  

layering compaction and moisture stress on the performance of Savannahgrass (SG)  

(Axonopus compressus), Bermudagrass (BG) (Cynodon dactylon (L.) Pers.)  

(cv. Tifway 419) and Zoysiagrass (ZG) (Zoysia spp.) grown in four contrasting soils. Four 

stresses—drought (D), waterlogging (WL), high compaction (HC) and low compaction 

(LC)—were applied either with or without a surface sand layer. Root zone properties, 

including root weight (RW), bulk density (BD), surface hardness (SH), redox potential (Eh) 

and non-capillary pore space (NCPS), were monitored over a four-month growth period. 

Surface hardness values were greater for the high compaction effort in treatments without 

sand, but were highest under drought. Sand addition resulted in lower SH for all grass × soil 

combinations. The soil texture influenced root zone BD for all turfgrasses, with the clay soils 

recording significantly lower bulk densities (<1.00 g/cm
3
) than those with coarser fractions. 

Compaction had a minimal influence on BD, the effect being further modified by grass  

type. Low BD was associated with high RW. RW was also significantly higher in the  

sand-amended treatments. Waterlogging reduced Eh for all soils, with higher values recorded 

in the sand treatments. The redox potential was lowest in River Estate soil and in pots 

planted with ZG. Across turfgrasses, Princes Town and Talparo soils had significantly lower 

NCPS for the sand treatment. NCPS was highest for ZG across stress treatments, but values 
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were similar to SG under compaction treatments. Sand layering improved the root zone 

aeration status, particularly with SG, resulting in a better physical condition. 

Keywords: sand layering; redox potential; non-capillary pore space; surface hardness; 

savannah grass 

 

1. Introduction 

In the Caribbean, outside of the major sporting stadia, sport fields, including recreational grounds, 

are poorly managed and prone to multiple stresses arising from regular use throughout the year, due to 

a high demand among multiple stakeholders. Persistent traffic often results in a decline in the quality 

of the playing surface, negatively impacting player performance. Savannahgrass (SG) (Axonopus 

compressus), Bermudagrass (BG) (Cynodon dactylon (L.) Pers.) (cv. Tifway 419) and Zoysiagrass 

(ZG) (Zoysia spp.) are the warm season turfgrasses proven to be well adapted to tropical and  

sub-tropical conditions [1]. Significant strides have been made towards the management of the latter 

two turfgrasses [2–4], with very few studies involving SG.  

Turfgrasses are generally known to vary in their tolerance to stress conditions [5–8]. On sport 

fields, stresses can originate from biotic, abiotic and/or environmental factors, which can directly 

affect the growth and quality of turfgrasses. Compaction and water-related stresses are of greatest 

concern to turfgrass managers in the Caribbean [9]. Lewis et al. [10] indicated that traffic-related 

compaction influences root zone physical properties, while Vavrek [11] noted that compaction is often 

considered the hidden effect of traffic, because it affects the underlying soil. Agnew and Carrow [12], 

investigating compaction under greenhouse conditions, reported increased bulk density (BD) and 

decreased total pore space and aeration porosity with compaction. They further stated that compaction 

influenced root distribution, restricting root penetration below 5 cm. Ideally, turfgrasses require a root 

zone that provides adequate water and nutrients, as well as unrestricted root growth [13]. It was 

recognized many decades ago that soil compaction was probably the most serious turf problem on 

recreational sites [14]. O’Neil and Carrow [15] indicated that information concerning the soil 

compaction tolerance of turfgrass species is limited. Such information has remained sparse, especially 

for tropical turfgrasses. 

Players’ interaction with the playing surface ranges from running, walking and falling on it, and 

with intense traffic, there is more frequent contact with the playing surface. Brosnan et al. [16] 

reported that two important properties of any playing surface are its ability to absorb the energy 

generated upon impact (surface hardness (SH)) and the level of traction it provides to the athlete 

during play. Modification of the root zone can improve the quality of fields through the addition of 

organic and inorganic amendments [17]. Murdoch et al. [18] reported that sand is the most popular 

material used for amending these root zones. Although sand-based root zones allow for the rapid 

drainage of water from the field during and after rainfall, minimizing waterlogged conditions, very 

little has been reported about its influence on traffic-related compaction. Agnew and Carrow [12] 

stated that soil aeration is of prime importance to the growth of recreational turf subjected to 

compacted conditions. They reported a longer duration of the oxygen diffusion rate readings below the 
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baseline for compacted soil after irrigation. The ability of sand applied as a top layer to modify 

aeration particularly in clay soils requires investigation.  

