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Abstract: This study compared the performances of subsurface drip irrigation (SDI) to sprinkler
irrigation (SI) of cool-season turf mix (CS) and warm-season (WS) turfgrass species while investigating
their response to different irrigation scheduling strategies. Moreover, the suitability of crop water
stress index (CWSI) for monitoring water stress and scheduling irrigation was tested. Irrigation was
applied up to the field capacity when 30%, 50% and 70% of total available water was consumed. All
parameters, including color, quality, fresh yield, dry matter yield, irrigation water productivity, water
productivity, vegetation height and mowing, differed significantly for different irrigation methods
and water supply strategies for both species. The best visual turf was maintained under non-limiting
soil moisture conditions (30%) in all main and sub-treatments. At this irrigation threshold, maximum
and minimum amounts of irrigation water were applied in SI CS treatment (523.5 mm) and SDI
WS treatment (298.6 mm), respectively. Warm-season turf required up to 40% less water than cool-
season turf mix. In the water-scarce regions, 50% treatment for cool-season and 70% treatment
for warm-season can be suggested for acceptable visual quality, lower water consumption and
less frequent clipping. The mean CWSI before irrigation, representing irrigation threshold, ranged
between 0.22–0.70.

Keywords: landscape irrigation; irrigation method; irrigation scheduling; turf type; turf visual
quality; CWSI

1. Introduction

Having witnessed the effects of water shortages in many regions of the world during
the past decade, water conservation strategies have become extremely important. Moreover,
scientists forecast extensive droughts occurrences throughout the next decades, so there
is a need for increased conscience on water use [1]. This might be particularly relevant
for turfgrass irrigation, mostly popular for its recreational uses, unlike other commonly
irrigated crops.

Although water use for turf irrigation may seem insignificant, it can become essential
part of domestic water supplies, especially during the summer months [2]. Efficient water
supply for turfgrass growing is becoming an important component of water management
strategies, particularly in water-scarce regions. Hence, in the context of climate change,
one of the major challenges is to evaluate the response of various turfgrass genotypes to
different irrigation practices and abiotic stresses [3].

Water saving in landscape irrigation starts from the identification of the most suitable
irrigation method for local conditions, the selection of the drought-tolerant turf species,
and, finally, the setting of the most appropriate and effective irrigation scheduling. Water
productivity and a healthy appearance of the plant are among the priority criteria in
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turfgrass irrigation. The subsurface drip irrigation method is especially used in turfgrass
irrigation since it increases water, fertilizer, energy and in-field service efficiency against
the increasing drought effects. However, it remains necessary to search different turfgrass
varieties that can grow under different SDI and SI conditions [4]. Subsurface drip irrigation
has other advantages over the sprinkler irrigation method as there are no evaporation
losses, treated wastewater applications, or energy savings due to low operating pressure,
strong weeding, high fertilizer efficiency [5].

In terms of the sustainability of landscape areas, the selection of turfgrass varieties
with high ability to adapt to climate and abiotic effects is important [6]. Turfgrasses can
be divided into two groups: cool-season and warm-season grasses. Cool-season grasses
(Kentucky bluegrass, perennial ryegrass, tall fescue, Poa pratensis, Festuca rubra, Lolium
perenne, Festuca arundinacea, etc.) are more cold-tolerant and exhibit a longer growing sea-
son than warm-season grasses (Bermudagrass, blue grama, buffalograss, zoysiagrass, etc.).
Cold tolerance is usually the first desirable characteristic when selecting perennial plants,
whether it is turfgrasses or bushes and trees. Warm-season grasses have a lower irrigation
requirement because they use water more efficiently and have a shorter growing season.
When selecting plants for water conservation, a decision must be made about the impor-
tance of aesthetics and function [7]. So, many performance criteria must be considered,
including water requirements and consumption, acceptable level of stress and visual quality
of turfgrasses.

