
Citation: Chapman, K.E.; Walker, K.S.

The Effects of Fertilizer Sources and

Site Location on Greenhouse Gas

Emissions from Creeping Bentgrass

Putting Greens and Kentucky

Bluegrass Roughs. Grasses 2023, 2,

78–97. https://doi.org/10.3390/

grasses2020008

Academic Editors: Marco Fontanelli

and Mino Sportelli

Received: 14 March 2023

Revised: 24 April 2023

Accepted: 26 April 2023

Published: 5 May 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Article

The Effects of Fertilizer Sources and Site Location on
Greenhouse Gas Emissions from Creeping Bentgrass Putting
Greens and Kentucky Bluegrass Roughs
Katy E. Chapman * and Kristina S. Walker

Division of Agriculture, Natural Sciences, and Technology, University of Minnesota Crookston, Crookston, MN
56716-5001, USA; kswalker@umn.edu
* Correspondence: katys@umn.edu; Tel.: +1-218-281-8262

Abstract: Understanding greenhouse gas (GHG) emissions from turfgrass allows managers to make
cultural management decisions to reduce GHG emissions. The objective of this study was to evaluate
fertilizer source [urea (URE), polymer-encapsulated urea (POL), and milorganite (MIL)] and site
location (green, wet rough, and dry rough) on GHG [carbon dioxide (CO2), methane (CH4), and
nitrous oxide (N2O)] emissions. Greenhouse gas data, soil temperature, soil moisture, canopy
greenness, and turfgrass quality were collected. High soil temperature and moisture were correlated
with soil CO2 and N2O flux. The wet rough fluxed more soil CH4 across the 2-year study. The POL
fluxed the highest amount of soil CO2, while POL and MIL fluxed the largest amount of soil N2O on
the wet rough. Milorganite and POL increased canopy greenness in both roughs during the spring.
On the green, URE produced greater canopy greenness in the spring and fall. Our results indicate
that when soil moisture and temperature are high, turfgrass managers should employ methods of
reducing soil temperatures that do not increase soil moisture to reduce GHG emissions. Under warm
and wet conditions, gaseous losses of GHGs are accelerated with slow-release fertilizers.

Keywords: turfgrass; sustainability; greenhouse gases; nitrogen; fertilizer; urea; milorganite; polymer-
encapsulated urea; soil moisture; soil temperature

1. Introduction

The world is facing and will continue to face grand challenges in the coming century
including climate change [1]. Much of the discussion around climate change is centered on
carbon dioxide (CO2) as evidenced by the historic Paris Agreement where nations signed
on to reduce carbon emissions in an effort to slow down climate change [2]. Methane
(CH4) and nitrous oxide (N2O) are also important greenhouse gases (GHGs) to consider
when mitigating climate change. These gases are found in relatively small amounts in the
atmosphere, but they have a higher global warming potential (GWP: CO2 = 1; CH4 = 25;
N2O = 298) per molecule than CO2 [3]. The dominant source of CH4 (50%) and N2O (60%)
entry into the atmosphere through direct and indirect emissions is agricultural activities [4].
This underscores the importance of evaluating CH4 and N2O emissions from different
systems for the purpose of developing strategies for their reduction.

Given the potential of these trace gases to contribute to global climate change, impacts
of management and environmental factors on their efflux from soil has begun to receive
more focused attention. Several authors [5,6] have found that no-tillage systems that
enhance crop residue retention represent a land management practice that both protects
atmospheric quality (reduced CO2 emissions) and increases soil quality [increased carbon
(C) sequestration]. Over 20 years, the increased N2O emissions from agricultural systems
offset C storage from 75–310% depending on the land management practice. Agriculture
and other land uses have been shown to act as sources and sinks of these important GHGs.
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Because of this and their impact on the global climate, a need exists to evaluate fluxes of
these gases under different land use and soil management practices.