Sport fields with soil-based root zones are routinely exposed to waterlogged conditions, especially 

in wet climates and where finer-textured soils dominate. The lack of oxygen is the major cause of poor 

plant growth in waterlogged conditions [19]. Root growth is slowed, and root tips may be killed, 

reducing quality, chlorophyll levels, photosynthetic rate and the carbohydrate concentration of 

turfgrasses [20]. Grass tolerance to water logging or flooding depends on the species and cultivar [21]. 

Bush et al. [2] reported significantly (p < 0.05) lower root dry weights for ZG, but not for BG and 

carpetgrass under water logging for 90 days. Jiang and Wang [20] and Wang and Jiang [21] alluded to 

the limited research available on the responses and tolerance of tropical turfgrasses to waterlogged 

conditions and their management. 

In contrast to waterlogging, responses to drought stress are critical in determining the recuperative 

potential of the turf, especially under traffic. Drought is known to cause various changes in the 

physiological and biochemical processes of plants [22], inhibition of photosynthetic processes being 

one of the major effects [23,24]. Carrow [8] showed that typical shoot growth responses to drought 

stress included decreased clipping yield (CY) and shoot density (visual quality), but also concluded 

that responses vary with turfgrass species and are compounded by the edaphic factor. Savannah grass 

tolerance and recuperative potential after drought stress have not been evaluated. While irrigation can 

be considered an option in times of drought, the availability of water to irrigate turfgrass areas is 

becoming a critical concern, due to competing demands on water resources to satisfy other  

needs [25,26]. Therefore, for rain-fed turfs, the effects of drought could be particularly devastating. 

Brosnan et al. [16] reported increases in SH in response to a reduction in soil moisture, especially on 

plots receiving increased levels of soil compaction. Eudoxie et al. [27] showed a significant regression 

for the influence of moisture content on SH. Increased SH associated with drying in the upper portion 

of the soil profile has a profound impact on root functionality and plant growth. Where this effect is 

transient, recovery of root growth has been identified as an important criterion for assessing turfgrass 

resistance [6]. 

Many modern sports fields have a surface layer of medium to coarse sand around 10–15 cm thick, 

which has been reported to be a key feature responsible for improvements in the quality of the playing 

surface for many sports [28]. However, there is limited information of how this sand layer can 

influence performance under diverse stresses. Whether SG differs in its performance compared to 

other popular tropical turfs, when exposed to such stresses, planted in modified root zones remains 

unanswered. The objective of this study was to investigate differences in the root zone physical 

condition of three warm-season turfgrasses subjected to preconditioning stresses in different tropical 

soils reflective of what are found throughout the region.  

2. Materials and Methods 

The study was established as a pot trial at the Soil Science Greenhouse of the University of the 

West Indies, St. Augustine Campus, Trinidad and Tobago, in 2010. Four soils of contrasting properties 

(Table 1) were used in the trial. Particle size distribution was determined by the hydrometer  

method [29] and organic matter content by the Walkley–Black method described by Nelson and 
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Sommers [30]. Soil pH was measured using a digital pH meter at a soil:water ratio of 1:2.5 [31]. Soils 

were prepared by air drying, crushing and sieving (0.6-cm mesh). BG (Cynodon dactylon (L.) Pers.) 

(cv. La Prima), established by seed, and SG (Axonopus compressus) and ZG (Zoysia tenuifolia), 

established by plugs, were planted to pots (Height: 15 cm, Internal Diamater.: 18 cm) filled either with 

soil only  or amended with a surface sand layer 1:2 v/v. The experiment consisted of the following 

preconditioning stress treatments: (i) LC, low compaction; (ii) HC, high compaction; (iii) D, drought; 

and (iv) WL, waterlogging. The experimental design was a fractional factorial consisting of  

96 unreplicated treatments (4 soils × 4 stresses × 3 grasses × 2 sand treatments). This design was 

selected based on the number of factors and the factors levels and the assumption that most of the 

important and practical effects would be the main effects and simple interactions [32]. Although higher 

order interaction may not be trivial, their explanation and usefulness was of less importance than 

screening the effects of the four factors. Pots were arranged in a completely randomized fashion. 

Table 1. Selected properties of study soils. 

Series USDA Soil Taxonomy Organic 

Matter  

Clay Sand Silt pH Dry Bulk 

Density 
†
 

  %  Mg/m3 

Talparo Aquentic Chromuderts 1.8 67.0 50.0 28.0 4.2 1.09 (1.25) 

Princes Town Aquentic Chromuderts 2.7 68.3 50.0 26.7 6.8 1.06 (1.21) 

River Estate  Fluventic Eutropepts 1.5 17.6 16.9 65.5 5.7 1.16 (1.31) 

Piarco  Aquoxic Tropudults 1.2 80.0 51.0 41.0 3.8 1.28 (1.38) 
† Values in parentheses are for treatments with the sand layer. 

