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Abstract

:

Perennial ryegrass is generally known as exhibiting poor drought tolerance with poor recuperative capacity. The objective of this study was to evaluate the effects of acute drought followed by a recovery period, on 11 perennial ryegrass varieties (Apple SGL, Azimuth, Barrage, Caddieshack, Double, Double Time, Ecologic, New Orleans, Pizzaz 2, Rainwater, Turfgold) and one tall fescue (Olympic Gold). The study was conducted in a rain-out structure to control water inputs. Green cover percentage, visual quality, color, normalized difference vegetation index (NDVI), and soil moisture were measured weekly. Eighty percent coverage was considered optimal and was reached only during the first two weeks of the drought period. Starting from the fourth week, a significant decrease in green cover was observed for most of the perennial ryegrass cultivars. However, 5 cultivars displayed a visual quality rate greater than 6, which is considered acceptable during this period, while color ratings were recorded greater than 6 for 7 cultivars. At the end of the drought phase, the cultivar ’New Orleans’ exhibited significantly greater green cover compared to most other perennial ryegrasses. The recovery of the grasses was slow and at the end of the experiment the variability in green cover between cultivars was greater than during the first week.
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1. Introduction


Perennial ryegrass (Lolium perenne L.) is known for its pleasant color, attractiveness, persistency, and wear tolerance, making it one of the most used turfgrass species [1]. It is also recognized as one of the fastest establishing cool-season turfgrass, which explains its popularity for use on golf courses, sport fields, parks, and home lawns. One of the major drawbacks of perennial ryegrass is its poor drought and heat tolerance [2] compared to other cool-season grasses such as tall fescue [Lolium arundinaceum (Schreb.) Darbysh.]. As of 2007, there were more than 1200 varieties of perennial ryegrass registered in the world database, approximately 200 of which are commercially available [3]. More recently, new varieties that are labelled as drought tolerant have been released to the market [4].



In a Mediterranean environment, precipitation amounts often fall short of evapotranspiration requirements for perennial ryegrass, resulting in periods of drought conditions. [5]. The most critical period is summer, when temperatures are high, the evapotranspiration requirement is greatest, and precipitation is scarce.



Drought resistance mechanisms of turfgrass species fall into the categories of drought avoidance (or desiccation avoidance), drought tolerance, and drought escape [6,7,8]. Drought escape is described as the ability of a plant to complete a reproductive cycle before drought conditions arise, thus linking the survival of species to seeds [9]. Desiccation avoidance is classified as the ability to retain a relatively high internal water potential, and maintaining green color [6]. In contrast, drought tolerant turf species are able to maintain metabolic functions at reduced internal water potential and tissue dehydration in an attempt to minimize tissue damage while maintaining a negative tissue balance [6,7,9,10]. In general, desiccation-tolerant plant exhibits tissue dehydration and a general loss of color and quality during drought [10]. However, these grasses have shown great recuperative ability, once the soil and roots are re-hydrated [6]. Perennial ryegrass is generally classified as having poor drought tolerance mechanisms, with poor recuperative capacity [11].



Evaluation of turfgrass genotypes for drought resistance consists of imposing water stress over time. Water deficit can be generally identified as either acute or chronic [12]. Chronic drought stress is achieved by exposing turfgrasses to low amounts of irrigation water, generally below evapotranspiration demand, over an extended period of time, often referred as “deficit irrigation” [13,14]. This differs from acute stress, during which turfgrass plants are subjected to a period without water and the soil becomes increasingly dry, after which watering is resumed, and recovery is evaluated [12]. Generally, these types of studies are conducted in rain-out structures to prevent natural precipitation from confounding the results, and as such are costlier to conduct.