In determining the water requirements of the turfgrass, crop evapotranspiration (ETc)
should be known as a priority. The latest studies pointed out that ETc rates of cool-season
grasses range from 4.0 to 12.7 mm day−1 [8], while ETc of bermudagrass rates are generally
lower (2.0–8.6 mm day−1) [6,9–12]. Tall fescue ETc rates were measured to be on average
35–41% greater than those of bermudagrass. Furthermore, Carrow [10] found that tall
fescue ETc rates were 15% greater than bermudagrass during a two-year study in Griffin,
GA. ETc rates have been varied, depending on environmental conditions and measurement
methods. Haghverdi et al. [13] recommended 70–80% ETo as a minimum irrigation practice
to maintain the acceptable hybrid Bermuda grass quality in California, especially during
high water demand months. Burgin [14] compared a warm-season turf cultivar (hybrid
Bermudagrass) and a cold-season turf cultivar (Kentucky bluegrass) in terms of water
use and canopy quality using different irrigation strategies (deficit, moderate and high
irrigation). They explained that the water requirements of warm-season grass will be less
than that of cool-season grass and that it constitutes a great alternative in semi-arid regions
where water scarcity increases.

Maintaining an adequate soil water level within the root zone is essential in order
to sustain turfgrass regular growth and quality. Hence, besides regular irrigation and
fertilization, the application of agronomic practices that reduce risk of biotic stresses
(insects, weeds, and diseases) should be well planned.

Irrigation planning is usually based on monitoring the soil water content or the crop
parameters such as leaf water potential and canopy temperature. Moreover, the water
balance models can be applied using weather, soil and crop parameters. Most approaches
are based on direct contact with the crop. Instead, devices such as infrared thermometers
rely on remote sensing to detect crop water status. When the crop goes under water stress,
the stomata close, transpiration decreases and leaf/canopy temperature increases. The
crop water stress index (CWSI) method, developed by Idso et al. [15], requires periodical
monitoring of leaf/canopy temperatures using handheld infrared thermometers under
maximum and minimum stress conditions. The CWSI is calculated by determining the
lower and upper baselines. The threshold stress index for starting irrigation of Bermuda
grass was found to be 0.16 in Tucson, AZ city [16], 0.15 in Shiraz [17] and 0.10 in Antalya [18].
Therefore, various thresholds were reported for different pedo-climatic conditions and
management practices.

The primary objectives of this study were: (1) to investigate the water usage and visual
quality of warm-season (Bermuda grass) and cool-season turfgrass mix (10% Poa pratensis,
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25% Festuca rubra var. rubra, 30% Lolium perenne, 35% Festuca arundinacea) under sprinkler
and sub-drip irrigation methods in semi-arid climates in the western part of Turkiye;
(2) to examine the subsurface drip irrigation method as an alternative water saving method
to sprinkler irrigation for different turfgrass types in semi-arid climates; (3) to explore
the optimum irrigation scheduling of cool-season and warm-season turf under different
irrigation methods based on soil and plant.

2. Materials and Methods

The study was conducted during the summer periods of 2017 and 2018 in the Agricul-
tural Production and Research Centre (TURAM) of Silivri Municipality, Istanbul, Turkiye
(41◦03′ N; 28◦00′ E; 46 m a.s.l.). The climate of this region is classified as semi-arid and the
averages of annual temperature, relative humidity, wind speed, sunshine duration per day
and total annual precipitation are 14.8 ◦C, 74.0%, 2.4 m s−1, 6.5 h and 643.8 mm, respectively.
The slope of the experimental area was between 2% and 7% from east to west. Soil had
a deep clay loam profile with no shallow underground water table. The available water
holding capacity within 0.60 m of soil depth was about 80 mm. The electrical conductivity
(EC) of irrigation water was 0.56 dS m−1 and the sodium absorption rate was 1.7, which
was classified as C2S1 according to the U.S Salinity Lab. [19].