Plants were grown for six weeks, allowing canopy establishment and coverage of the entire surface of 

the pot. Compaction was done using a proctor hammer (4.5 kg) to administer blows to a steel plate cut to 

fit the internal diameter of the container (0.5 cm-thick). Compaction efforts of 90 kJ/m
3
 (LC) and  

270 kJ/m
3
 (HC) were administered to simulate light and heavy traffic. These values represent one quarter 

and one half of the compactive effort of the standard Procter test [33] and simulate vertical stress due to 

player traffic [34]. Waterlogged conditions were imposed by maintaining a 6.4 mm depth of ponded 

water in the pots throughout the trial. Drought stress consisted of exposing the grasses to four dry down 

periods of 1, 2, 3 and 4 weeks in duration. Alternating with successive incremental dry down periods, 

turfgrasses were allowed to recover for 1, 2 and 3 weeks, during which water was administered to near 

water holding capacity, every other day, to prevent moisture stress. Exposure to drought occurred on 

weeks 1, 3 and 4, 7–10 and 13–16 with recovery intervals at Weeks 2, 5 and 6 and 10–12.  

All pots were fertigated fortnightly at 45 kg N/ha using a compound fertilizer (13-13-21). Water 

was applied to the LC and HC treatments to maintain root zone moisture content close to the water 

holding capacity by irrigation every other day. Soil Eh was measured monthly using an oxygen 

diffusion rate (ODR) meter (Eijkelkamp Agrisearch Equipment, Giesbeek, Netherlands) for all 

treatments. Redox measurements were done at least 24 h after an irrigation event. SH was measured 

monthly using a Clegg Impact Soil Tester (Simon Deakin Instrumentation) following the manufacturer’s 

instructions. SH measurements were not made on the waterlogged treatments, due to inaccessibility. At 

the end of the trial, core samples from fabricated galvanized pipe (Ht. 15 cm, Int. Dia. 5.5 cm) were 

extracted and used to determine non-capillary pore space (NCPS) at 0.033 MPa tension [35] and BD 
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according to Grossman and Reinsch [36]. Root weight (RW) was calculated by dividing the oven dried 

mass of roots by the core volume [12]. 

2.1. Statistical Analysis 

GenStat Discovery Edition 4 statistical software was used to perform repeated measures analysis of 

variance (ANOVA) for Eh and SH and General Linear Model (GLM) ANOVA for BD, RW and NCPS 

to determine significant factors and factor combinations.  The variance for the third and fourth order 

interaction effects were incorporated into the error term and used to test lower order interactions and 

the main effects for each variable [32], where applicable. Means for significant factors and their 

interactions were separated by Fisher’s protected Least Significant Difference (LSD) at α = 0.05. 

Pearson’s correlation analysis was used to determine linear interdependencies between root  

zone properties. 

3. Results and Discussion  

Data analysis determined the importance of grass, soil, stress, sand layering and time and their 

interactions (Table 2) on RW, BD, SH, Eh and NCPS. For all variables, first order interactions and the 

main effects showed a higher level of significance, with amendment and stress being notable (Table 2). 

Repeated measure ANOVA showed that measurement date had significant effects only on Eh, 

indicating that after one month of incubation, compaction no longer influenced root zone variables. 

Correlation between the last Eh measurement and NCPS was significant (p = 0.01). Low Eh was 

associated with high NCPS. This relationship, although not strong (R = −0.330) indicates that oxygen 

concentration was higher in treatments with lower NCPS.  

Table 2. Variance ratios for root zone media variables affected by treatments and their interactions. 

Source of Variation Root Weight Bulk Density Surface Hardness Redox Potential Non-capillary Pore Space 

Soil 7.85 ** 88.17 *** 12.73 *** 5.67 ** 23.29 *** 

Grass 21.68 *** 27.97 *** 0.03 3.59 * 16.80 *** 

Sand 4.97 * 279.74 *** 15.41 ** 12.24 ** 16.03 *** 

Stress 17.64 *** 3.76 * 49.36 *** 61.88 *** 11.80 *** 

Soil × Grass 3.29 * 1.71 0.25 0.85 4.95 ** 

Soil × Sand 0.22 15.06 *** 0.90 0.07 4.09 ** 

Grass × Sand 1.88 4.71 * 1.94 0.37 0.74 

Soil × Stress 1.32 1.18 2.32 2.28 1.63 

Grass × Stress 5.64 ** 3.28 * 0.75 2.26 3.70 * 

Sand × Stress 1.10 0.20 14.69 *** 4.69 ** 1.08 

Soil × Grass × Sand 2.48 2.35 0.90 1.84 2.85 * 

Soil × Grass × Stress 1.79 0.73 1.16 1.17 1.90 

Soil × Sand × Stress 0.88 0.94 1.11 0.60 0.49 

Grass × Sand × Stress 0.67 0.24 0.17 2.63 1..52 

Values followed by *, ** and *** represent significance at p < 0.05, 0.01 and 0.001, respectively. 
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3.1. Root Weight 