Although the newly released perennial ryegrass varieties are labelled as drought resistant, there is no information available on how these varieties have been evaluated, and they have not been compared regarding their drought tolerance. Acute stress would be the most appropriate type of test for a Mediterranean environment, in order to screen for drought resistance. Currently there is no information on the drought resistance of these recently released perennial ryegrass varieties, or how they would compare to tall fescue. Moreover, there is no information on the length of time these grasses can survive without supplemental irrigation in a dry climate. In this study we hypothesized that widely available perennial ryegrasses exhibit drought tolerance differences, but tall fescue would still outperform ryegrass during periods of drought. The objectives were to evaluate the effects of acute drought on 11 perennial ryegrass varieties and one tall fescue, and to evaluate the length of time they need to recover after a dry-down period in a Mediterranean environment.




2. Materials and Methods


A field study was conducted at the Experimental Agricultural Farm of the University of Padua located in Legnaro, northeastern Italy (45°20′ N, 11°57′ E; 8 m a.s.l.). The soil at the site consisted of a coarse-silty, mixed, mesic, Oxyaquic Eutrudept [15] containing 14% clay, 69% silt, and 17% sand, with a pH of 8.1, 2.4% organic matter, a C-to-N ratio of 12.2, an Olsen P content of 29 mg kg−1, and an exchangeable K content of 140 mg kg−1. The climate of the area is classified as sub-humid, with a mean annual temperature of 12.3°C and annual rainfall of 820 mm mostly distributed from April to November.



The study was conducted from September 2016 to August 2017 and repeated from September 2017 to August 2018 in a rain-out structure (16 × 8 m wide) to control water inputs during the drought and recovery period of the experiment. Eleven perennial ryegrass cultivars (“Apple SGL”, “Azimuth”, “Barrage”, “Caddieshack”, “Double”, “Doubletime”, “Ecologic”, “New Orleans”, “Pizzazz 2”, “Rainwater”, “Turfgold”) and one tall fescue cultivar (“Olympic Gold”) were chosen from the cultivars currently available on the European market. All selected perennial ryegrass cultivars are labeled as high or medium drought-tolerant varieties. “Apple SGL”, “New Orleans”, and “Pizzazz 2” are considered stoloniferous types and “Double” and “Doubletime” as tetraploids. All other cultivars are traditional types. The tall fescue cultivar was introduced into the trial as a control since tall fescue is known to be more drought tolerant than perennial ryegrass [16]. Plots 1 × 1.5 m in size were arranged in a completely randomized block design with three replications and seeded in September 2016 and September 2017. An evapotranspiration (ET) gauge meter (Spectrum Technology, Inc., Plainfield, IL, USA) was installed inside the structure to determine ET as a measure for irrigation requirement [17]. During establishment, turfgrasses were irrigated daily with 2–3 mm of water by means of an overhead sprinkler irrigation system. When full coverage was reached irrigation was provided weekly at 100% ET until the start of the experiment. Prior to seeding, the plot area was fertilized with 50 kg N ha−1, 150 kg P2O5 ha−1, and 150 kg K2O ha−1. Subsequently, a complete fertilizer low in phosphorus (15% N–9% P2O5–15% K2O) was applied at a rate of 200 kg N ha−1 yr−1 equally split into four applications (30% in March, 20% in May, 30% in September, and 20% in December). During the growing season plots were mowed once a week at a height of 43 mm with a rotary mower (Honda HRX 476 SX E, Honda Motor Co. Ltd., Tokyo, Japan) and clippings were removed. The experiment consisted of two phases: the drought and the recovery phase. Prior to the drought phase, the area was irrigated to reach field capacity [18]. The drought phase was initiated on 15 June 2017 and on 31 May 2018, and lasted until the mean percentage green turf cover of the best performing cultivar was reduced to 60%. Percentage green turf cover was measured by means of digital image analysis method described by [19]. The recovery phase started after the discontinuation of drought, with soil water content restored to saturation and irrigation applied weekly at 80% of evapotranspiration (ET). based on the ET gauge. Recovery was considered complete when the mean percentage green turf cover of the best performing cultivar reached 80%. Recovery was concluded on 31 August in 2017 and on 23 August in 2018. Mean weekly air temperatures and relative humidity during the drought and recovery periods are reported in Figure 1. During the drought and the recovery periods, percentage green turf cover, normalized difference vegetation index (NDVI) (GreenSeeker Handheld Crop Sensor, Trimble Navigation Unlimited, Sunnyvale, CA), soil moisture [Field Scout TDR 300 Soil Moisture Meter (Spectrum Technology, Inc., Plainfield, IL, USA); 3 readings per plot, 0–7 cm depth], were measured weekly. Moreover, turf quality and color were visually rated weekly using a 1–9 scale [20,21].