The area of intensively managed turf on golf courses worldwide is estimated to be
2.56 million ha [7]. Emissions of N2O from agricultural lands including turfgrass largely
has been driven by N applications [8–14], while CO2 emissions in agriculture are largely
driven by organic soils being disturbed [15]. In turfgrass, the main contributors to GHG
emissions come from mowing and fertilization practices [7]. This C release is due to
different maintenance practices [16]. Fertilizer application, soil moisture, and other cultural
management practices have the potential to contribute to emissions and mitigation. This
leads to uncertainties in the net contribution of turfgrass ecosystems to climate change [17].
Golf course fairways could sequester soil organic carbon at a rate of 1.0 MG ha−1 yr−1

during the first 25 years of conversion from crop land [18]. Net GHG emissions across
the golf course are a function of the intensity of management, area, and plant species.
Intensively managed tees and greens comprise only 3% of a total golf course area but
16% of emissions [7]. Net sequestration was observed in this study in lower-intensity
management areas such as the fairways and roughs.

Three slow-release forms of N fertilizer fluxed higher N2O than the unfertilized
control in turfgrass [19]. This study did not include a fast-release fertilizer. In various
agroecosystems, slow-release fertilizers have reduced N2O emissions compared to fast-
release fertilizers [20–24]. There is some evidence that coatings on URE can reduce the
hydrolysis rate, which reduces gaseous losses of nitrogen [25–27].

The focus of previous research in turfgrass has been predominately on N2O flux,
where the use of multiple fertilizer sources and monthly applications is limited [28]. The
purpose of the current study was to evaluate the flux of three GHGs (CO2, CH4, and N2O)
and turfgrass color and quality from different site locations on a golf course (putting green
and two rough locations with differing topography relative to a berm) maintained with
varying N sources (fast and slow release) applied monthly throughout the growing season.

2. Materials and Methods

This two-year field study was conducted from June 2013 through October 2014 at
Lincoln Golf Course in Grand Forks, ND, USA. The site is located adjacent to the Red River
of the North. The golf course has two flood control dikes (berms) that run parallel to the
river and fairways. Three site locations were selected based on cultural intensity, turfgrass
species, and known differences in soil moisture (on berm vs. off berm) (Table 1): Site 1—80%
Creeping bentgrass (Agrostis stolonifera L.) and 20% annual bluegrass (Poa annua L.) practice
putting green (green) consisting of a sand-based root zone (80:20 sand:organic matter).
Site 2—Kentucky bluegrass (Poa pratensis L.) rough located on the berm (dry rough). Site
3—Kentucky bluegrass (Poa pratensis L.) rough located off the berm (wet rough).

Table 1. Average Soil Moisture Content (%) by Site Location.

Year
2013 2014 Overall

Site df Mean (%) Median (%) df Mean (%) Median (%) df Mean (%) Median (%)

Green 16.3 b 16.6 17.5 a 17.1 16.9 b 16.9
Rough Dry 11.1 c 8.3 17.8 a 18.2 14.8 c 15.7
Rough Wet 17.4 a 16.9 18.2 a 17.3 17.8 a 17.2

ANOVA

Source of Variation
Site 2 *** 2 NS 2 ***

Note: within columns, means followed by the same letter are not significantly different according to LSD (0.05).
Significantly more rainfall occurred in 2014. *** Significant at the 0.001 probability level. NS, nonsignificant.
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Fifteen soil samples (10.2 cm depth) were randomly taken per location at the beginning
of the study and sent to AgVise (Harwood, ND, USA) for analysis. The practice putting
green had a pH of 7.8, 39 kg ha−1 of P, 267 kg ha−1 of K, and 37 g kg−1 of organic matter.
Both sites in the rough were on a silty clay loam soil (fine-silty, mixed, superactive, and
frigid Aquolls) where the wet rough site had a pH of 7.8, 9 kg ha−1 of P, 656 kg ha−1 of
K, and 81 g kg−1 of organic matter, and the dry rough site had pH of 8.0, 2 kg ha−1 of P,
511 kg ha−1 of K, and 37 g kg−1 of organic matter.

2.1. Environmental Conditions

Temperature (soil and air) and moisture were recorded weekly synchronously with
greenhouse gas collection during the growing season using an HM digital TM-1 industrial-
grade digital thermometer and a Dynamax TH300 TDR soil moisture probe, which takes
the average soil moisture in the top 60 mm of soil. The only measurable difference between
the two years was that soil moisture varied by location in 2013 (Table 1). This is a result
of the 2014 growing season experiencing twice as much total precipitation than the 2013
growing season [45 cm (2014) vs. 23 cm (2013)].