There was a significant (p = 0.002) interaction between grass and stress on RW (Table 3), 

indicating significant variation among the grasses in their responses to the applied stresses. The highest 

RW of 0.512 kg/m
3
 was obtained for SG for the LC stress. SG also had the highest RW values for the 

high compaction and drought stresses, which were statistically similar to ZG under waterlogging 

(WL), although the latter was higher. The data indicates that SG and ZG have a high tolerance to WL, 

consistent with the greater tolerance of warm-season turfgrasses to prolonged periods of waterlogging, 

which is associated with their anatomical and morphological adaptations [37]. Low aeration associated 

with waterlogging may have induced the branching of roots and surface adventitious root formation [38]. 

ZG had the lowest RW among the grasses, with a value of 0.026 kg/m
3
 recorded under drought stress. 

However, BG appeared to be the most vulnerable to preconditioning stresses, recording the lowest RW 

among the other stresses. All turf grasses were susceptible to drought conditions, resulting in lower RW 

values. Increased soil strength, due to the dry conditions and other edaphic stresses, are likely to have 

been responsible for the reduced root biomass production by all three turfgrasses in Bengough et al. [13]. 

In evaluating commonly used turfgrasses for drought resistance, Carrow [8] ranked Meyer ZG lowest, 

with very few roots below 10 cm. Tifway BG was ranked highest. Our study showed similar results 

between BG and SG, which indicates that SG has comparatively good drought tolerance. The superior 

performance of SG to tropical acid and heavy clay soils makes it a better choice for recreational turfs.  

Table 3. Turfgrass RW affected by applied stress. 

Grass type Drought  Waterlogging 
High 

compaction 

Low 

compaction 

Grass 

means 
†
 

 
kg/m³ 

 
Bermuda 0.036 cd ‡ 0.149 cd 0.114 cd 0.117 cd 0.104 c 

Savannah 0.040 cd 0.355 b 0.443 ab 0.512 a 0.338 a 

Zoysia 0.026 d 0.426 ab 0.175 c 0.161 cd 0.197 b 

Stress means 
§
 0.034 b 0.310 a 0.244 a 0.263 a 

 
† Main effect of grass type on RW; ‡ Values followed by similar letters are not significantly different at  

p = 0.05; § Main effect of applied stress on RW.  

The main effect of grass type was significant (p < 0.001), with RW values for SG being the highest, 

followed by ZG and, then, BG, in that order. Morphological differences and physiological adaptations 

can mostly explain variability across grasses [8]. While there was also a significant (p = 0.05) main effect 

of stress on RW, only the drought treatment resulted in a significantly lower value compared to other 

stresses. While overall plant growth, including root development, is expected to be compromised in 

conditions of low soil moisture [7,8], similar responses were also expected for the compactive stresses. 

The results indicated that the level of compaction applied was not very influential on RW. For this study, 

moisture stress was more influential on RW. This result contrasts with Agnew and Carrow [12], but the 

nature of the compaction and moisture stresses differed. Notably, the compaction treatment was 

stronger and intermittently applied for Agnew and Carrow [12]. 

Table 4 shows that RW values among the grasses varied significantly (p = 0.023), depending on the 

soil. The highest RW was observed for SG grown on Talparo, whilst the lowest was on Princes  
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Town with BG. The RW values for SG were statistically similar for all four soils, ranging from  

0.285–0.422 kg/m
3
, whilst significant variation was observed for the other grasses. This suggests that 

root development in SG is less sensitive to soil stresses compared to other tropical turfgrasses. The SG 

used in this experiment is a common cultivar, whilst both the other grasses were hybrids. It may be that 

SG is less affected by available phosphorus in the root zone compared to the other grasses, which may 

also explain its superior performance under drought, where reduced phosphorus mobility and 

availability to plants would have likely been exaggerated [39]. ZG had the second highest RW in the 

Piarco soil, which was significantly higher than in the other soils. Both ZG and BG recorded extremely 

low RD values in the two clay soils (Princes Town and Talparo soils), which is largely related to their 

limited adaptability to heavy soils with adverse physical conditions. Both these clay soils are noted to 

have vertic properties and high phosphorus fixing capabilities [40], which may have contributed to 

reducing root growth and development under the applied stresses. The higher root density for Piarco is 

attributed to its physical condition; being of coarser texture (Table 1), it imparts fewer restrictions on 

root growth. Juska (1959), as reported by Carrow [12], stated that Meyer ZG may not grow well under 

low pH. Our data indicates that soil physical conditions may be more influential, as the highest RW 

was seen in the soil with the lowest pH. 

