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ABSTRACT OF THE THESIS 

 

Effects of Turfgrass Species and Irrigation Practices on  
Carbon Fixation and Water Use Efficiency 

 
 

by 
 
 

Ryan Scott Nichols 
 
 

Master of Science, Graduate Program in Plant Biology 
University of California, Riverside, December 2013 

Dr. James H. Baird, Chairperson 
 
 
 

Turf is an essential part of urban landscapes and an effective sink for soil organic carbon, 

yet little is known about the relative carbon fixation (CF) capabilities among various 

turfgrass species and cultivars and how CF is influenced by irrigation practices. Ten 

commonly used cool-season and warm-season turfgrasses were evaluated for CF and 

water use efficiency (WUE) rates under optimal and deficit irrigation practices. Cool-

season species consisted of: Kentucky bluegrass and perennial ryegrass (KB/PR); fineleaf 

fescue (FF); tall fescue and Kentucky bluegrass (TF/KB); and tall fescue (TF). Warm-

season species included: zoysiagrass (ZOY); St. Augustinegrass (SA); seashore paspalum 

(SP); bermudagrass (328B and 419B); and buffalograss (BUF). Carbon fixation was 

measured and calculated as gross ecosystem productivity (GEP) along with WUE using 

an open-path infrared gas analyzer. Kentucky bluegrass/perennial ryegrass, FF, TF/KB, 

TF, and SP had the highest GEP under deficit irrigation. When grouped, GEP was 
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significantly higher during recovery under deficit irrigation (p<0.0001) for cool-season 

compared to warm-season turfgrasses, indicating that C3 photosynthesis is labile and C4 

photosynthesis is stabile during recovery. Overall, WUE for warm-season grasses was 

higher than cool-season grasses (p<0.0001).  However, species did not differ in WUE 

between optimal and deficit irrigation, suggesting that WUE is conserved when water is 

limited. Our results confirmed that warm-season turfgrasses are the most appropriate 

species for water conservation in regions where they are adapted. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



! vii!

Table of Contents 

Introduction………………………………………………………………………………..1 

Materials and Methods…………………………………………………………………….4 

Results……………………………………………………………………………………..8 

Discussion and Conclusion………………………………………………………………10 

References………………………………………………………………………………..14 

Tables…………………………………………………………………………………….17 

Figure captions…………………………………………………………………………...19 

Figures……………………………………………………………………………………20 

 

 

 

 

 

 

 

 

 

 

 

 



! 1!

Introduction 

Turfgrass is the largest irrigated crop, occupying three times the land of any other 

crop (Milesi et al. 2005). As the use of turfgrass is common in urban landscapes, and 

urbanization is increasing, the land area occupied by turfgrass is also likely to rise (Pataki 

et al. 2006). Unlike other grassland ecosystems under drought, which rely solely on 

rainfall (Potts et al. 2006), turfgrasses are mainly watered through irrigation systems with 

some level of frequency. However, water-use restrictions have become commonplace in 

the arid southwestern United States (City of Albuquerque, NM, 2000; State of California, 

2009). Considering the ever-growing demand for water conservation, either turfgrasses 

will be irrigated with less water and less frequently or their use in landscapes will 

diminish.  

Cool-season turfgrasses, particularly tall fescue (Festuca arundinacea), are the 

most common turfgrasses used in lawns in California. Previous research has shown that 

cool-season turfgrasses have higher water consumption rates than warm-season 

turfgrasses (Biran et al. 1981). Annual crop coefficients (Kc), the ratio of 

evapotranspiration observed, of cool-season turfgrasses and warm-season turfgrasses 

have been established in California as 0.8 and 0.6, respectively (Meyer et al. 1985; Richie 

et al. 1997). When considering minimum water requirements for maintaining season-long 

acceptable turf quality, Fu et al. (2004) found that during June through September, tall 

fescue, and two warm-season turfgrasses, bermudagrass and zoysiagrass required 478, 

247, and 359 mm, respectively. Water use efficiency (WUE), the amount of carbon fixed 

per unit of water lost through transpiration, has been studied to identify superior 
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performance in Kentucky bluegrass genotypes under limiting soil moisture (Ebdon and 

Kopp 2004). Although not always a reliable predictor of turf performance, measuring 

WUE under moisture stress is more reliable for predicting turf performance than WUE 

under nonlimiting moisture (Ebdon and Kopp 2004). Zhou et al. (2012) found that WUE 

correlated strongly with survival period when evaluating eight warm-season turfgrass 

cultivars for drought resistance. Additionally, Fu et al. (2007) observed that zoysiagrass 

exhibited higher WUE than tall fescue under deficit irrigation. 