A portable weather station (WatchDog 2700 Station, Spectrum Technologies, Inc., Plainfield, IL, USA) was installed in the rain-out shelter and the relative humidity (%), air temperature (°C), wind direction (°), and wind speed (km h−1) were measured hourly at a height of 1.5 m from September 2016 to August 2018. Monthly mean air temperatures over the entire study period are listed in Table 1. To test the effects of climate conditions on drought and recovery phases of the experiment, growing degree days (GDD) were calculated from the beginning of the year using average daily temperature and a TBASE of 3 °C [22], and evapotranspiration (ET) was calculated during the experimental period of the two years using data collected from the weather station.



Analysis of variance was performed using a linear mixed effect model to test the effects of cultivar, sampling date, and their interaction on the measured parameters (green turf cover, NDVI, soil moisture, visual turf quality and color). The models were performed for repeated measurements, and year was included as random effect. The drought phase was five weeks in 2017 and six weeks in 2018, while the recovery period was six weeks in 2017 and five weeks in 2018. Since the drought treatment was not a fixed number of days but rather was based on the number of days since initiation of drought until percent green cover of the best performing cultivar was down to 60%, to consider the second year as a real repetition of the first one, the models were centered at the sampling date which separated the drought period from the recovery. Green turf cover and NDVI data were square root transformed to achieve normality and homoscedasticity of the residuals and then transformed back to present results. The least significant difference test with the Bonferroni correction was used at the 0.05 probability level to identify significant differences among means. To exclude spatial correlation due to edge effect of the rain-out structure, longitudinal and latitudinal position of each plot were included as covariates (X and Y positions) in the model. Statistical differences were determined by likelihood-ratio tests of models including and not including position as a covariate. For all parameters tested, position was found to be not significant based on Akaike’s Information Criterion (AIC). Moreover, the effect of date in the models for each measured parameter (green turf cover, NDVI, soil moisture, visual quality and color) was replaced with day of the year (DOY), GDD, or ET and their statistical differences were determined based on AIC. All statistical analyses were performed using R version 3.4.0 [23] and additional packages nlme for fitting mixed models, and multcomp for post hoc comparisons.




3. Results and Discussion


The analysis of variance revealed a significant interaction between sampling date and cultivar for green turf cover, while the main effects of sampling date and cultivar were significant for NDVI, visual quality and color (Table 2). Soil moisture content was affected only by sampling date.



At the beginning of the experiment, green cover of all cultivars ranged between 78 and 93% (Figure 2). For the first three weeks no statistical differences among cultivars were noted. Starting from the fourth week, a significant decrease in green turf cover was observed for most of the perennial ryegrass cultivars (Azimuth, Barrage, Caddieshack, Double, Doubletime, Ecologic). This decrease continued until the seventh week, in which ‘New Orleans’ had a significantly higher green turf cover (58%) compared with ‘Apple’, ‘Azimuth’, ‘Barrage’, ‘Caddieshack’, ‘Doubletime’, ‘Ecologic’, ‘Pizzazz 2’, and ‘Turfgold’, which displayed a percentage ranging from 38 to 44%. ‘New Orleans’ has been reported to produce stolons, especially in early summer following establishment [24]. The presence of stolons could explain its greater resistance to drought stress compared to other non-creeping cultivars. It has been well documented that cold tolerance and winter hardiness of warm-season grasses is related to carbohydrate content stored in stolons and rhizomes [25,26]. Stolons may also help plants under drought stress conditions [27]. Chai et al. [28] documented that the drought stress caused a decrease of non-structured carbohydrates in reserve structures such as crowns. At the onset of the experiment percent green cover of the tall fescue variety ‘Olympic Gold’ was 90% or higher, but this decreased significantly from week four through seven, dropping as low as 78%.