Table 4. Root weight for three turfgrasses planted in four soils. 

Soil Bermuda Savannah Zoysia Soil means 
†
 

 
kg/m³ 

Piarco 0.208 bcd ‡ 0.334 ab 0.412 a 0.318 a 

Princes Town 0.025 e 0.285 ab 0.053 e 0.121 b 

River Estate 0.118 cde 0.308 ab 0.237 bc 0.221 ab 

Talparo 0.065 e 0.422 a 0.087 de 0.191 ab 
† Main effect of soil type on RW; ‡ Values followed by similar letters are not significantly different at  

p = 0.05. 

The main effect of sand layering resulted in a significantly (p = 0.039) higher RW for all turfgrasses 

(0.245 kg m
−3

 compared to 0.180 kg m
−3

 without sand). Sand addition favors increased macroporosity 

and infiltration, which enhances root growth by reducing impeding stresses [41]. Correlation between 

RW and NCPS showed a significant (p = 0.05), though weak, relationship between the two indices  

(R = 0.306), which supports this position.  

3.2. Bulk Density 

Root zone BD was affected by applied stresses and varied significantly (p = 0.023) among the 

grasses (Table 5). High compaction applied to BG resulted in the highest BD, which was significantly 

higher than all other combinations. ZG had the lowest BD values across all stresses, and only two 

treatments showed BD values higher than 1.3 Mg/m
3
. The main effects of grass type were also very 

significant (p = 0.05), with ZG recording the lowest BD value and BG the highest. Christians [5] noted 

that the leaves of ZG are stiff, due to their high silica content [42], which could buffer the compactive 

force applied to the surface [43]. Eudoxie et al. [44] also reported that the type of turfgrass cover 

influenced the effects of compaction on the bulk density of the underlying root zone. Statistically, root 
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zone BD under ZG was similar for all stress treatments, supporting the argument that the root system 

of this grass may also be responsible for this result. Notably, RW was highest in ZG under WL, which 

would have contributed to the overall mass of the sample used to measure BD. ZG was shown to be 

the best at preventing or reducing compactive effects on turf root zones. 

Table 5. Root zone BD under three turfgrass and four applied stresses. 

Grass type Drought  Waterlogging 
High 

compaction 

Low 

compaction 

Grass 

means 
†
 

 
Mg/m3 

Bermuda 1.27 bc ‡ 1.29 b 1.43 a 1.29 b 1.32 a 

Savannah 1.20 cde 1.29 b 1.25 bcd 1.32 b 1.27 b 

Zoysia 1.16 e 1.14 e 1.18 de 1.20 cde 1.17 c 

Stress means 
§
 1.21 b 1.24 ab 1.29 a 1.27 a 

 
† Main effect of grass type on BD; ‡ Values followed by similar letters are not significantly different at  

p = 0.05. § Main effect of applied stress on BD. 

The main effect of stress was also significant (p = 0.029) with the compaction treatments recording 

the highest BD values and the D stress the lowest, but both were statistically similar to the value under 

WL (Table 5). Across the four stresses. BD did not exceed 1.3 Mg/m
3
. Houlbrooke et al. [45] showed 

that ryegrass root growth was not significantly reduced as BD increased from 0.9 to 1.2 Mg/m
3
. It is 

noted that the compaction effort was applied only once, and compounded effects can be anticipated  

for continuous traffic, which would lead to increased BD and decreased turf growth and  

performance [12,46].  

There was a significant (p < 0.001) interaction between soil type and sand layering on root zone BD 

(Table 6). Sand layering increased BD for all soils, but the effect was more pronounced in the clay 

soils; Princes Town and Talparo. Sandy soils tend to have higher BD than fine textured soils [39], and 

additions of sand are therefore likely to have a more pronounced effect on the finer textured soils. The 

higher BD for Piarco and River Estate soils is linked to their greater proportion of coarse separates 

(Table 1) and is supported by the means of these coarser textured soils recording significantly  

(p = 0.05) higher BD than the clays. Ekwue et al. [47] showed that clay content and mineralogy 

influences soil compaction and, ultimately, bulk density. There is higher moisture retention by the clay 

particles, due to a greater proportion of micropores, which would create a softer surface, absorbing the 

energy produced by compaction. Waltz et al. [48] indicated that a BD range of 1.3 to 1.6 Mg/m
3
 

should be the upper limit for achieving good turfgrass growth. BD values in this study ranged from 

0.91 to 1.51 Mg/m
3
, which should therefore allow for adequate root growth and development. This 

result further supports the previous inference that the HC treatment was not as influential on root zone 

properties as anticipated. 