The experimental layout was a split–split plot design with three replications (Figure 1).
The main treatments were the two different irrigation methods (Sprinkler Irrigation, SI and
Subsurface Drip Irrigation, SDI), whereas the sub-treatments were two turfgrass type (cool-
season turfgrass mix of 10% Poa pratensis, 25% Festuca rubra var. rubra, 30% Lolium perenne,
35% Festuca arundinacea and warm-season turfgrass of Cynodon dactylon L. Pers. cv Tifway),
and the sub-sub treatments were three different irrigation thresholds (I30, I50, and I70).
Irrigation thresholds represented the management allowable depletion (MAD) of 30%, 50%
and 70% in the top 30 cm of the soil, respectively, while irrigation was applied to the field
capacity level. In the beginning of May 2017, eighteen plots for sprinkler irrigation and
eighteen plots for subsurface drip irrigation were prepared and cool-season turf seeds
were sowed by hand spreading as 50 g m−2 and Bermudagrass seedling was planted as of
0.30 m * 0.30 m.
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Each sprinkler plot was 6.25 m2 (2.5 m ∗ 2.5 m), and there was a space of 2 m within
blocks and plots in order to avoid the side effects of seepage. Spray popup heads, which
have a 87.25 L h−1 flow rate and 2.5 m irrigation radius with a 210 kPa working pressure,
were used in each plot. Each SDI plot was 4.00 m2 (2.0 m ∗ 2.0 m), with a space of 2 m
between blocks and plots to avoid the side effects of seepage. Polyethylene laterals were
10–15 cm deep with inline and self-regulated emitters spaced at 40 cm. Emitter and lateral
spacing were determined as 40 cm according to the emitter discharge and soil infiltration
rate to ensure that the percentage of wetted area is 100%. A flow rate of 2.3 L h−1 per
emitter at an operating pressure of more than 100 kPa was selected. A flush valve and an
air–vacuum relief valve were placed at their lateral ends for periodic flushing.

A weather station, “METOS” (Pessl Instruments GmbH-Austria), was located within
the TURAM. METOS includes the sensors for measurement of air temperature, relative
humidity, solar radiation, wind speed, wind direction, soil water content, and vapor
pressure in hourly and daily formats. Besides, evaporation was measured via Class A
Pan, established in the experimental area. Weather data were used for estimation of the
reference evapotranspiration (ETo) using the FAO Penman–Monteith approach [20] and
determination of lower and upper limit baselines for CWSI. Monthly variation of principal
agro-meteorological parameters (air temperature, sunshine duration, relative humidity,
wind speed, precipitation, evaporation and reference ET) during the experimental period is
presented in Table 1.

A soil moisture meter HH2 (Delta-T Devices, UK) and soil moisture profile probe
PR2/6 were used to determine the moisture values of the first 60 cm of soil profile in each
plot. For this purpose, the calibration curve of PR2 has been prepared via a gravimetric
method for current soil conditions before the experiments. Then, three moisture readings
from different angles for 0.10, 0.20, 0.30, 0.40, and 0.60 m depths in each plot were taken
every day during the whole growing period. Although soil moisture measurements at the
top 0.30 m were used to initiate irrigation, moisture changes at 0.30–0.60 m depth were
monitored to evaluate percolation losses.

The evapotranspiration for 10-day periods at 60 cm soil depth was calculated based
on the water budget equation [21]. No runoff was observed during the irrigation period.

The CWSI was determined using empirical approach of Idso et al. [15] based on
canopy–air temperature (Tc–Ta) and upper–lower (minimum–maximum stress) baseline
temperature difference. Turf temperatures were measured with a handheld IRT (Model
574 precision, Fluke Corporation, Washington, WA, USA) with a 3◦ field view, equipped
with an 8–14 µm spectral band-pass filter, and a 0.98 emissivity coefficient. In parallel,
net radiation, air temperature, and vapor pressure deficit were taken hourly from METOS
weather station.

The infrared thermometer (IRT) data collection was initiated on 1 July (Day of year,
DOY 182) and ended on 15 August (DOY 227) for each plot, per hour of solar noon time
(11:00 a.m. to 02:00 p.m.) at four cardinal directions (North, East, South, and West) under
clear sky conditions. Then, the average of sixteen IRT measurements for each plot was used
as daily CWSI for each treatment. The lower baseline (non-stress) was determined based
on the well-irrigated plots (I30) for both species. Moreover, two small plots (0.50 ∗ 0.50 m)
were established separately on 30 June (DOY 181) for both species to determinine the upper
baseline (fully stressed) under rainfed conditions. The canopy temperature was measured
hourly in each day per hour of extended time (10.00 a.m. to 04.00 p.m.) up to 9 July
(DOY 190) for upper baseline determination.

Turfgrass visual status was taken into account as a physiological quality parameter.
For this purpose, vegetation height before clipping, percentage of green groundcover,
color and quality were monitored and evaluated. Color was determined via FieldScout
TCM 500 NDVI Turf Color Meter (Spectrum Technologies, Inc.). Turf quality was eval-
uated according to the criteria described by Brede and Duich [22] and Avcıoğlu [23] as
9.0 = excellent, 6.0 = minimum acceptable quality for a good lawn, and 1.0 = poor. A rating
of 6.0 is an indication of adequate color, density and homogeneity.
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Table 1. Monthly climatic parameters for long term (1997–2016) and experimental years.