2.2. Fertilizers Evaluated

Turfgrass plots were fertilized May through October with an annual nitrogen (N) rate
of 221 kg of N ha−1 yr−1. For May, September, and October, a rate of 49 kg of N ha−1 was
applied to each plot. For June, July, and August, 24.5 kg of N ha−1 was applied to each
plot. Four sources of granular fertilizer were used: untreated control (UNT), urea (URE)
(46-0-0), polymer-encapsulated urea (POL) (30-0-15), and milorganite (MIL) (5-2-0). URE
is a fast-release N source, whereas both POL (synthetic) and MIL (natural organic) are
slow-release N sources. Monthly applications were applied the first week of each month
throughout the growing season.

2.3. Experimental Design

The plot size was 0.61 m × 0.61 m. Each treatment was replicated four times, and
plots were arranged in a randomized, complete-block design. Each experimental site was
treated as a block. Each block contained four replications and four fertilizer treatments for
a total of 16 plots per block and a total of 48 plots in the experiment.

2.4. Greenhouse Gas Analysis

In the middle of each plot, a polyvinyl chloride (PVC) pipe with a diameter of 0.152 m
and a height of 0.114 m was tamped into the ground until it was flush with the soil surface.
These PVC pipes were then used as the bases for sample collection for the rest of the
experiment. Samples were taken weekly in accordance with the methods of the United
States Department of Agriculture-Agricultural Research Service Greenhouse Gas Reduction
through Agricultural Carbon Enhancement network [29,30]. Briefly, gas samples (10 mL)
were taken by tamping in a vented closed gas chamber over the base that was left in place
for 40 min. Gas samples were taken at 0, 20, and 40 min post chamber closure. These
samples were placed in gas-tight vials using a syringe.

The samples were then transported back to the laboratory and analyzed using a gas
chromatograph to determine the concentration of CO2, CH4, and N2O in each sample. This
was done using a Varian 350 gas chromatograph equipped with a thermal conductivity de-
tector (TCD), an electron capture detector (ECD), and a flame ionization detector (FID). CO2
was detected using the TCD, CH4 was detected using the FID, and N2O was detected using
the ECD. Gas concentrations were determined by interpolation using standards obtained
from Scotty specialty gases (Plumsteadville, PA, USA). Standard curves were accepted for
analysis if they have an r2 value greater than 0.99. Gas flux rates were determined by the
change in concentration over the 40 min sampling period using linear regression.
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2.5. Turfgrass Color and Quality

Turfgrass appearance was evaluated using visual ratings and quantifying canopy
greenness. Turfgrass quality was visually rated (per plot) weekly throughout the growing
season using a 1 to 9 scale, where 1 = completely brown dead turf, 6 = minimally acceptable
turf, and 9 = optimum uniformity, density, and greenness [31]. Turfgrass greenness was
determined using a chlorophyll meter that measured the normalized difference vegetation
index (NDVI) of the turfgrass stand (FieldScout CM 1000 NDVI from Spectrum Technolo-
gies, Inc., Aurora, IL, USA). Three measurements were taken from approximately 90 cm
above the turfgrass canopy using a diagonal grid pattern which measured the top, center,
and bottom of each plot. The three measurements were averaged to produce a single plot
rating and are reported as NDVI (−1 to 1).

2.6. General Plot Maintenance

The plots on the practice putting green were mowed at 0.36 cm, and both blocks of
rough were mowed at 5 cm. All three areas did not receive any additional fertilization
other than the fertilizer treatments during this two-year study. The plots in the rough
only received moisture in the form of natural precipitation. For the green, in the absence
of significant rainfall, irrigation was supplementally applied each week (no more than
0.38 cm) to promote growth and maintain the soil at or near field capacity during the
growing season (Apr–Oct). The research plots were not aerated for the duration of the
study due to ring location in the soil. Four applications of topdressing [United States Golf
Association (USGA) rootzone mixture, 0.65 cm/application] were applied to the green
during the growing period to maintain putting green uniformity. Herbicides and fungicides
were not applied over the research plots for the duration of this study.