While having a sand layer above the soil increased the bulk density of root zones under all grasses, 

this increase was greatest for BG (Figure 1). The lower BD measured for both SG and ZG amended 

with sand compared with BG is linked to higher RW (Table 3), described previously. Sand addition 

significantly (p < 0.001) increased BD by 25%, consistent with the initial packing dry bulk densities 

(Table 1).  
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Table 6. Sand layering influence on root zone BD across four soils. 

Soil Soil Soil + Sand Soil means 
†
 

 

Mg/m³ 

Piarco 1.10 d ‡ 1.51 a 1.31 a 

Princes Town 0.91 f 1.27 c 1.09 c 

River Estate 1.11 d 1.41 b 1.26 a 

Talparo 1.01 e 1.38 b 1.20 b 

Sand means 
§
 1.03 b 1.39 a 

 † Main effect of soil type on BD; ‡ Values followed by similar letters are not significantly different at  

p = 0.05; § Main effect of sand on BD. 

Figure 1. Sand layering effect on root zone bulk density for three grasses.  

 

3.3. Surface Hardness  

SH was significantly (p < 0.001) higher for treatments without the sand layer under D compared to 

the other treatment combinations (Table 7). SH among the compaction × sand treatments were 

statistically similar, which may be attributed to the non-dependence of SH on bulk soil conditions. The 

correlation index between these variables was weak and non-significant. Eudoxie et al. [27] found a 

significant dependence of SH on moisture (r
2
 = 47.4), whilst Baker et al. [49] reported that moisture 

content was the dominant factor controlling SH. The findings in this experiment further confirm that 

SH is not related to BD. For the compaction treatments, root zone moisture content was maintained 

near water holding capacity, indicating that SH can be controlled by proper turf water management, 
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even under traffic. Reduced SH for sand amended treatments is likely related to the loose nature of the 

sand particles, which may have buffered the underlying soil. Baker et al. [49] also reported greater SH 

for soil versus sand-amended golf green root zones. Linde [50] reported that greens with a Clegg value 

of less than 50 gravities were too soft and those with values greater than 140 gravities too hard for 

sports fields. Therefore, the 164 gravities obtained under D without the sand amendment was an 

undesirable level of SH.  

Table 7. The influence of sand layering and applied stress on surface hardness (SH). 

Sand Drought High  

compaction 

Low  

compaction 

Sand  

means 
†
 

 gravities 

Soil 164 a ‡ 91 c 82 c 112 a 

Soil + Sand 109 b 86 c 85 c 93 b 

Stress means 
§
 137 a 89 b 84 b 

 † Main effect of amendment on SH; ‡ Values followed by similar letters are not significantly different at  

p = 0.05; § Main effect of applied stress on SH.  

The data in Figure 2 show that SH for Piarco was significantly (p = 0.05) higher than the other soil 

types, with values among the other three soils being statistically similar. It is noteworthy that while 

Piarco showed the highest BD and SH among the soils, it still recorded the highest RW. However, only 

the SH was above acceptable levels, which may be related to the greater proportion of fine sand in this 

soil and the associated low water holding capacity. 

Figure 2. Main effect of soil type on root zone SH. 
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3.4. Redox Potential 

Eh was significantly (p < 0.001) higher for compaction treatments compared to the other stresses for 

both sand treatments (Table 8). Inclusion of the surface sand layer significantly lowered the Eh  

for the compaction treatments. This finding supports the previously mentioned negative  

correlation between NCPS and Eh. Sand layering reduces capillary movement of water and its loss by 

evapotranspiration [25], resulting in the greater water contents of the underlying soils. A greater 

requirement for aeration management might exist for which sand is used to modify turfgrass root zones 

on clay soils without subsurface drainage. Further, the measurement of Eh was conducted using a probe 

that did not span the entire length of the pot and might not have included the sand layer, whilst the 

contribution of all media components was assessed in measuring NCPS. Contrastingly, Eh was similar 

between sand treatments for both D and WL. Soil drying would encourage aeration, due to the 

replacement of the pore volume occupied by water with air. Since Eh is proportional to O2 content, 

which is itself proportional to water content, the later may have nullified the influence of the sand layer 

under WL.  

Table 8. The sand layering influence on root zone Eh across four stress treatments. 

Stress No Sand Sand Stress means 
†
 

 

mV 

Drought 312 b ‡ 333 b 323 b 

Waterlogging −12 c −39 c −26 c 

High Compaction 346 b 584 a 465 a 

Low Compaction 353 b 522 a 437 a 

Amendment means 
§
 250 b 350 a 

 † Main effect of stress on Eh; ‡ Values followed by similar letters are not significantly different at p = 0.05;  
§ Main effect of amendment on Eh. 

