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Abstract: Grasslands have a natural capacity to decrease air pollution and a positive impact on human
life. However, their maintenance requires adequate irrigation, which is difficult to apply in many
regions where drought and high temperatures are frequent. Therefore, the selection of grass species
more tolerant to a lack of irrigation is a fundamental criterion for green space planification. This study
compared responses to deficit irrigation of different turfgrass mixtures: a C4 turfgrass mixture,
Cynodon dactylon-Brachypodium distachyon (A), a C4 turfgrass mixture, Buchloe dactyloides-Brachypodium
distachyon (B), and a standard C3 mixture formed by Lolium perenne-Festuca arundinacea-Poa pratensis
(C). Three different irrigation regimes were assayed, full irrigated to 100% (FI-100), deficit irrigated to
75% (DI-75), and deficit irrigated to 50% (DI-50) of container capacity. Biomass, normalized difference
vegetation index (NDVI), green area (GA), and greener area (GGA) vegetation indices were measured.
Irrigation significantly affected the NDVI, biomass, GA, and GGA. The most severe condition in terms
of decreasing biomass and vegetation indices was DI-50. Both mixtures (A) and (B) exhibited higher
biomass, NDVI, GA, and GGA than the standard under deficit irrigation. This study highlights the
superiority of (A) mixture under deficit irrigation, which showed similar values of biomass and
vegetation indices under full irrigated and deficit irrigated (DI-75) container capacities.

Keywords: turfgrass; C3 and C4 plants; deficit irrigation; NDVI; biomass; RGB digital camera indexes

1. Introduction

In recent decades, the development of big cities and industry have provoked an increase in
environmental pollution and poor air quality. This situation is likely to increase in the future because
climatic change is expected to decrease precipitation and increase the emission of pollutant gases.
In this context, grasslands have a natural capacity to decrease the cities’ pollution and have a positive
impact on citizen life. Moreover, urban green spaces have been defined as a key ingredient for city
sustainability [1]. In addition, it has been reported that the provision of urban green space and
its associated benefits are important for sustainable urban development from ecological, economic,
and social perspectives [2].
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However, the adequate maintenance of green space requires regular and optimum irrigation,
which is difficult to apply in many regions where drought and high temperatures are frequent. Chebella
has stated that one of the biggest obstacles to establishing and maintaining green space is the scarcity
of water [3]. The quality of urban green spaces could be at risk with reduced rainfall as well as greater
frequency and duration of droughts [4].

Given the high level of water deficiency in many urban areas and the high consumption of water
by lawns, it is essential to select alternative mixtures of turfgrass species that allow a good maintenance
of grassland with lower water consumption. The selection of turfgrass for water conservation by the
use of varieties with superior drought resistance and low water use is a primary means of decreasing
water needs on turfgrass sites [5]. In this context, the water requirements of turfgrass are important in
their selection, adaptation, and use, particularly in areas and times when water for turfgrass culture
and maintenance is restricted [6]. Therefore, plants with lower water needs that can remain visually
acceptable under dry conditions might become preferred plants in an urban setting [7].

Moreover, the authors of [8] have divided turfgrass in two kinds: the C3 species typical for cooler
temperature grassland regions and the C4 grasses adapted to persist in warmer environments [8].
Both species differ in the photosynthetic system for the uptake of carbon dioxide. In this context,
the authors of [9] reported that the saturation of Rubisco with CO2 eliminates photorespiration in
C4 plants under most conditions, producing higher rates of CO2 fixation than the C3 type, and the
net CO2 assimilation rates (A) are typically higher in C4 than in C3 species over a wide range of
conditions. Higher uptake of CO2 at reduced intercellular CO2 concentration (ci) in C4 plants allows
equivalent or greater A at lower stomatal conductance (gs) than in C3 species [10,11], indicating that
C4 is characterized by maximal rates of net leaf photosynthesis (A) at a lower stomatal conductance
than in C3 species, also by lower transpiration and conserving water, especially in hot conditions when
evaporative demand is high. Moreover, the authors of [12] conclude in their investigation that C4