Limited information is available on the relationship between volumetric water content and green turfgrass coverage. At lower soil water content, the plants close their stomata and transpiration is reduced compared to well-watered conditions [29]. A long period of time under reduced soil volumetric water content will result in lower canopy density, decrease in coverage and reduced turfgrass quality [30,31,32]. Differences in percent green turfgrass coverage could be related to water availability remaining in the soil profile, as drought tolerance of perennial ryegrass is based on low internal water potential [10]. The soil moisture was not affected by cultivar, and its content for the first three weeks was above 24% averaged over all varieties (Table 3), which was enough to meet the water requirements of the turfgrasses. Starting from the fourth week, when the reduction in green cover was observed, soil moisture content dropped to 21%, and on week six it was 15% (Table 3). The stress exerted on the plants was confirmed by the NDVI. The values averaged over all varieties ranged from 0.83 at the beginning of the experiment to 0.64 at the end of the drought period (Table 3). From week two until the end of the drought period NDVI values progressively decreased, and the optimal cover percentage of 80% was maintained only in the first two weeks of the drought period. However, visual quality and color, which progressively decreased during the drought period (Table 3), was considered adequate until the fourth week of the drought period. In Mediterranean regions, visual quality ratings of at least 7 are common for properly watered perennial ryegrass [5,33]. Our results suggested that an average visual quality rating of 7 can be maintained in turfs constituted by perennial ryegrass for about two weeks without irrigation in a coarse-silty soil. These results are probably linked to the water holding capacity of the silty-loam soil of the study area [34]. This is confirmed by soil moisture (Table 3) measurements. It took three weeks to get below 20% when irrigation was suspended.



The expected recovery of percent green cover in response to irrigation from week seven to eight was only observed in ‘Barrage’, ‘Double’, ‘Doubletime’, and ‘Caddieshack’ (Figure 2). From week eight through ten, percent green cover remained unchanged, which is an indication of poor recuperative ability during times of higher temperatures (Figure 1). It confirms findings of [11] who also documented that the perennial ryegrass does not recover well from drought stress. Only from week ten until the end of the experiment all perennial ryegrass cultivars displayed a significant increase of green cover. At the end of the experiment, the variability in percent green cover between cultivars was higher than during the first week. ‘Pizzazz 2’ showed lower green coverage than ‘Caddieshack’, ‘New Orleans’, and ‘Olympic Gold’, which reached green cover higher than 80%. From week eight through thirty, percent green cover of ‘Olympic Gold’ remained stable at around 90%. NDVI values progressively increased over the entire recovery period (Table 3), as did visual quality ratings and color. Similar to green turf cover, a significant increase of NDVI was observed during the first week of recovery, and then again during week 5 when values rose to 0.82. By the end of the recovery period, mean visual quality and color ratings for all cultivars were still not as high as they were at the beginning of the experiment (6.5 and 6.4, respectively). Generally, a soil moisture of greater than 20% (Figure 1) seemed to be sufficient to ensure green turf cover recovery (Table 3), but it was not sufficient to achieve optimal visual quality.



The effect of cultivar on NDVI, visual quality and color is presented in Figure 3. Among perennial ryegrass cultivars, only ‘Apple SGL’ and ‘Rainwater’ showed similar NDVI values to those of ‘Olympic Gold’ tall fescue (Figure 3a) while the other cultivars displayed lower values. However, these differences in NDVI are not reflected in visual quality, as ‘New Orleans’ displayed significantly higher ratings than the other cultivars (Figure 3b). In contrast, ‘Barrage’ and ‘Turfgold’ displayed the lowest visual quality ratings. With regards to color, ‘Pizzazz 2’ and ‘Apple SGL’ were in the highest score group while ‘Turfgold’, ‘Barrage’ and ‘Ecologic’ exhibited the lowest ratings (Figure 3c).