2.7. Statistical Analysis

Statistical analysis was conducted using the general linear model (GLM) for GHG
data and turfgrass data and the regression model (REG) for moisture and temperature as
predictors of greenhouse gas flux using Statistical Analysis Software [32]. Data points more
than two standard deviations from the mean were identified as outliers and removed from
the dataset. The assumptions of these models were checked, and appropriate transforma-
tions were applied as needed. The CO2 data were transformed using a λ of 0.25, CH4 was
transformed using a λ of 3/2, and N2O data were transformed using a λ of −3. Treatment
means were separated using Fisher’s protected LSD, and a significance level of α = 0.05
was established a priori. Throughout the results and discussion section, unless otherwise
specified, statistical differences refer to the mean separation tests conducted at the 0.05
level. Figures and tables represent back-transformed means.

3. Results and Discussion
3.1. CO2 Emissions

Results show significant differences between soil CO2 emissions based on site location
in 2013 (p < 0.0001) and 2014 (p < 0.0001) (Tables 2–4). The regression analysis showed
that soil temperature and moisture are significant predictors (p < 0.0001) of soil CO2 flux
(Figure 1). Wetter and warmer conditions were associated with higher soil CO2 flux across
both growing seasons (Figure 1). When averaged across the entire two-year study, site
location was the only significant difference noted for soil CO2 flux, with the green fluxing
significantly more soil CO2 than either of the rough sites (Table 4). This makes sense, as
the green receives more play and therefore is more intensely managed throughout the
growing season.
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Figure 1. 2013 Carbon dioxide (CO2) and Nitrous oxide (N2O) flux using soil temperature (◦C) and
soil moisture (%) as predictors of CO2 and N2O flux. The black dots represent the raw data and
the grid represents the model relating soil temperature and moisture as predictors of CO2 and N2O
flux using the parameter estimates from a regression analysis. Parameter estimates for CO2 were
significant at the 0.0001 level. Parameter estimate for the 2013 CO2 flux Intercept is −510, Slope
of Temperature is 29, Slope of Moisture is 15. Parameter estimate for the 2014 CO2 flux Intercept
is −190, Slope of Temperature is 35, Slope of Moisture is 7.2. Parameter estimate for the 2013 N2O flux
Intercept is −0.063, Slope of Temperature is 0.0022, Slope of Moisture is 0.0022. Parameter estimate
for 2014 N2O flux is the Intercept is 0.50, Slope of Temperature is 0.0013, Slope of Moisture is 0.00013.
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Table 2. 2013 Mean and Median Soil CO2, N2O, and CH4 flux by Site, Fertilizer, and Site*Fertilizer.

CO2 N2O CH4

Site Location Fertilizer Mean Median Mean Median Mean Median

g CO2-C m−2 h−1 µg N2O-N m−2 h−1 µg CH4-C m−2 h−1

Green All 0.39 a 0.41 9.0 b 4.76 −0.26 a 0.09
Wet Rough All 0.38 a 0.41 50.6 a 39.6 −8.09 a −2.38
Dry Rough All 0.17 b 0.17 19.2 b 6.62 −3.84 a −0.40
All MIL 0.31 a 0.31 27.1 a 9.95 −3.88 a −1.61
All POL 0.33 a 0.35 32.5 a 12.8 3.82 a 2.50
All URE 0.30 ab 0.27 15.5 a 7.89 −7.90 a −1.69
All UNT 0.26 b 0.30 29.9 a 8.39 −8.30 a −3.09
Green MIL 0.39 ab 0.39 3.97 d 5.10 −3.51 ab −3.34

POL 0.37 bc 0.38 13.2 cd 5.29 21.8 a 13.4
URE 0.38 abc 0.44 17.4 cd 4.35 −12.0 b −0.74
UNT 0.42 ab 0.45 1.39 d 3.26 −7.42 b −3.78

Wet Rough MIL 0.39 ab 0.43 61.1 ab 43.5 −2.05 ab −1.61
POL 0.48 a 0.54 84.1 a 64.5 −4.38 ab 0
URE 0.37 bc 0.40 41.8 cd 39.1 −10.3 b −6.00
UNT 0.30 c 0.35 1.39 d 3.26 −15.6 b −2.80

Dry Rough MIL 0.19 d 0.17 16.4 cd 7.68 −6.08 ab −0.42
POL 0.20 d 0.18 0.440 d 6.96 −6.01 ab −0.40
URE 0.19 d 0.19 30.5 bcd 5.77 −1.46 b −0.74
UNT 0.13 e 0.14 29.7 cd 6.19 −1.83 ab 0.85

Source of Variation df df df
Site (S) 3 * 3 *** 3 NS
Fertilizer (F) 2 *** 2 NS 2 NS
S*F 6 * 6 ** 6 NS

MIL = milorganite; POL = polymer-encapsulated urea; URE = urea; UNT = unfertilized control. Note: within
columns, means followed by the same letter are not significantly different according to LSD (0.05). * Significant at
the 0.05 probability level; ** significant at the 0.01 probability level; *** significant at the 0.001 probability level.
NS, nonsignificant. S*F is the interaction between Site (S) and Fertilizer (F).