grasses in control treatments were characterized by higher CO2 assimilation rates and water potential,
but lower stomatal conductance and under drought, stomatal conductance declined more dramatically
in C3 than C4 species. Furthermore, the authors of [13] have indicated that lower gs associated with C4

photosynthesis may result in adaptation of plant hydraulics.
In the present, precision turfgrass water management using spectral reflectance was proposed as

an alternative method to improve irrigation efficiency [14]. Spectral reflectance sensing has become
a crucial part of precision turfgrass management and an active area of research for many years [15].
The normalized difference vegetation index (NDVI) is one of the most well-known vegetation indices
derived from optical remote sensing and which is formulated using the following equation: (NIR − R) /

(NIR + R), where R is the reflectance in the red band and NIR is the reflectance in the near-infrared light
reflectance. NDVI has been used widely in the estimation of plant biomass [16–18] and to maintained
turfgrass [19]. Alternatively, the use of information obtained by conventional digital red, green, blue
(RGB) images to estimate canopy vegetation could represent a substitute way of spectroradiometrical
vegetation indexing. Digital image analysis has been successfully used to assess turfgrass color and
the percentage of green cover [20]. The green area (GA) and greener area (GGA) represent two indexes
derived from digital conventional images. GA describes the amount of green biomass in the picture,
whereas the more yellowish-green pixels are defined by the GGA. In fact, the active photosynthetic
areas and plant senescences are represented by the greener area [21]. These indices are obtained by
BreedPix open access software [22,23].

The chief objective of this study was to compare growth of two C3–C4 turfgrass mixtures and a
standard one formed only with C3 plants, under different water conditions using economical remote
sensing approaches. Furthermore, a key objective of this study was to evaluate if low-cost remote
sensing techniques (Green Seeker and digital camera) used to estimate canopy green biomass were
good predictors of turfgrass water stress and could be used in similar way as the more expensive
technologies used to manage turfgrass irrigation. Furthermore, a key objective of this study was
to determine if the turfgrass mixture (C4–C3) was more tolerant to the deficit water irrigation. It is
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well-known that C3 and C4 grasses actively grow during different seasons, whereas C4 grasses tend
to have their period of active growth in summer and are known as summer-active plants, while the
C3 turfgrasses are autumn–winter–spring growing. For this reason, in this study we evaluated two
different C4-C3 mixtures (compared with only C3 mixture), with the purpose to use them for the
sustainability of the urban green spaces, with a uniform turfgrass appearance throughout the year,
less water irrigation consumption, and low maintenance cost.

2. Materials and Methods

2.1. Plant Material and Growing Conditions

Field trials were conducted during 2017 at the Madrid Institute for Rural, Agrarian and Food
Research and Development (IMIDRA) in the area of Alcala de Henares. This commune is characterized
by loamy sand fertile soils (Table A1) and continental climate. The amount of total rainfall and
temperatures accumulated by months for the 2017 crop season in the study region are presented in
Table A2. Two mixtures of C3-C4 turfgrass were assessed, Cynodon dactylon (C4) with Brachypodium
distachyon (C3) and Buchloe dactyloides (C4) with Brachypodium distachyon, with 50% of seeds
of each one. As a standard mixture, we have used one formed by three C3 plants Lolium perenne
(15%)-Festuca arundinacea (75%)-Poa pratensis (15%). The description and characteristics of all
turfgrass species evaluated are explained in the Table 1. Three different regime irrigation were assayed,
full irrigated to 100% (FI-100) and deficit irrigated to 75% (DI-75) and 50% (DI-50) of container capacity.
Irrigation was applied with sprinkler in blocks connected by valves and controlled by the program of
Rain Bird system irrigation (ESP-LXME Model). Water deficit was imposed 1 month after growing by
decreasing irrigation. Periods of measures were from March to September 2017.

Table 1. Characteristics of the species used in the present study.

Species Characteristics

Brachypodium distachyon It is highly resistant to the winter cold, drought and high temperatures of spring,
own of the Mediterranean climate. Resistant quite well the trampling.

Buchloe dactyloides
Specie of warm weather. It adapts to all types of soils, preferring the alkaline.