Although turfgrasses are generally considered high water use plants, turfgrass 

provides a number of aesthetic, functional and environmental benefits that enhance the 

quality of human life (Beard and Green 1994). One of these benefits is carbon fixation 

(CF). Water use and WUE of turfgrasses are closely linked to CF, as turfgrasses require 

carbon (C) and water for photosynthesis. Moreover, as atmospheric C is the focus of 

climate change research (Pataki et al. 2006), turfgrasses have the potential to stabilize 

atmospheric C through long-term carbon storage as soil organic carbon (Zirkle et al. 

2011). Many studies have been done to assess the carbon sequestration of turfgrass 

systems (Qian and Follett 2002; Bandaranayake et al. 2003; Pouyat et al. 2009; Qian et 

al. 2010; Zirkle et al. 2011). Qian and Follett (2002) conducted a study using long-term 

soil testing data from 15 Colorado golf courses, in which they concluded that turfgrass 

systems make substantial contributions to sequester atmospheric C, sequestering as much 

as 1100 kg C ha-1 yr-1. Additionally, C sequestration was highest on well-irrigated and 

fertilized areas of golf course.  
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Since deficit irrigation can be achieved simply by returning less water than is lost 

through actual ET, deficit irrigation will most likely be the first step for many turfgrass 

managers to reduce water use. Understanding that CF and WUE are dependent on 

available water (Fu et al. 2007), it is increasingly important to understand turfgrass 

physiological responses under varying conditions. Moreover, turfgrasses managed under 

deficit irrigation go through a cycle of wetting, during irrigation, and drying, between 

irrigation events. This may result in frequent periods of recovery after irrigation events 

for drought sensitive turfgrass species.  

As most turfgrass species can be successfully grown in California by homeowners 

and turfgrass managers, information is lacking on CF and WUE of many cool and warm-

season turfgrasses during recovery under deficit irrigation. Our study sought to address 

this need by assessing relative CF and WUE among 10 commonly used cool and warm-

season turfgrasses in California and determine how these factors are influenced by 

irrigation practices, mainly optimal and deficit irrigation during recovery. 
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Materials and methods 

Site Description and Plant Material.  

The study was conducted at the University of California, Riverside turfgrass research 

facility from May 2009 to April 2012. The soil was a Hanford fine sandy loam (coarse-

loamy, mixed, superactive, nonacid, thermic Typic Xerorthents).  Treatments consisted of 

ten turfgrasses, four cool-season and six warm-season turfgrasses (Table 1). Turfgrasses 

species and cultivars were selected by commercial availability and popularity in southern 

California and the southwestern U.S. All grasses were established by sod in August 2008 

with the exception of buffalograss, which was plugged on 15-cm spacing. Plot size was 6 

m2 with 0.5-m alleys.  

Cultural Practices.    

All turfgrasses were maintained at or slightly above recommended mowing heights 

respective to each species or cultivar, and ranged from 1.3 to 6.4 cm (Table 1). Plots were 

mowed twice weekly, with the exception of Hillside fine fescue (Table 1).  Plots were 

fertilized monthly during the growing season based on annual fertility requirements for 

each species and ranged from 98 to 195kg N ha-1 yr-1 using a complete fertilizer (Table 

1). During year 1 (optimal irrigation) all treatments were irrigated based on reference 

evapotranspiration (ET0) rates obtained from an on-site California Irrigation Management 

Information System (CIMIS) weather station that was based on a modified Penman 

equation with a wind function(Doorenbos and Pruitt 1984). The CIMIS reference crop 

was a well-watered tall fescue maintained at 11.9 cm. For cool-season turfgrasses, 

irrigation was 80% ET0  yr-1 and for warm-season turfgrasses irrigation was 60% ET0  yr-
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1. Irrigation amounts were based on Kc data established in previous research (Meyer et al. 

1985; Carrow 1995; Richie et al. 1997). During year 2 all grasses were subjected to 

deficit irrigation, ≈ 5-20% less than ET0, to induce water stress based on a percentage of 

the previous week’s ET0  (Table 2).  

Field Measurements.  