Climatic Parameters
Months

Annual Average
January February March April May June July August September October November December

Long term
(1997–2016)

Mean temperature (◦C) 4.70 5.40 7.30 11.80 16.80 21.30 23.80 23.80 20.00 15.40 11.00 7.10 14.00
Sunshine duration (h/day) 2.40 3.20 4.10 5.40 7.40 9.60 9.50 9.00 7.20 4.50 3.20 2.30 67.68
Average precipitation days 12.20 10.50 10.60 9.30 8.20 7.20 3.60 2.50 4.60 7.60 9.50 12.10 97.90

Monthly precipitation (mm) 68.30 54.30 54.70 40.70 36.90 37.90 22.50 13.20 33.90 61.70 75.30 81.40 580.80
Mean relative humidity (%) 84.00 81.60 80.80 77.80 75.00 72.50 69.00 70.10 74.60 80.40 83.90 83.10 77.70
Average wind speed (m/s) 3.00 3.10 2.80 2.30 2.20 2.20 2.60 2.70 2.60 2.70 2.70 3.10 2.66

Evaporation (mm) - - - 62.40 112.40 138.10 176.80 170.20 113.20 67.80 22.60 9.20 872.70

Year of 2017

Mean temperature (◦C) 1.71 5.86 8.70 10.75 16.20 21.14 23.36 23.86 21.01 14.34 10.21 6.14 13.60
Mean monthly precipitation (mm) 115.40 46.00 41.60 31.80 54.00 38.00 78.80 15.60 16.80 62.40 42.70 113.50 656.6

Mean relative humidity (%) 83.48 79.08 79.65 72.07 74.18 75.20 66.73 67.61 65.58 76.51 80.11 79.20 75.00
Average wind speed (m/s) 2.90 2.40 2.10 1.70 1.90 1.30 1.90 1.90 1.60 1.30 3.40 3.20 2.13

Evaporation (mm) a - - - - - - 72.40 b 220.60 157.70 - - - -
Reference ET (mm) - - - - - - 51.26 b 144.46 108.00 - - - -

Year of 2018

Mean temperature (◦C) 5.69 6.04 8.60 14.16 18.59 21.69 24.36 25.20 20.60 15.92 11.45 5.43 14.81
Mean monthly precipitation (mm) 52.90 58.10 83.50 26.80 80.80 65.00 39.00 1.40 120.20 29.60 75.80 105.00 738.10

Mean relative humidity (%) 84.93 91.62 86.15 63.65 79.61 75.97 72.60 68.96 75.64 80.99 84.72 89.77 79.56
Average wind speed (m/s) 3.64 4.84 4.16 3.94 1.59 1.50 1.27 2.06 1.83 1.70 2.40 2.50 2.62

Evaporation (mm) a - - - - 105.21 190.25 221.45 283.23 66.10 c - - - -
Reference ET (mm) - - - - 96.41 130.80 150.97 151.59 67.60 c - - - -

Note(s): a: obtained from Class A pan, b: refers to last 10 days of month, c: refers to first 20 days of month.
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Turfgrass was mowed at a level of 5 cm above ground when it was 9–11 cm tall
for WS and 14–16 cm tall for CS [24]. Clippings were weighed before and after being
oven-dried at 78 ◦C for 24 h for fresh and dry mass, respectively. Fresh and dry mass per
unit area was calculated as clipping weight/total plot area (g m–2). Water productivity
(WP) and irrigation water productivity (IWP) are key factors for comparing irrigation
methods or evaluating an irrigation program. Water productivity (WP) is the ratio of dry
yield (Y, g m−2) to water use (ETc, mm) during the growing season, while irrigation water
productivity (IWP) is explained as the ratio of dry yield of irrigated turfgrass (Y, g m−2)
and seasonal irrigation water amount (I, mm) [25].

Significant interactions were identified and subjected to Fisher’s Protected LSD test at
a 0.05 probability level via JMP software (SAS Institute Inc., Cary, NC, USA).