Resistant to drought and the conditions of aridity. Bad adaptation to the shade.
Low maintenance.

Cynodon dactylon
It is the most important C4 grass species of warm weather. Resistant to long

periods of drought and does not need special care. It adapts to all kinds of soils
with strong stolons that give it a lot of covering power and withstand trampling.

Festuca Arundinacea C3 grass specie of temperate climate. Resistant to drought, shade, trampling and
diseases especially Brown Patch.

Lolium perenne Resistant to low reaping, is well adapted to extreme climates (heat and cold) and
to diseases such as Grey Leaf.

Poa Pratensis

Specie of temperate climate. Vigorous root system that gives high power density.
Resistant to trampling. Adaptable to various soils and climates, it is typically

used in mixtures. Excellent tolerance to salinity and shade, is also quite resistant
to heat and drought.

Source: Dalmau Seeds: www.semillasdalmau.com and Zulueta seeds: www.zulueta.com.

2.2. Biomass

Biomass was determined by a manual harvest with an electric scissor (Makita DUM 166 Z).
The area of measurements was 50 cm in length and 16 cm wide and cut using a metal ruler placed
parallel to the electric scissor. Taking the production of plant biomass of 800 cm2, we estimated the
production of total biomass expressed in g/m2. The sampling was carried out in the central part of
the plot.

www.semillasdalmau.com
www.zulueta.com
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2.3. NDVI Index

A portable spectroradiometer (GreenSeeker handheld crop sensor, Trimble, USA) was used to
measure the NDVI (Normalized Difference Vegetation Index). The NDVI is calculated by the succeeding
equation: (NIR–R)/ (NIR+R), where R is the reflectance in the red band and NIR is the reflectance in
the near-infrared band. A constant distance of 50–60 cm above and vertical to the canopy was taken
between the sensor and the plots.

2.4. RGB Vegetation Indices

Moreover, RGB (red, green, blue) image were acquired per plot using a SONY DSC-W120 camera.
Pictures were taken in the center of each plot and about 80 cm above the plant canopy in a zenithal
plane. The BreedPix 0.2 free-access software established for digital image processing was used in the
the analysis of pictures [22]. The vegetation indices measured by this software were the green area
(GA; portion of pixels with 60 < Hue < 120 from the total amount of pixels) and the greener area (GGA,
portion of pixels with 80 < Hue < 120). [22]. The active photosynthetic area, excluding senescent leaves,
was captured by the GGA index.

2.5. Statistical Analysis

Data were subjected to factorial analyses of variance (anovas) to test the effects of irrigation and
turfgrass mixture at different periods of growth. Means were compared by Tukey’s honestly significant
difference (HSD). A bivariate correlation procedure was constructed to analyse the relationships
between shoot biomass, NDVI, GA and GGA indices. To assess the performance of each turfgrass
species mixture under each water regime irrigation, data were subjected to unweighted pair group
method with arithmetic mean (UPGMA) cluster analysis, using as variable the shoot biomass, NDVI
and RGB vegetation indices, in order to evaluate appearances between turfgrass mixtures by grouping
them into groups and subsets using Euclidean distance method. Statistical analyses were performed
by IBM SPSS Statistics 24 (SPSS Inc., Chicago, IL, USA). Figures were established using Sigma-Plot 11.0
for Windows (Systat Software Inc., Point Richmond, CA, USA).