Eh values for all stress treatments, with the exception of WL, remained above 300 mV, indicative of 

high O2 content. WL resulted in significantly (p < 0.001) lower Eh values in the anaerobic range. Jiang 

and Wang [20] reported a reduction in Eh with increasing water level below the soil surface.  

Haung et al. [51] noted that under WL conditions, oxygen deficiency is the major limitation to grass 

growth and quality. For our study, SG and ZG showed extensive stolon growth in response to WL. 

Ashraf and Yasmin [52] also reported the low tolerance of BG to WL and related it to its limited 

ability to uptake and mobilize Fe and Mn to growing shoots. Bush et al. [53] further reported that the 

opposite was true for SG, which showed increased levels of Fe and Mn during prolonged WL. 

Comparatively, it can be inferred that BG is less tolerant to WL than SG and ZG. 

River Estate recorded the lowest Eh, whilst Piarco the highest among the soils investigated  

(Figure 3A). Wuddivira et al. [54] showed that River Estate is structurally weak and prone to slaking. 

Under wetting, this soil quickly loses aggregate stability and collapses, leading to low macroporosity 

and pore continuity. Inherently low aggregate stability led to the use of larger aggregates during root 

zone construction. The opposite is true for Piarco, as it is dominated by coarser particles. The heavy 

clay soils performed intermediary, with the higher clay and organic matter content allowing for greater  

stability [55]. Eh for BG and SG were significantly higher than ZG (Figure 3B), although all values 
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were in the range of adequate root zone aeration. The lower Eh of ZG may be attributed to lower 

oxygen concentration and differences in the mechanistic response between turfgrasses. Setter and 

Belford [19] noted that during WL, root growth is slowed and root tips may be killed. Kramer [56] 

indicated that increased root porosity under low oxygen conditions has been attributed to mechanisms 

of adventitious root development, root cell death or ethylene-induced aerenchyma cells. It is plausible 

that ZG had greater root porosities than BG and SG, noting that RW was significantly higher in the 

WL treatment. Hence, ZG was less dependent on changes in root zone aeration porosity.  

Chen et al. [57] reported that root porosity was much higher in flooded plants than in the  

un-flooded controls after three days of treatment and rose to 43% after 50 days. 

Figure 3. The main effects of soil (A) and turfgrass (B) on root zone Eh. 

 

The water related stresses showed similar Eh values through Months 2–4 (Figure 4); however, Eh 

differed among all stresses over time. The WL treatments had significantly lower Eh at all times, 

associated with anaerobic conditions from decreasing O2 levels within the root zone. Wang and  
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Jiang [21] noted that excess water in the root environment blocks the transfer of oxygen and other 

gases between the soil and atmosphere. Average Eh values for WL treatments were slightly >100 mV 

after one month of incubation. The values decreased below zero at Month 2. Malik et al. [58] reported 

that in wheat, soil Eh dropped from 600 mV to 40 mV after 28 days of waterlogging. Opposite 

fluctuations in Eh were observed for the compaction treatments. The variation in Eh for these 

treatments may be attributed to the changes in root zone moisture content related to periodic wetting, 

water use, oxygen diffusion and consumption [59].  

Figure 4. Applied stresses drought (D), waterlogging (WL) high compaction, (HC) and 

low compaction (LC) effects on root zone Eh over four months. 

 

Soil Eh showed a near similar trend for all soils planted with SG over the incubation period, 

compared to the other grasses (Figure 5). SG had the greatest RW among all soils, which would imply 

greater macroporosity, as well as water use. Average Eh was greater for SG compared to the other 

grasses. Wide fluctuations were seen for both BG and ZG across the four soils, reflective of a smaller, 

less influencing root system. Across all soils, RE showed the lowest Eh values (occurring at different 

months for the three grasses), which may be attributed to its poor structural stability, especially when 

physically manipulated. Soil Eh remained consistently lower than 200 mV under ZG over time, 

especially under compactive treatments. Agnew and Carrow [12] reported reductions in water use for 

compaction treatments for Kentucky bluegrass and alluded to low oxygen levels inhibiting water 

uptake. The compactive treatments in the present study was kept near their water holding capacity  

throughout the study, which may have further added to the low oxygen content of the root zone. 
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Figure 5. The effects of soils; Piarco (P), Princes Town (PT), River Estate (RE) and 

Talparo (T) on root zone Eh for (A) Bermuda, (B) Savannah and  

(C) Zoysia over a four month incubation period. 