Including the variables DOY, GDD, and ET in the models instead of sampling date and comparing the three models, based on AIC values, we determined the best performing model to be the one that included GDD (Table 4). This suggests that higher temperatures accelerated turfgrass decline and delayed recovery rather than ET, which is affected by a suite of variables, such as solar radiation, temperature, wind, and relative humidity. Our results highlight the importance of GDD as the main variable to be included in modelling perennial ryegrass stress resistance and recovery. We expected that drought stress would be mainly affected by ET, but our results did not reveal such an effect. The high relative humidity of the study area (Figure 1) might have reduced ET delaying the onset of drought symptoms. These findings are corroborated by [35], who reported turfgrass ET in humid environments about 40 to 60% lower than for the same cultivar in an arid environment.




4. Conclusions


During a seven week-long period of drought conditions, all tested perennial ryegrass cultivars maintained acceptable overall quality for two weeks, but separation in quality and other measured parameters occurred during the remaining five weeks. “New Orleans” showed greater green cover and visual quality than the other perennial ryegrass cultivars, especially at the end of the drought period and in the recovery phase. That said, the best performing grass in the study was tall fescue “Olympic Gold”. With the exception of visual quality, all cultivars showed evidence of recovery from severe drought stress based on percent green cover and NDVI six weeks after the drought period ended. Not all cultivars displaying greater green cover and quality at the beginning of the experiment recovered best from drought stress. We also demonstrated that in a humid climate GDD is a more useful tool to predict the response of plants to drought than ET.
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Figure 1. Weekly mean air temperature (lines) and relative humidity (bars) during the drought and recovery periods for the two experimental years (2017 and 2018). The red line indicates the date when the 2017 drought period was concluded (corresponding to sampling date number 6) whereas the green line represents the date when the 2018 drought period was concluded (corresponding to sampling date number 7). 
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Figure 2. Percentage green cover of 11 perennial ryegrass cultivars (Apple SGL, Azimuth, Barrage, Caddieshack, Double, Doubletime, Ecologic, New Orleans, Pizzazz 2, Rainwater, Turfgold) and a tall fescue cultivar (Olympic Gold) during the experimental period. The sampling dates to the left of the vertical red line represent the drought period, while to the right, data corresponding to the recovery period are shown. Data were averaged over two years (2017 and 2018) and 3 replications. Error bar represents the least significant difference (p = 0.05) for comparing means. 
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Figure 3. Effect of cultivar on NDVI (a), visual quality (b), and color (c) of 11 perennial ryegrass cultivars (Apple SGL, Azimuth, Barrage, Caddieshack, Double, Doubletime, Ecologic, New Orleans, Pizzazz 2, Rainwater, Turfgold) and 1 tall fescue cultivar (Olympic Gold). Error bar represents the least significant difference (p = 0.05) for comparing means. 
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Table 1. Monthly mean air temperatures in a rain-out structure at the Agricultural Farm of Padova University in Legnaro (Padova, NE Italy) during the experimental period (September 2016–August 2018).
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Air Temperature (°C)




	
Month

	
2016

	
2017

	
2018






	
January

	
-

	
1

	
6




	
February

	
-

	
6

	
4.2




	
March

	
-

	
11.1

	
7.7




	
April

	
-

	
14.4

	
16.9




	
May

	
-

	
19.2

	
21.7




	
June

	
-

	
25.1

	
24.9




	
July

	
-

	
26.7

	
26.8




	
August

	
-

	
26.4

	
26.8




	
September

	
20.7

	
17.8

	
-




	
October

	
13.3

	
13.7

	
-




	
November

	
9.2

	
8.1

	
-




	
December

	
3

	
2.8

	
-
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Table 2. Results of analysis of variance, testing the effects of cultivar, sampling date and their interaction on percentage of green turf cover, normalized difference vegetation index (NDVI), soil moisture, visual quality (1–9 scale) and color (1–9 scale).
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Parameter