3. Results

3.1. Water Irrigation Effect on Shoot Biomass, NDVI, GA and GGA

Water regime significantly affected the shoot biomass of all turfgrass mixtures (Table 2). The most
severe irrigation conditions in term of decreasing biomass were deficit irrigated to 50% of container
capacity (DI-50). Moreover, shoot biomass decreased considerably under all water regime in summer
season (Table 3), where temperatures were significantly higher (Table A1). Likewise, the NDVI
(p < 0.001), as well as the green area (p < 0.001) and the greener area (p < 0.001) indices were significantly
affected by water regime (Table 2). Highest values of these three vegetation indices were observed
under FI-100 compared to DI-75 and DI-50 water deficit irrigation, where NDVI, GA and GGA were
lesser. The most severe deficit irrigation in terms of decreasing vegetation indices was deficit irrigated
to 50% of container capacity (DI-50). In addition, comparison between the vegetation indices across
periods showed also a significant difference under FI-100, DI-75, and DI-50, but only for GA and
GGA indices. While, NDVI values were significantly different between periods only under DI-50
(Table 3). Values of vegetation indices were higher in the spring period and lower under summer
climatic conditions.
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Table 2. Water regime and genotypes mean for turfgrass SB (Shoot biomass), NDVI (Normalized
Difference Vegetation Index), GA (Green Area), GGA (Greener Area) and the corresponding ANOVA.
Water regime conditions: FI-100, full irrigation (100% to container capacity); DI-75 and DI-50 deficit
irrigation (75% and 50% to container capacity, respectively). Significance levels: ns, not significant;
* p < 0.05; ** p < 0.01 and *** p < 0.001.

SB NDVI GA GGA

Water regime
FI-100 18.48 b 0.60 c 0.64 b 0.32 b

DI-75 17.94 ab 0.56 b 0.54 a 0.22 a

DI-50 17.10 a 0.51 a 0.53 a 0.24 a

Level of significance
Water regime (WR) 0.038* 0.000*** 0.000*** 0.000***

The different letter succeeding the means are significantly different (p < 0.05) according to Tukey’s honestly significant
difference (HSD) test.

Table 3. Effect of irrigation and seasonal periods on biomass and vegetation indices. Abbreviations of
water regime and variables are as defined in Table 2. Significance levels: ns, not significant; * p < 0.05;
** p < 0.01 and *** p < 0.001.

Mar Apr May Jun Jul Aug Sep Significance

Water regime

FI-100

SB 21.91 b 21.26 b 25.69 d 24.48 c 9.33 a 13.97 a 12.70 a 0.000***

NDVI 0.61ab 0.57 ab 0.62 ab 0.61ab 0.51a 0.65 b 0.66 b 0.172 ns

GA 0.80c 0.91c 0.61 abc 0.78 bc 0.49 ab 0.40 a 0.51ab 0.000***

GGA 0.51bc 0.54c 0.23 ab 0.60 c 0.12a 0.12a 0.08a 0.000***

DI-75

SB 19.11bc 20.74c 24.63c 25.03c 10.95a 13.55a 11.55a 0.000***

NDVI 0.56a 0.54a 0.58a 0.58a 0.53a 0.56a 0.52a 0.974 ns

GA 0.56b 0.64b 0.56b 0.64b 0.50a 0.43a 0.44a 0.018**

GGA 0.24b 0.33b 0.26ab 0.32ab 0.19a 0.11a 0.08a 0.019**

DI-50

SB 18.04ab 22.07bc 24.55c 24.45c 12.19a 11.03a 7.34a 0.000***

NDVI 0.54b 0.59b 0.58b 0.59b 0.50ab 0.41a 0.38a 0.006**

GA 0.55b 0.59b 0.59b 0.78b 0.46ab 0.35a 0.42a 0.025**

GGA 0.21b 0.33b 0.28b 0.30b 0.16a 0.08a 0.12a 0.000***

The different letter succeeding the means are significantly different (p < 0.05) according to Tukey’s honestly significant
difference (HSD) test.

3.2. C4-C3 Effect on Biomass, NDVI, GA and GGA

Genotypic differences between the three mixtures studied were examined for all physiological
traits and under each growing condition (Table 4). Results showed that under the full irrigation (FI-100),
differences were found only for NDVI and GA with higher values in standard mixture. Meanwhile, for
biomass and GGA, no differences were found between mixtures. Under DI-75 differences existed for
the set of traits, with higher biomass and GGA for the Cynodon-Brachypodium mixture compared with
the standard. However, under DI-50 differences were observed for biomass, NDVI and GA (Table 4),
with higher values of biomass for the two mixtures of C4 species Cynodon and Buchloe with Brachpodium
(C3), while the standard mixture (only C3 plants) presented lower values of biomass under these severe
deficit irrigation regime.
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Table 4. Effect of turfgrass mixture on biomass, NDVI, GA and GGA. Abbreviations of water regime
and variables are as defined in Table 2.