 



Agronomy 2014, 4 138 

 

 

3.5. Non-Capillary Pore Space 

NCPS for ZG under the WL treatment was significantly higher when compared to the other 

treatments (Table 9). Notably, all treatments showed <10% NCPS, which is below the recommended 

range (10%–20%) for sports turf and likely influenced by the use of disturbed soil with low structural 

integrity. Higher NCPS for ZG is probably related to higher root weight and associated aggregation 

and biopore formation. BG showed the lowest NCPS when subjected to D and HC. An increased 

compaction effort reduced NCPS for all turfgrasses, although the differences were not statistically 

significant. This finding was similar to Carrow [60], who performed compaction studies on cool 

season turfgrasses and reported lower, but non-significantly different, aeration porosities between low 

and high compaction efforts. In a follow up study, Agnew and Carrow [12] also showed no difference 

in NCPS between short- and long-term compaction on a silt loam soil.  

NCPS was significantly higher for River Estate and Piarco planted to ZG in the no-sand treatments 

(Table 10). Sand inclusion lowered NCPS for these soils and showed similar values compared to most 

of the other treatment combinations. Correspondingly, RW was also significantly higher for the 

combination of River Estate and Piarco and ZG compared to Princes Town and Talparo. Pearson 

correlation showed a low positive, yet significant, relationship (R = 0.31) between RW and  

NCPS. Increased RW can result in greater aggregation, especially for the fibrous root system of 

turfgrasses [61]. This phenomenon is enhanced by the wetting and drying cycles associated with  

plant growth.  

Table 9. Root zone NCPS for three turfgrasses affected by applied stress. 

Grass type Drought  Waterlogging High Compaction Low Compaction Grass means 
†
 

 
% 

 
Bermuda 1.944 de ‡ 3.013 bc 1.788 e 2.050 cde 2.198 c 

Savannah 2.039 cde 2.988 bc 2.888 bcd 3.212 b 2.782 b 

Zoysia 3.137 b 5.449 a 2.579 bc 3.150 b 3.579 a 

Stress means 
§
 2.373 c 3.816 a 2.418 bc 2.804 b 

 
† Main effect of grass on NCPS; ‡ Values followed by similar letters are not significantly different at p = 0.05; 
§ Main effect of stress on NCPS. 

Comparing grasses across soils, soil-only treatments showed greater NCPS compared to  

sand-amended treatments. In this study, the sand amendment was applied as a surface layer, 

influencing the root distribution and underlying soil properties. Huang et al. [7] indicated that under 

stress, turfgrass root proliferation occurs mainly in the 0–5 cm of the surface, which in this study, 

represented the sand layer; this may have resulted in fewer aggregation and biopores and reduced root 

influence on soil aeration. This inference is supported by the similarly lower Eh of sand-layered 

treatments. The clay soils resulted in significantly lower NCPS compared to the loam and sandy soil. 

The lower NCPS is attributed to higher microporosity associated with clay soils [39]. 
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Table 10. Sand layering influence on NCPS across four soils and three turfgrasses. 

Soil Bermuda Savannah Zoysia 

 

 

No Sand Sand No Sand Sand No Sand Sand Soil means 
†
 

 

% 

Piarco 2.175 3.175 2.500 2.175 5.775 3.875 3.279 b 
‡
 

Princes Town 1.250 1.420 3.300 2.475 2.200 3.150 2.299 c 

River Estate 4.275 1.825 3.950 3.575 6.200 3.920 3.957 a 

Talparo 2.300 1.168 2.625 1.653 2.375 1.135 1.876 c 

Grass means 
§
 2.198 c 2.782 b 3.579 a 

 LSD0.05 for Soil × Grass × Amendment = 1.421 
† Main effect of soil on NCPS; ‡ Values followed by similar letters are not significantly different at p = 0.05;  
§ Main effect of turfgrass on NCPS. 

4. Conclusions 

Experimental factors significantly affected turfgrass RW and root zone BD, but the two variables 

were not significantly (p > 0.05) related. Grasses differed in their responses among the variables, 

especially across soil types and stresses. Sand layering increased root zone BD and turfgrass RW and 

also lowered SH, and it has the potential to improve turf performance, even over heavy clay soils. D 

stress resulted in reduced RW for all three turfgrasses. ZG and BG showed positive and negative 

responses to WL and compactive stresses, whilst the opposite was true for SG. SH was affected by 

soil, sand amendment and stress. However, the effects were modified by root zone moisture content. 

SG was shown to be the most influential on modifying root zone properties and should be considered 

as a potential alternative to hybrid turfgrasses. Soil Eh was influenced by sand addition, with the  

no-sand treatments having higher oxygen levels within turfgrass root zones. Soil O2 status was lower 

in the sand-layered media under D and compactions treatments. WL was shown to significantly reduce 

soil Eh in all root zone media to the negative range indicative of O2 deprivation. Compared to Piarco 

and River Estate, Princes Town and Talparo had expectedly lower NCPS. Sand-layered root zone 

media had lower NCPS, which presents concerns for use. 
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