3. Results and Discussion

The total number of irrigations, the total amount of irrigation water applied and the
seasonal ETc for different treatments in the summer periods of 2017 and 2018 are presented
in Table 2. In 2017, the soil moisture monitoring started in the middle of July due to low
groundcover and rainy period. So, the values presented in Table 2 are for 2.5 months in
2017, but for 5 months in 2018. Hence, all the data for the first year were lower than that
of the second year. According to the values presented in Table 2, it is very clear that the
minimum irrigation requirement and seasonal ETc were for treatment of SDI WS I70.and
the maximum water irrigation requirement and seasonal ETc were for treatment of SI CS I30
in both years. In other words, irrigation method, turf type and irrigation threshold affected
irrigation interval, irrigation water amount and seasonal ETc. Water consumption was
lower for both WS turf and SDI method, as observed when comparing CS and SI method.
Additionally, low MAD raised ETc because of no water limitation in an effective root zone
of 30 cm. Similar results are reported by Kim and Beard [9], Carrow [10], Wherley et al. [11],
Amgain et al. [12], Pinnix and Miller [6], Synder and Burt [26], Suarez-Ray et al. [5]. In
addition, reference ET estimated by FAO Penman–Monteith was quite consistent with the
average ETc values obtained from all treatments.

Vegetation height before clipping, surface coverage, color, quality, fresh yield, Dry
matter yield (DMY), IWP and WP are given in Tables 3 and 4. In the first year of the
study, SI CS I30 treatment had the highest vegetation height, while in the second year, WS
turf under all thresholds of SDI method was ranked in the first three of LSD groups for
vegetation height. The main reason for highest vegetation height in SI CS I30 treatment
in the first year was frequent irrigation by spraying. The SI method and I30 threshold
provided an advantage to cool-season grasses in the establishment year compared to other
treatments. Generally, cool-season grasses grew taller compared to warm-season grass in
the establishment year mainly due to horizontal growth of warm-season grass to fill the
spaces in the plots since they were space planted as mentioned in materials and methods.
However, in the second year of the study, the warm-season grasses grew taller than the
cool-season grasses. In addition, low MAD provided taller grooving for both turf types.
However, taller growth means more frequent clipping and therefore it is an undesirable
characteristic in landscape management.
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Table 2. Total number of irrigations, total amount of irrigation water applied and seasonal ETc.

Irrigation
Method

Turf
Type

Irrigation
Threshold

Irrigation
Number

Irrigation
Water Amount (mm)

Rainfall
(mm)

Evaporation
(mm)

Seasonal ETc
(mm)

2017

SI

CS
I30 30 501.6

53.3 457.8

510.5
I50 11 295.8 384.9
I70 7 238.5 317.8

WS
I30 24 416.7 488.8
I50 8 229.2 324.4
I70 4 140.7 211.0

SDI

CS
I30 24 324.2

53.3 457.8

382.7
I50 12 267.1 343.9
I70 7 195.7 260.2

WS
I30 22 298.6 357.9
I50 9 203.6 260.9
I70 4 117.1 188.4

2018

SI

CS
I30 36 523.5

290.0 874.8

754.8
I50 23 506.0 636.0
I70 11 275.3 521.9

WS
I30 31 423.8 590.1
I50 20 368.2 560.7
I70 8 186.2 521.5

SDI

CS
I30 26 371.2

290.0 874.8

695.2
I50 17 349.3 609.3
I70 11 273.1 498.1

WS
I30 24 321.2 561.2
I50 15 310.5 555.5
I70 8 165.8 441.1

Table 3. Some growth and quality parameters of turf for all treatments in the year of 2017.

Irrigation
Method Turf Type Irrigation

Threshold

Vegetation
Height

(cm)

Surface
Coverage Color Quality

SDI

CS
I30 13.49 b1 8.67 b 9.00 a 8.70 a
I50 13.18 c 7.28 c 8.06 b 8.67 a
I70 12.68 d 7.06 d 7.22 c 8.08 c

WS
I30 12.35 e 9.00 a 6.44 e 8.26 bc
I50 12.02 g 9.00 a 6.22 e 8.59 a
I70 12.16 f 9.00 a 6.17 e 8.26 bc

SI

CS
I30 15.32 a 8.61 b 9.00 a 8.61 a
I50 12.00 g 7.11 d 6.61 d 5.39 d
I70 9.17 ı 6.00 e 4.06 f 4.61 e

WS
I30 12.77 d 9.00 a 6.22 e 8.28 bc
I50 10.94 h 9.00 a 6.00 e 8.67 a
I70 10.84 h 9.00 a 5.94 e 8.33 b

LSD 0.11 ** 0.11 ** 0.32 ** 0.21 **

SDI 12.65 a 8.33 a 7.19 a 8.43 a
SI 11.84 b 8.12 b 6.31 b 7.32 b
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Table 3. Cont.