	
Sources




	
Cultivar

	
Sampling Date

	
Cultivar × Sampling Date






	
Green turf cover

	
***

	
***

	
***




	
NDVI

	
**

	
***

	
ns




	
Soil moisture

	
ns

	
**

	
ns




	
Visual quality

	
***

	
***

	
ns




	
Colour

	
***

	
***

	
ns








**, *** Significant at the 0.01, and 0.001 probability level, respectively. n.s. Not significant at the 0.05 probability level.
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Table 3. Effect of sampling date on soil moisture (%), normalized difference vegetation index (NDVI), visual quality (1-9 scale), and color (1-9 scale) of 11 perennial ryegrass cultivars (Apple SGL, Azimuth, Barrage, Caddieshack, Double, Doubletime, Ecologic, New Orleans, Pizzazz 2, Rainwater, Turfgold) and one tall fescue cultivar (Olympic Gold).
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Sampling Date (Week)

	
GDD

	
Cumulative ET

	
Soil Moisture

	
NDVI

	
Visual Quality

	
Colour






	
Drought period

	
1

	
1682

	
4.92

	
42.56

	
0.83

	
6.94

	
6.78




	
2

	
1886

	
20.49

	
34.54

	
0.84

	
6.85

	
6.72




	
3

	
2068

	
55.38

	
24.09

	
0.81

	
6.76

	
6.65




	
4

	
2255

	
91.66

	
20.71

	
0.77

	
6.33

	
6.32




	
5

	
2426

	
124.05

	
17.69

	
0.75

	
6.03

	
6.11




	
6

	
2617

	
160.52

	
15.37

	
0.69

	
5.44

	
5.44




	
7

	
2785

	
192.76

	
15.16

	
0.64

	
4.83

	
4.78




	
Recovery period

	
8

	
2968

	
225.85

	
21.89

	
0.68

	
5.29

	
5.14




	
9

	
3175

	
263.04

	
19.98

	
0.69

	
5.49

	
5.43




	
10

	
3564

	
297.92

	
23.94

	
0.71

	
5.67

	
5.65




	
11

	
3376

	
331.35

	
22.92

	
0.76

	
6.21

	
6.14




	
12

	
3744

	
351.79

	
21.48

	
0.78

	
6.35

	
6.24




	
13

	
3963

	
373.67

	
20.03

	
0.82

	
6.52

	
6.38




	

	
LSD

	
/

	
/

	
1.91

	
0.02

	
0.21

	
0.25
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Table 4. Model fit statistics for the analysis of models applied to each measured parameter (green turf cover, NDVI, soil moisture, visual quality, and color) performed using sampling date, day of the year (DOY), GDD, or ET.
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Parameter

	
Variable

	
AIC

	
BIC

	
−2 Res Log-Likelihood






	
Green cover

	
Sampling date

	
−305

	
435

	
311




	
DOY

	
−741

	
−614

	
398




	
GDD

	
−665

	
−537

	
359




	
ET

	
−708

	
−580

	
381




	
Soil moisture

	
Sampling date

	
2911

	
3657

	
−1299




	
DOY

	
3289

	
3417

	
−1617




	
GDD

	
3378

	
3498

	
−1658




	
ET

	
3332

	
3460

	
−1639




	
NDVI

	
Sampling date

	
−984

	
−247

	
679




	
DOY

	
−1110

	
−982

	
582




	
GDD

	
−1029

	
−901

	
541




	
ET

	
−1087

	
−965

	
553




	
Visual quality

	
Sampling date

	
545

	
798

	
−312




	
DOY

	
1021

	
915

	
−407




	
GDD

	
943

	
852

	
−375




	
ET

	
998

	
876

	
−391




	
Colour

	
Sampling date

	
565

	
780

	
−329




	
DOY

	
1037

	
913

	
−409




	
GDD

	
946

	
863

	
−381




	
ET

	
1001

	
887

	
−397
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