CO2 exchange measurements were taken monthly directly after irrigation for both years 

to determine performance during recovery. Additionally during year 2, measurements 

were taken on one occasion at 2-hour intervals to monitor a change in CO2 and H2O 

exchange during the peak stress month during the growing season. Net ecosystem CO2 

exchange (NEE), CO2 exchange during photosynthesis and respiration, ecosystem 

respiration (Re), CO2 exchange during respiration only, and evapotranspiration (ET) were 

taken in a closed transparent cubic chamber (1m3) seated over each plot with an open-

path infrared gas exchange analyzer (LI-7500, Li-Cor Inc., Lincoln, NE, USA) installed 

inside (Potts et al. 2006; Harpole et al. 2007; Chen et al. 2009). The infrared gas 

exchange analyzer (IRGA) was mounted on a tripod fit with one 10 cm diameter fan to 

aid in mixing the air within the closed chamber. The chamber was constructed of 3.2 cm 

diameter PVC pipe frame covered by a tightly fitted transparent polyethylene sheet 

(Shelter Systems, Santa Cruz, CA, USA). The transparent polyethylene sheet used for the 

closed chamber allowed for approximately 50% photosynthetically active radiation 

(PAR), to pass into the plots.  

 Gas exchange measurements using the closed chamber were taken under clear sky 

conditions to maximize light penetration into the chamber, as mentioned by others (Fu et 
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al. 2007; Harpole et al. 2007). To measure NEE, ET, and Re, the transparent chamber was 

seated over each plot with the tripod mounted fan and IRGA inside. For each turfgrass 

plot, three measurements were taken monthly, NEE, ET, and Re. First, the tripod was 

placed on the center of the plot and covering it with the transparent chamber, NEE and 

ET measurements were logged on a computer for 60-s. After the first measurements, the 

chamber was removed and vented. For the Re measurement, the chamber was placed back 

over the tri-pod, which was covered by a shade cloth, allowing no light to penetrate the 

chamber. Data were logged for 60-s while the chamber was covered. Measurements were 

analyzed following procedures outlined by others (Jasoni et al. 2005). Carbon fixation 

was calculated as Gross ecosystem productivity (GEP) according to Harpole et al. (2007), 

the balance of NEE and Re. WUE was then calculated in two ways, annual and monthly. 

Average water use efficiency (AWUE) was calculated similar to previous research 

(Steduto and Albrizio 2005), as the slope of monthly GEP plotted against monthly ET for 

each species/cultivar. Although WUE is not commonly calculated this way (Gulias et al. 

2012), especially for turfgrasses (Ebdon and Kopp 2004; Zhou et al. 2012), when using 

instantaneous gas exchange measurements over time, this method gives a more reliable 

WUE value. Monthly or instantaneous WUE was calculated similar to other research 

(Gulias et al. 2012) by dividing GEP values over ET values for each treatment. Average 

GEP (AGEP) represent the 12-month GEP average of each year during the research 

period. 



! 7!

Statistical Analysis.  

Experimental design was a randomized complete block design with three replications of 

each turfgrass type. Average GEP, AWUE, GEP, and WUE were analyzed separately for 

each year. Data were analyzed separately as cultivar/species and grouped by 

photosynthesis type (cool-season vs. warm-season turfgrasses). Data were subjected to 

analysis of variance (ANOVA) using Proc Mixed in SAS version 9.2 (SAS Institute, 

Cary, NC) followed by multiple comparisons of means using Fisher’s protected least 

significant difference test (α=0.05). Figures were created using GraphPad Prism 6 version 

6.0a (GraphPad Software, San Diego, CA). 
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Results 

Environmental Data 

During the study period mean annual precipitation was 217mm. Mean monthly air 

temperatures ranged from 11.4 °C in December 2009 to 24.4 °C in August 2011 (Table 

2). Observed ET0 for year one and year two were 1437 mm and 1539 mm respectively. 

Observed annual precipitation for year one and two were 243 mm and 148 mm, 

respectively. Annual irrigation input during year one (optimal irrigation) was 1168 mm 

for cool-season turfgrasses and 876 mm for warm-season turfgrasses. During year two, 

(deficit irrigation) annual irrigation input was 1055 mm for cool-season turfgrasses and 

847 mm for warm-season turfgrasses (Table 2).  

For both years one and two, July was the highest evapotranspiration month with 

observed ET0 values of 193 mm and 197 mm, respectively (Table 1). Additionally, during 

the month of August of year 2 while under deficit irrigation WUE decreased as canopy 

temperature and ET increased over a 4-hour period after irrigation for cool-season 

turfgrasses (Fig. 1a). Conversely, for warm-season turfgrasses canopy temperature 

increased while ET peaked then deceased and WUE appeared unaffected over a 4-hour 

period after irrigation (Fig. 1b). 