Irrigation
Method Turf Type Irrigation

Threshold

Vegetation
Height

(cm)

Surface
Coverage Color Quality

LSD 0.06 ** 0.03 ** 0.12 ** 0.14 **

CS 12.64 a 7.46 b 7.33 a 7.34 b
WS 11.85 b 9.00 a 6.17 b 8.40 a

LSD 0.06 ** 0.03 ** 0.14 ** 0.14 **

I30 13.48 a 8.82 a 7.67 a 8.46 a
I50 12.04 b 8.10 b 6.72 b 7.83 b
I70 11.21 c 7.76 c 5.85 c 7.32 c

LSD 0.06 ** 0.06 ** 0.16 ** 0.10 **

Note(s): 1: Mean values in the same column followed by the same letter do not differ significantly at the 0.05 level
according to LSD test. ns: not significant, *: significant at p < 0.05, **: significant at p < 0.01.

Table 4. Some growth and quality parameters of turf and water use efficiencies for all treatments in
the year of 2018.

Irrigation
Method

Turf
Type

Irrigation
Threshold

Vegetation
Height

(cm)

Surface
Coverage Color Quality

Fresh
Yield

(gm−2)

Dry Matter
Yield

(gm−2)

IWP
(gm−2 mm−1)

WP
(gm−2 mm−1)

SDI

CS
I30 488.33 d1 8.49 c 8.98 a 8.30 c 488.33 d 52.40 ef 0.14 e 0.08 ef
I50 461.00 e 7.19 d 7.85 b 7.10 d 461.00 e 39.37 g 0.11 f 0.06 fg
I70 428.00 f 6.55 f 5.98 d 6.03 e 428.00 f 29.68 h 0.11 f 0.06 fgh

WS
I30 1200.00 a 9.00 a 6.03 d 9.00 a 1200.00a 152.96 a 0.48 b 0.27 a
I50 1161.00 b 9.00 a 6.03 d 9.00 a 1161.00b 131.39 b 0.42 c 0.24 b
I70 1043.67 c 8.93 a 5.90de 8.87ab 1043.67c 101.17 c 0.61 a 0.23 b

SI

CS
I30 160.13 g 8.80 b 8.03 b 8.57 bc 160.13 g 40.50 g 0.08 g 0.05 gh
I50 79.77 h 6.77 e 7.63 c 5.57 f 79.77 h 29.73 h 0.06 h 0.05 h
I70 65.57 h 5.90 g 5.70 f 5.23 f 65.57 h 24.70 h 0.09 g 0.05 h

WS
I30 157.33 g 9.00 a 5.73 ef 8.57 bc 157.33 g 55.70 de 0.13 e 0.09 d
I50 150.57 g 9.00 a 5.60 f 8.77 ab 150.57 g 47.40 f 0.13 ef 0.08 de
I70 154.37 g 9.00 a 5.77 ef 8.53 bc 154.37 g 61.83 d 0.33 d 0.12 c

LSD 24.06 ** 0.17 ** 0.20 ** 0.35 ** 24.06 ** 6.41 ** 0.02 * 0.01 **

SDI 797.00 a 8.20 a 6.80 a 8.05 a 797.00 a 84.49 a 0.31 a 0.16 a
SI 127.96 b 8.08 b 6.39 b 7.54 b 127.96 b 43.31 b 0.14 b 0.07 b

LSD 13.80 ** 0.07 ** 0.08 ** 0.15 ** 13.80 ** 6.15 ** 0.01 ** 0.01 **

CS 280.47 b 7.28 b 7.36 a 6.80 b 280.47 b 36.06 b 0.10 b 0.06 b
WS 644.49 a 8.99 a 5.82 b 8.79 a 644.49 a 91.74 a 0.35 a 0.17 a