Cynodon-Bachypodium Buchloe-Brachypodium Llium-Festuca-Poa Sigificance

FI-100
SB 18.72a 17.82a 18.89a 0.865ns

NDVI 0.56a 0.55a 0.70b 0.000***

GA 0.50a 0.66b 0.78b 0.005**

GGA 0.32a 0.23a 0.39a 0.186ns

DI-75
SB 18.86b 17.57a 17.38a 0.035*

NDVI 0.57b 0.48a 0.61b 0.017*

GA 0.58b 0.43a 0.62b 0.016*

GGA 0.30b 0.14a 0.22b 0.028**

DI-50
SB 18.00b 17.14ab 16.21a 0.040*

NDVI 0.55a 0.47a 0.51a 0.051*

GA 0.56b 0.44a 0.51b 0.018*

GGA 0.23a 0.20a 0.30a 0.355ns

The different letter succeeding the means are significantly different (p < 0.05) according to Tukey’s honestly significant
difference (HSD) test. Significance levels: ns, not significant; * p < 0.05; ** p < 0.01 and *** p < 0.001.

3.3. Water Deficit and Seasonal Periods Effects on Turfgrass Growing

Biomass and vegetation indices of the three mixtures of turfgrass were also examined under
both the different water regime conditions and periods of growth. Compared with the standard
mixture, the two mixtures with C4 turfgrass evaluated (Cynodon and Buchloe with Brachypodium) were
significantly associated with higher biomass at DI-75 and under DI-50 in summer season (Figure 1).
The figure also shows that the standard mixture formed only with C3 plants exhibits higher or equal
values of biomass, from March to June, compared to the two mixtures of C4-C3 and under the three
water regimes assayed. However, during the summer season characterized with high temperatures
and lack of rainwater (July, August) the biomass values of the standard mixture were lower than
the two other mixtures C4-C3, especially under the two deficit irrigations D-75 and DI-50. Moreover,
the two mixtures with C4 species also exhibited significantly higher NDVI, GA, and GGA during the
summer period and at DI-75 and DI-50 deficit irrigation (Figure 2).

Additionally, cluster analyses (Figure 3) were performed as a way of summarizing the relevance of
the mixture effects on changes of water irrigation regime using as parameters the biomass and the three
green biomass indexes (NDVI, GA and GGA). The cluster analysis clearly showed that the mixture
formed by Cynodon and Brachypodium was the best in terms of adaptation to the deficit water irrigation
(Figure 3). The mixture Cynodon-Brachypodium showed an identical level of growing at both FI-100 and
DI-75 and was regrouped with higher growing conditions of the standard mixture. In addition, Figure 4
showed clearly the difference in color between both C4-C3 mixture and the standard (only C3) at DI-75,
where the color of the latter is characterized by many visible yellow areas referring to leaf senescence.
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Biomass was positively correlated with NDVI, GA and GGA indexes (Figure 5) when all turfgrass
mixtures, growing conditions, and replicates analysed were combined. The highest coefficient of
correlation of biomass was found with NDVI and GA (r = 0.48 and r = 0.41 respectively). Whereas,
the correlation between biomass and GGA vegetation index was also significant but weaker (r = 0.32).
Likewise, NDVI also was correlated positively and highly with GA and GGA RGB vegetation indices
(Figure 6), with highest correlation coefficient in the case of the green area vegetation index (r = 0.78).
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4. Discussion

4.1. Potential of Spectral Vegetation Indices to Evaluate Turfgrass Growing

In turfgrass, many studies have demonstrated that NDVI was highly correlated with visual turf
quality, shoot density, turfgrass visual assessment rates, turf chlorophyll content [24] and had been used
to measure drought stress [24,25]. In accordance, our results showed that NDVI was higher at irrigated
conditions than water deficit (Table 2) and was correlated significantly with shoot biomass through
all growing conditions. When plants are growing under water stress, their leaves reflect significantly
less NIR and redder irradiance, and as a result, the NDVI value decreased under stress conditions.
Moreover, Moran et al. [26] found water-stressed canopies to have a lower spectral reflectance in the
NIR wavebands than unstressed canopies.