Annual Gas Exchange Measurements 

Overall, deficit irrigation did not appear to affect the seasonal trends of GEP and 

WUE for cool and warm-season turfgrasses (Fig. 2). We also observed a rapid decline of 

GEP in warm-season turfgrasses during the months of winter dormancy in both years 

(Fig. 2c). 
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The AGEP of cool-season turfgrasses did not differ between cultivars under 

optimal irrigation or deficit irrigation (Fig. 3a). When grouped together, AGEP for cool-

season turfgrasses was significantly higher during recovery from deficit irrigation than 

during recovery from optimal irrigation (Fig. 4a). For warm-season grasses, AGEP 

differed significantly among cultivars for both years, but there was no interaction 

between years (Fig. 3a). The AGEP for warm-season turfgrasses ranged from 7.67 µmole 

CO2 m-2 sec-1 for BUF to 10.69 µmole CO2 m-2 sec-1 for STA in optimal irrigation and 

8.64 µmole CO2 m-2 sec-1 for 328B to 11.44 µmole CO2 m-2 sec-1 for SP in deficit 

irrigation (Fig. 3a). When considered as a group, AGEP of  warm-season turfgrasses did 

not differ between optimal and deficit irrigation (Fig. 4a). Average ET for all turfgrasses 

followed a similar trend as AGEP, which was significantly higher for deficit irrigation 

than optimal irrigation (p<0.001). 

The WUE of turfgrass species did not differ between optimal irrigation and deficit 

irrigation. Therefore, AWUE data were pooled together for both years, which made for a 

more powerful statistical analysis (Fig. 3b). The AWUE among all species differed 

significantly (Fig. 3b). The AWUE ranged from 1.40 µmole CO2 mmole H2O-1 for 

TF/KB to 3.83 µmole CO2 mmole H2O-1 for SP (Fig. 3b). When species were pooled 

together by photosynthesis type, cool-season and warm-season turfgrasses, the AWUE 

was higher for warm-season turfgrasses (Fig. 4b). 
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Discussion 

Under deficit irrigation, most cool-season turfgrasses had higher AGEP, while 

warm-season turfgrasses did not differ (Fig. 3a). Although Fu et al. (2007) found that tall 

fescue had lower CF than zoysiagrass, TF and ZOY were similar under optimal and 

deficit irrigation in our study (Fig. 3a). This difference in results may have resulted from 

different irrigation amounts and environmental conditions. Fu et al. (2007) irrigated tall 

fescue 20% less than zoysiagrass, whereas the cool-season turfgrasses were irrigated 20% 

more than warm-season turfgrasses in our study (Table 2).   

Previous research shows that C4 plants as a group including warm-season 

turfgrasses have higher CO2 assimilation rates and higher stomatal resistance than C3 

plants (Hsiao and Acevedo 1974; Fu et al. 2007; Zhou et al. 2012). In contrast,when 

pooled together our data show that cool-season turfgrasses (C3 grasses) had higher AGEP 

during recovery than warm-season turfgrasses (C4 grasses) under deficit irrigation (Fig. 

4a). Higher AGEP for cool-season turfgrasses under recovery may reflect a high demand 

for carbon in C3 photosynthesis to meet the carbon costs of processes linked to plant 

stress, one of them being photorespiration, a process that C4 plants have evolutionarily 

overcome (Fry and Huang 2004; Sage et al. 2012). 

In response to irrigation amount and frequency, our data infers how carbon 

fixation rates would most likely differ between optimal and deficit irrigation during 

recovery. It is estimated that carbon sequestration increases with more inputs of water 

and nutrients for agricultural crops (Nieto et al. 2013) and turfgrasses (Qian et al. 2010; 

Zirkle et al. 2011). Intuitively, reduced water availability through deficit irrigation 
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practices should decrease carbon fixation and overall plant growth. Although the AGEP 

during recovery was higher under deficit irrigation for cool-season turfgrasses (Fig. 3a), 

gas exchange rates changed between irrigation events (Fig. 1). As environmental changes 

occur throughout the course of a day, and between irrigation events, we expect these 

changes to affect GEP, especially when under stress (Redshaw and Meidner 1972). We 

assume that GEP would be highest during recovery, followed by a decline to a lower but 

more stable GEP during stress until the next irrigation event. The assumption that deficit 

irrigation practices decrease total carbon fixation will be further supported when future 

experiments can definitively document this reduction in GEP between irrigation events.  