Table 3. 2014 Mean and Median Soil CO2, N2O, and CH4 flux by Site, Fertilizer, and Site*Fertilizer.

CO2 N2O CH4

Site Location Fertilizer Mean Median Mean Median Mean Median

g CO2-C m−2 h−1 µg N2O-N m−2 h−1 µg CH4-C m−2 h−1

Green All 0.64 a 0.73 299 a 310 143 a 141
Wet Rough All 0.50 b 0.57 299 a 311 145 a 141
Dry Rough All 0.65 a 0.77 300 a 310 144 a 141
All MIL 0.59 a 0.69 311 a 302 144 a 141
All POL 0.60 a 0.72 311 a 300 144 a 141
All URE 0.59 a 0.66 310 a 299 144 a 141
All UNT 0.58 a 0.67 310 a 300 144 a 140
Green MIL 0.60 abc 0.71 189 a 222 109 a 35.7

POL 0.64 ab 0.81 163 a 220 99.5 a 22.8
URE 0.64 ab 0.69 158 a 220 113 a 25.9
UNT 0.68 a 0.78 179 a 228 118 a 13.6

Wet Rough MIL 0.51 cd 0.60 180 a 226 216 a 40.0
POL 0.54 bcd 0.57 184 a 226 213 a 53.0
URE 0.51 cd 0.57 176 a 224 202 a 35.0
UNT 0.45 d 0.50 164 a 219 195 a 32.7

Dry Rough MIL 0.69 a 0.76 194 a 231 173 a 43.2
POL 0.63 ab 0.79 182 a 229 124 a 28.8
URE 0.63 ab 0.78 179 a 218 195 a 32.7
UNT 0.64 ab 0.76 175 a 217 195 a 32.7
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Table 3. Cont.

CO2 N2O CH4

Site Location Fertilizer Mean Median Mean Median Mean Median

g CO2-C m−2 h−1 µg N2O-N m−2 h−1 µg CH4-C m−2 h−1

Source of Variation df df df
Site (S) 2 *** 2 NS 2 NS
Fertilizer (F) 3 NS 3 NS 3 NS
S*F 6 NS 6 NS 6 NS

MIL = milorganite; POL = polymer-encapsulated urea; URE = urea; UNT = unfertilized control. Note: within
columns, means followed by the same letter are not significantly different according to LSD (0.05). *** significant
at the 0.001 probability level. NS, nonsignificant. S*F is the interaction between Site (S) and Fertilizer (F).

Table 4. Mean and Median Soil CO2, CH4, and N2O flux across all years separated out by site.

CO2 N2O CH4

g CO2-C m−2 h−1 µg N2O-N m−2 h−1 µg CH4-C m−2 h−1

Site Location Mean Median Mean Median Mean Median

Green 0.11 a 0.10 99.3 b 20.2 41.5 b 9.8
Wet Rough 0.09 b 0.09 120.0 a 88.2 73.4 a 10.5
Dry Rough 0.09 b 0.07 109.7 ab 50.9 50.5 ab 13.5

Source of Variation Df
Site (S) 2 *** * *

Fertilizer (F) 3 NS NS NS
S*F 6 * NS NS

MIL = milorganite; POL = polymer-encapsulated urea; URE = urea; UNT = unfertilized control. Note: within
columns, means followed by the same letter are not significantly different according to LSD (0.05). * Significant at
the 0.05 probability level; *** significant at the 0.001 probability level. NS, nonsignificant. S*F is the interaction
between Site (S) and Fertilizer (F).