Moreover, vegetation indices obtained by digital RGB (red green blue) images could similarly
inform on green biomass status [20,22,23,27]. In our study of green area and greener area, vegetation
indices obtained by the digital camera were similarly significantly lower under deficit irrigation than
the irrigated plots (Table 2) and were significantly correlated with shoot biomass across growing
conditions. In this context, digital image analysis has been successfully used to assess turfgrass color
and percent of green cover [20]. Both NDVI and digital camera vegetation indices of this study allow
information of the growth status and color of turfgrass species. In agreement with this, [28] reported
that the application of vegetation indices helps to highlight spectral differences including turf quality,
colour, dry matter, chlorophyll, carotenoids and nitrogen content. Additionally, results of this study
showed the usefulness of vegetation indices as a method to identify turfgrass genotypic variation
under different conditions of growing. All vegetation indices, or at least one of them, were significantly
different between turfgrass mixtures under the three water regimes (Table 4). In this context, [28]
showed that vegetation indices are often able to discriminate between different turfgrass cultivars
that have been established and maintained with identical agronomical practices. In addition, other
studies reported on the utilization of NDVI and other spectral reflectance-based plant stress indices for
assessing turfgrass performance [29].

Furthermore, both groups of vegetation indices (NDVI and vegetation indices derived from the
digital camera) present higher and positive correlations between them (Figure 5). This result is in
accordance with prior research [21,30,31] and confirms that these indices inform with similar manner
of biomass status. Nevertheless, our data showed that NDVI was not significant between genotypes
under FI-100 and DI-75 across periods of growth. In contrast, GA and GGA indices derived from digital
pictures showed a high level of significance between periods under all water regimes assayed. In this
context, [21,22] reported that digital pictures can help to acquire some information which is not directly
obtained by the spectral reflectance measurements, like the percentage of senescence leaves of cultivars
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growing at the field. Vegetation indices obtained by RGB images achieved information somewhat
superior than the NDVI, possibly because GA was minus saturated than the NDVI. Saturated NDVI at
higher periods of turfgrass activity provide less results than RGB indices characterized by less evident
saturation patterns. Therefore, the accessibility and low cost of digital cameras characterized them as a
perfect and practical device for the supervision of crop water and fertilization status [32]. At present,
there are many low-cost drones with an integrated, simple RGB camera. Drone flights allow for taking
pictures of all turfgrass plots in little time for their further analysis. Digital picture analysis allows for
evaluation of plants, growth status and to detect if there are any limitations in field (such as lack of
water or fertilizer) in order to take early and rapid decision (in real time) to better conserve grassland
with correct management of inputs.

In addition, the use of information and communication technology offers the possibility of
monitoring the grass state in order to adjust the irrigation regime [33,34].

4.2. Turfgrass Water Management Using Low-cost Remote Sensing Techniques

The utilization of remotely sensed data is a powerful quantitative tool that can help in the
development of management practices that save water while maintaining high turfgrass quality [35].
In this context, all vegetation indices evaluated in our study decreased under the most severe water
deficit indicating need to provide complementary irrigation to plants. In addition, we have seen
that there were times of the year that the plant had very high vegetation indices (NDVI, GA, GGA)
with saturated values of NDVI. This information allows us to make a decision regarding irrigation
by decreasing it at times of the year with favourable weather conditions and preserve water for the
summer season with high temperatures and lack of rain. Values of vegetation indices evaluated
in this study could give us an estimate of biomass and plant development, since they are related
to biomass. Vegetation indices variations with change of amount of water provided makes them
important parameters when managing plot irrigation. High values of vegetation indices indicate that
the plants are in optimal conditions of growth and there is no need of irrigation and in this way, we will
save on water consumption. However, low values of these indices allow us to make a decision in real
time for a supplementary irrigation. In agreement with our results, [36] informed that turf management
can be achieved by the use of optical remote sensing methods in a consistent and non-destructive
manner to evaluate the growth, quality and the irrigation prevision. It should be noted that the low
values of NDVI, GA, and GGA may be due to the lack of water irrigation or to plants diseases and
lack of nutrients, so before making decisions regarding irrigation, all effects of other factors causing
alterations of the turfgrass color and quality must be discarded. At present, there are many methods
used to detect crop diseases through digital images, as well as many algorithms to control and adjust
fertilization. These techniques can help to detect all remote sensing parameters indicating crop stress
which is not due to water deficit.