Although the AGEP of cool-season turfgrasses during recovery was higher under 

deficit irrigation, GEP can change rapidly based on environmental queues. Therefore our 

data do not support that deficit irrigation is good for maximizing carbon uptake of 

turfgrasses, mainly because a high CF rate does not guarantee the most carbon fixed over 

time. Our data show that cool-season turfgrasses respond to deficit irrigation by 

increasing GEP when water is available, immediately after irrigation or during recovery, 

whereas warm-season turfgrasses do not. The benefits of C4 over C3 photosynthesis (Sage 

et al. 2012) during recovery are clearly seen in the results of our study, with C3 

photosynthesis being more labile and C4 photosynthesis being more stable. We most 

likely did not observe any difference in the AGEP of warm-season turfgrasses during 

recovery under optimal and deficit irrigation, because C4 photosynthesis is already an 

evolutionary adaptation to hot, arid conditions (Sage 2004). 
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While warm-season turfgrasses had higher AWUE than cool-season turfgrasses 

(Fig. 4b), ZOY and SP had the highest overall AWUE among all turfgrasses in the study 

(Fig. 3b). Higher WUE values for warm-season turfgrasses was consistent with previous 

findings; stating that high stomatal resistance and the more efficient C4 photosynthetic 

pathway may have contributed to higher observed WUE in warm-season turfgrasses than 

cool-season turfgrasses (Fry and Huang 2004; Fu et al. 2007).  

During recovery AGEP differed between optimal and deficit irrigation, however 

AWUE did not differ during recovery for optimal and deficit irrigation. Average ET 

during recovery followed a similar trend as AGEP, being higher under deficit irrigation. 

Since WUE is dependant on GEP and ET, it is expected that the AWUE would be similar 

between years, denoting that GEP and ET of all grasses were proportionally similar for 

both optimal and deficit irrigation. Similar AWUE under optimal and deficit irrigation 

was consistent with previous findings on agricultural crops (Hsiao and Bradford 1983; 

Sinclair et al. 1984; Steduto and Albrizio 2005)and turfgrasses (Fu et al. 2007), which 

suggests WUE is conserved, and does not vary under a wide range of conditions.  

As mentioned previously, we believe that deficit irrigation would decrease overall 

carbon fixed. However, further research needs to be conducted to determine the irrigation 

level that maximizes carbon fixation. In conclusion, cool-season turfgrasses have higher 

carbon fixation rates than warm-season turfgrasses when re-watered after water stress at 

the expense of consuming more water. Warm-season turfgrasses have higher WUE, and 

when considering that they were irrigated with approximately 20% less water (Table 2), 

warm-season turfgrasses are far superior to cool-season turfgrasses for minimizing water 
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use. Our research supports previous research (Qian and Fry 1997; Fu et al. 2004) and has 

shown, for the arid southwestern United States, warm-season turfgrasses are the most 

appropriate turfgrass for water conservation.  
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Figure captions 

Fig. 1  Canopy temperature (°C), evapotranspiration rate (ET) measured in mmole H2O 

m-2 sec-1, and water use efficiency (WUE) measured in µmole CO2 / mmole H2O of cool-

season (a) and warm-season turfgrasses (b) measured at 2-hour intervals after irrigation. 

Fig. 2 Monthly gross ecosystem productivity (GEP), measured in µmole COsm-2sec-1 of 

cool-season (a) and warm-season turfgrasses (b) under optimal and deficit irrigation. Monthly 

water use efficiency (WUE), measured in µmole CO2/mmole H2O of cool-season (c) and 

warm-season turfgrasses (d) under optimal and deficit irrigation. 

Fig. 3 12 month average gross ecosystem productivity (AGEP), measured in µmole 

COsm-2sec-1, of all turfgrasses under optimal and deficit irrigation (a). 12 month average 

water use efficiency (AWUE), measured in µmole CO2/mmole H2O, of all turfgrasses of both 

years pooled together (b). Kentucky bluegrass/perennial ryegrass blend (KB/PR), fine fescue 

blend (FF), tall fescue/Kentucky bluegrass blend (TF/KB), tall fescue (TF), zoysiagrass 

(ZOY), St. Augustinegrass (STA), seashore paspalum (SA), Tifgreen 328 hybrid 

bermudagrass (328B), Tifway 419 hybrid bermudagrass (419B), buffalograss (BUF).  

Fig. 4 Twelve-month average gross ecosystem productivity (AGEP), measured in µmole 

COsm-2sec-1 (a) of all grasses categorized into two groups, cool-season and warm-season 

turfgrasses under deficit irrigation. 12-month average water use efficiency (AWUE), 

measured in µmole CO2/mmole H2O (b) of all grasses categorized into two groups, cool-

season and warm-season turfgrasses for both years pooled together. 
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