LSD 11.00 ** 0.07 ** 0.08 ** 0.11 ** 11.00 ** 4.44 ** 0.01 ** 0.01 **

I30 501.45 a 8.82 a 7.16 a 8.61 a 501.45 a 75.39 a 0.21 b 0.12 a
I50 463.08 b 7.99 b 6.78 b 7.61 b 463.08 b 61.97 b 0.18 c 0.11 b
I70 422.90 c 7.60 c 5.84 c 7.17 c 422.90 c 54.34 c 0.29 a 0.11 b

LSD 12.03 ** 0.09 ** 0.10 ** 0.18 ** 12.03 ** 3.2 ** 0.01 ** 0.01 **

Note(s): 1: Mean values in the same column followed by the same letter do not differ significantly at the 0.05 level
according to LSD test. ns: not significant, *: significant at p < 0.05, **: significant at p < 0.01.

Surface coverage for WS was the highest for all treatments in both years. Irrigation
method and threshold did not create any statistical difference. However, surface coverage
for CS was affected by both irrigation threshold and irrigation method as minimum surface
coverage values observed in SI I70 treatment for both years. The low MAD and SDI method
resulted in higher surface coverage for CS in both years. Based on those results, WS turfs
are more tolerant to water stress compared to CS turfs.

CS turf had darker green color compared to WS turf in both years. The green quality
is affected by irrigation interval as it is reduced gradually when interval increases. At the
same time, irrigation methods affected color quality and SDI method provided a darker
green. In the establishment year, only SI I70 treatment had a lower green quality than the
acceptable level (level 6) for both turf types. In the second year, I70 threshold for both
irrigation methods had a lower green quality than the acceptable level for both turf types.
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However, all thresholds of the SI WS showed inadequate green color. Based on these
results, wider irrigation intervals are not suitable for reaching the acceptable color of the
turf. Therefore, I30 or I50 thresholds should be applied for proper irrigation scheduling in
both turf types.

Unacceptable quality was observed in cool-season turf in only SI I70 and SI I50 treat-
ments, while all the other treatments provided acceptable quality in both turf types. In
general, the higher quality was observed in WS turf under the SDI method and low MAD
supported quality. This can be explained with higher density and homogeneous structure
of WS turf due to its rhizomatous nature consequently also not allowing weeds. As is well
known, high humidity is one of the important factors for the development of fungal disease.
Therefore, the SDI method prevented this risk and consequently contributed to the quality
of turf.

Data on dry matter yield and fresh yield were not collected in the establishment year
of the study since there was not enough growth. So, IWP and WP could not be determined
for this year. Additionally, canopy temperature for CWSI calculation was not measured
in the first year due to the same reason mentioned above. WS grass under SDI produced
much more fresh yield and ranked first amongst tree LSD groups, I30, I50, I70, respectively.
The lowest fresh yield and dry matter yield were obtained in CS grass under SI applications,
which ranked last in the LSD group. In other words, WS SDI I30 plots produced the highest
fresh yield and dry matter yield, whereas all thresholds for CS SI I70 gave the lowest fresh
yield. However, higher fresh yield also means higher maintenance cost due to the frequent
clipping requirement.

Many studies, in which different turf cultivars were studied against water deficit, deter-
mined that fresh yield, dry matter yield, plant height, other vegetative indicators and visual
quality were decreased in water shortages above 30%, compared to full irrigation [6,13,14,27,28].
In addition, they have supported the superiority of warm-season turf over cold-season turf
in terms of water saving and all vegetative properties. The study conducted by Sandor [29]
also showed similar results of 75% ETo irrigation to 100% ETo irrigation.