4.3. Is the Mixture C4-C3 Better Tolerant to Water Stress than C3?

Results of our study showed performance difference between C4-C3 and only C3 turfgrass mixture
under water deficit. Both mixtures with C4 turfgrass showed a higher performance under water deficit
irrigation compared to the standard mixture, especially in summer periods with higher temperatures
and lower water availability. Cynodon-Brachypodium and Buchloe-Brachypodium showed a similar
pattern between FI-100 and DI-75, while the standard mixture had lowest values in biomass and
vegetation indices under stress conditions, with a drastic decrease in these parameters in summer
periods compared with the two other mixtures. We suggested that lower performance of the standard
mixture under water stress is due to its composition (only C3 turfgrass) and with a high percentage of
fescue in the mixture (75%). In agreement with our results, [36] informed that the most susceptible
turfgrass to water restriction were Festuca species and the least susceptible were the warm season
species. In addition, [37] found that Festuca arundinacea was highest water users and reported lower
evapotranspiration rates in Buchloe dactyloides, indicating that some turfgrass species use less water than
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selected ornamentals. Some turfgrass species have been identified as generally low or high water users
in comparison with other species. The warm season grasses (Bermudagrass and Buffalograss) had
evapotranspiration rates that were about 20% less than the cool season grasses [38]. The greater WUE
(water use efficiency) of C4 compared with C3 photosynthesis arises from both differences in stomatal
aperture and the kinetic properties of the carboxylase enzymes employed by each pathway [39].
We concluded that better tolerance to the stress conditions of mixtures with C4 turfgrass is due to its
effective water use with lower rate of stomatal conductance under drought [14], thus avoiding losses
of water molecules during high temperatures and water deficit. Likewise, C4 grasses tend to have
their period of active growth in summer and can continue to grow their roots in these periods [40],
which helps them access soil water at greater depth under drought conditions and have better growth
than C3 turfgrass.

In addition, comparison between the two mixtures with C4 turfgrass evaluated in this study
showed that mixture with Cynodon dactylon had better performance under water deficit. In this
context, Bermudagrass is considered as drought tolerant species with genotypic variations [41]. Several
Bermudagrass genotypes were found to have deep and large root systems, [42] a morphological
criterion that allows it to reach the available water in more depth under stress conditions. Moreover,
thick leaf cuticles, smaller stomatal openings [43], reduced leaf surface stoma density, and the lower
water transpiration rate [44] of Cynodon dactylon permit it to have effective water use efficiency and
better tolerance to water stress compared to the other turfgrass species.

4.4. Can We Sustain Turfgrass Quality with Less Water Irrigation?

Results of our work showed that some grass species could tolerate a water deficit up to 75% of
container capacity, and in some cases up to 50%, especially in the months of growth with moderate
climatic conditions (spring). Moreover, the estimation of turfgrass green biomass during different
periods of growth showed that under moderate temperatures and with some rain, plants can grow
perfectly, and we can save water irrigation, while at times of high temperatures and lack of rain
(summer) irrigation is important for the grasslands.

In addition, the comparison between the turfgrass species conclude that the C4-C3 mixture can
maintain better their growth under limited irrigation conditions compared to C3 mixture. Due to their
morphology and their photosynthetic C4 metabolism, Cynodon and Buchloe provide the mixtures with
a better resistance to high temperatures and lack of water in summer, when C3 turfgrass cannot adapt,
consequently, to have a uniform grassland during all seasons of the year. This conclusion suggests that
the selection of drought tolerant turfgrass is a principal criterion when planting grasslands.

Furthermore, the correct scheduling of irrigation using remote sensing methods (irrigation in
correct time and with adequate quantity) and a good choice of the turfgrass species (more tolerant to
drought) permits the conservation of grassland quality with limited irrigation, which supports the
improvement of life conditions in modern cities, to decrease pollution and improve the sustainability
of green spaces.

5. Conclusions

The high demand for water resources of turfgrass represents a significant problem of this last
decade due to the lack and costs of water. For this reason, the efficient management of water irrigation
(an adequate amount of water irrigation contributed at the right time) is required to ensure high quality
of turfgrass with lesser maintenance. This study showed the efficacy of the use of economical remote
sensing devices for the turfgrass crop management. The important relations found among vegetation
indexes and shoot biomass confirm the efficiency of these indexes in turfgrass crop maintenance.
Therefore, the accessibility, easy use and low cost of the GreenSeeker and digital cameras makes them
a perfect device for turfgrass water management and green biomass estimation, especially under
limited growing conditions. However, while NDVI measures are extensively used as a method to
estimate variations in turfgrass development under different growing conditions, in this study we have
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demonstrated that GA and GGA biomass indexes obtained by digital pictures can provide comparable
estimation of biomass to the GreenSeeker and at a comparatively lower cost.

Furthermore, development and use of turfgrass species with superior drought resistance/low
water use is a primary criterion to decreasing water needs on grassland [5]. In this context, our results
confirm the high performance of turfgrass mixture with C4 species (warm weather plants) to tolerate
the water deficit. Subsequently, mixtures of turfgrass with C4 species can allow having grasslands
with better appearance in summer and with less consumption in irrigation water.

Finally, we suggested that selection of C4 drought tolerant turfgrass and their combination with
rustic C3 species contributes to the development of urban green space with lower water consumption
and with better appearance throughout the seasons. Both a good choice of turfgrass species and
the use of remote sensing techniques have a significant effect on grassland sustainability and can
avoid unnecessary costs in irrigation and help in the prevention of the environment. In future work,
we suggest continuing the evaluation of the same two C4 species (Cynodon and Buchloe) studied here,
but mixed with two other different C3 turfgrass, in order to select the most tolerant mixture to the
deficit irrigation and suitable for the sustainability of the natural grassland. In addition, we propose to
decrease the level irrigation to 60% of container capacity, since the results of the present study showed
that DI-50 (deficit irrigated to 50% of container capacity) presents the most severe stress conditions,
while under DI-75 (deficit irrigated to 75% of container capacity) the results are almost equal to the full
irrigated conditions in some cases of the C3-C4 turfgrass mixture. Additionally, we will use a drone
for future research, which permits taking thermal and RGB images for continuous monitoring of the
vegetation and water status of the turfgrass plots.
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Appendix A

Table A1. Soil chemical characteristics and texture of the plots studied.

Soil Characteristics Unity

PH 8.35

Electrical conductivity (EC) 170 µs/cm

Potasium (K+) 0.83 meq/100gr

Calcium Ca+2) 11.00 meq/100gr

Magnesium (Mg+2) 3.12 meq/100gr

Sodium (Na+) 0.85 meq/100gr

Phosphorus (P) 26.3 mg/kg

Total Nitrogen 459 mg/kg

Clay 27 %

Silt 23 %

Sand 50 %

Texture loamy sand soil
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Table A2. Monthly total accumulated rainfall (PP), air temperature (minimum; T min and maximum;
T max), evapotranspiration (ET) and average air temperature (T aver) and evapotranspiration (ET aver)
for the 2017 crop season. Values were registered at the meteorological station of Madrid Institute for
Rural, Agrarian and Food Research and Development (IMIDRA), Madrid, Spain.

Mar Apr May Jun Jul Aug Sep

PP (mm) 19.00 14.80 29.20 13.80 38.90 15.70 0.00
T min (◦C) 3.30 5.00 10.32 15.74 17.11 18.01 12.00
T max (◦C) 18.37 24.00 26.75 32.37 33.62 33.29 28.00
T aver (◦C) 11.15 14.50 18.53 24.05 25.36 26.00 20.00
ET (mm) 164.4 327.0 377.6. 411.8 287.8 223.7 379.0

ET aver (mm) 5.3 10.9 12.2 13.7 9.3 7.2 12.6
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