All treatments had statistically significant effects on IWP and WP values. The greatest
IWP (0.61 g m−2 mm−1) was obtained from SDI WS I70 treatment and the lowest IWP
(0.06 g m−2 mm−1) was obtained from SI CS I50 treatment (Table 4). According to the values
of IWP, it is clear that WS turf as the turf type, SDI method as the irrigation method and
a high irrigation threshold (I70) used irrigation water more effectively in respect to other
options. The upper and lower baselines required to compute CWSI are depicted separately
for both turf types in Figure 2. The upper limit, (Tc–Ta)ul, was 7.41 and 7.68 for CS turf and
WS turf, respectively, when the air temperature at solar noon was 30 ◦C. In similar studies,
Throssell et al. [30] determined that the upper limit for Kentucky bluegrass, cool-season
grass was 12.71 ◦C, and Emekli et al. [18] reported that the upper limit for Bermudagrass
was 11.22 ◦C at the solar noon temperature of 40 ◦C. The equation of lower limit was found
to be (Tc–Ta)ll = −1.5872 VPD + 7.3145 for CS and (Tc–Ta)ll = −2.052 VPD + 8.0564 for WS
(Figure 2). Idso [31] and Jalali-Farahani et al. [32] reported similar relations to those found
in this study.
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However, many researchers pointed out that crop and local conditions could impact
on the baseline relation, causing differentiation [15,31,33,34]. Seasonal CWSI values and
average CWSI values just before irrigation are presented in Figure 3. All CWSI values in
CS turf are a little bit higher than those of WS turf. According to these results, it can be said
that CS turf is more sensitive to drought in respect to WS turf. Besides, the lowest value of
CWSI was observed in I30 treatments and the highest one was reached in I70 treatments for
both turf species. The seasonal mean values of the CWSI for the full irrigated treatments
were found as 0.16 and 0.15 for the I30 of CS and WS, while the mean CWSI values for the
stressful treatments were 0.40 and 0.27 for the I70 subjects, respectively.
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In all treatments, CWSI values increased with soil moisture deficit and reached peak
values just before irrigation. The mean CWSI before irrigation, i.e., irrigation threshold,
ranged between 0.22 and 0.70 depending on turf type and irrigation scheduling. The
obtained values in Figure 3 are in line with the data previously explained in different
studies [18,35–39] for different regional and climatic conditions. Depending on these
results, current CWSI values might be used as a crop water stress index for grasses.

4. Conclusions

A comparison of subsurface drip irrigation versus sprinkler irrigation on both cool-
season turfgrass mix (10% Poa pratensis, 25% Festuca rubra var. rubra, 30% Lolium perenne,
35% Festuca arundinacea) and warm-season (Bermuda) grass was made in Thrace, a semi-
arid region of Turkiye. The study focused on the water use requirements of different turf
types, optimum irrigation scheduling via soil and plant-based methods, and advantages of
subsurface drip irrigation relative to sprinkler irrigation. At the end of two-year field study,
it was found that:

• The healthiest and the best visually appealing turf was maintained at optimum soil
moisture levels (I30) in all main and sub-treatments. At this irrigation threshold, max
and min amounts of irrigation water was applied in SI CS I30 treatment (523.5 mm)
and SDI WS I30 treatment (298.6 mm), respectively. In other words, CS turf under SI
method required 75% more water than WS turf under SDI method.

• The target of sustainable water saving has been proven and irrigation water conserva-
tion of about 30% was achieved with SDI. The main reasons of water saving in SDI
were low evaporation from soil surface and no wind effect.

• Not only the irrigation method selected, but also the turf type, affected the seasonal
amount of irrigation water. WS turf required up to 40% less water than CS turf mix. In
addition, the clipping range is much higher than CS turf mix. However, WS turf cannot
maintain its green appearance all year round, provided that the ambient temperature
drops to 15–18 ◦C and below. Therefore, the use CS turf may be recommended for
landscaping with I50 treatment where 12 months green is targeted. If the green visual
characteristics are desired only in the summer months, it can be recommended to use
WS turf and apply the I70 treatment.

• I30 treatment provided the best visual quality with the highest water consumption.
However, in the regions with limited water resources, I50 treatment for CS and I70 treat-
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ment for WS can be suggested for acceptable visual quality, with lower water consump-
tion and less frequently clipping, if some sacrifice is considered for color and quality.

• When evaporation from Class A Pan was used in irrigation scheduling, the irrigation
interval could be 5 days and 10 days for CS and WS, respectively. Totals of 60% and
30% of evaporated water from class A pan can be applied as irrigation water amount
via SI method for CS and WS, respectively. Under the SDI method, only 0.50 Epan and
0.25 Epan are enough as the amount of irrigation water for CS and WS, respectively.

• The average CWSI values just before irrigation for I30, I50, I70 treatments in CS plots
were found to be 0.24, 0.50 and 0.70, respectively. The same values for WS plots were
0.22, 0.42 and 0.55 in I30, I50, I70 treatments, respectively. According to these results, it
can be said that CWSI is a valuable tool for monitoring and quantifying water stress
and scheduling irrigations.
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