Soil microorganisms are the dominant force influencing the flux of soil CO2 [33]. Fac-
tors that stimulate soil microbial activity will also result in higher soil CO2 flux. In general,
soils that are extremely wet or extremely dry significantly restrict soil microorganisms’
activity [33]. Outside of those extremes, most microorganisms’ activity will increase as soil
moisture and temperature increase, resulting in higher soil respiration and the higher levels
of soil CO2 flux observed in the current study. While this is not new information, within
the context of a highly managed and irrigated system such as turfgrass, it does lend itself
to the question of how much irrigation is needed to maintain the quality of turf expected
by golf course superintendents [33].

In addition to the large differences driven by temperature and moisture, there were
some differences between fertilizer treatments by site location. The statistical differences
by date throughout the 2013 growing season are detailed in Figure 2. When analyzed
across the entire 2013 growing season, the POL and MIL fluxed significantly (p = 0.0140)
more than the untreated control across all sites (Table 2). The interaction between site and
fertilizer was significant (p = 0.0148). Details on which fertilizer treatments fluxed more on
each of the sites can be found in Table 2. No differences between fertilizer treatments were
observed during the 2014 growing season (Table 3) or when averaged across the two-year
study period (Table 4).

Just as in 2013, there were a few dates in 2014 with significant differences between
fertilizer treatments. The statistical differences by date throughout the 2014 growing season
are detailed in Figure 2, but no consistent trend is present. However, the emissions in
2014 were generally higher than in 2013 (Figure 3), which is likely a result of the wetter
conditions (Table 1).



Grasses 2023, 2 85
Grasses 2023, 2, FOR PEER REVIEW 8 
 

 

 
Figure 2. 2013 and 2014 Carbon dioxide (CO2) flux for each site location by fertilizer treatment (A) 
Green (B) Wet Rough (C) Dry Rough (1) 2013 (2) 2014. MIL = Milorganite; POL = Polymer 
encapsulated urea; URE = Urea; UNT = unfertilized control. Notes: a POL > UNT; b UNT > URE; c 
POL > MIL = URE = UNT; d MIL > POL = UNT; e MIL > POL = URE; f POL > URE; g URE > POL; h 
MIL = POL = URE > UNT; i URE > UNT; j UNT = URE > POL = MIL; k MIL = URE > POL; l MIL = POL 
= UNT>URE; m UNT > POL = MIL; n POL = UNT > MIL; o MIL > URE; p POL > UNT = URE; q UNT > 
POL; letters do not represent LSD (least significant difference) notations. * Means are significantly 
different at the 0.05 according to the LSD. 

Just as in 2013, there were a few dates in 2014 with significant differences between 
fertilizer treatments. The statistical differences by date throughout the 2014 growing 
season are detailed in Figure 2, but no consistent trend is present. However, the emissions 
in 2014 were generally higher than in 2013 (Figure 3), which is likely a result of the wetter 
conditions (Table 1).  

 
A1. 2013 CO2 Flux in the Green

Jun  Jul  Aug  Sep  Oct  Nov  

um
ol

 C
O

2 m
-2

m
in

-1

0

200

400

600

800

1000

1200

MIL
POL
URE
UNT

A2. 2014 CO2 Flux in the Green

May  Jun  Jul  Aug  Sep  Oct  Nov  

um
ol

 C
O

2 m
-2

m
in

-1

0

200

400

600

800

1000

1200

1400

1600

1800
MIL
POL
URE
UNT

 

 

B1. 2013 CO2 Flux in the Wet Rough

Jun  Jul  Aug  Sep  Oct  Nov  

um
ol

 C
O

2 m
-2

m
in

-1

0

200

400

600

800

1000
MIL
POL
URE
UNT

B2. 2014 CO2 Flux in the Wet Rough

May  Jun  Jul  Aug  Sep  Oct  Nov  

um
ol

 C
O

2 m
-2

m
in

-1
0

200

400

600

800

1000

1200

1400
MIL
POL
URE
UNT

 

 

C1. 2013 CO2 Flux in the Dry Rough

Jun  Jul  Aug  Sep  Oct  Nov  

um
ol

 C
O

2 m
-2

m
in

-1

0

200

400

600

800

1000
MIL
POL
URE
UNT

C2. 2014 CO2 Flux in the Dry Rough

May  Jun  Jul  Aug  Sep  Oct  Nov  

um
ol

 C
O

2 m
-2

m
in

-1

0

200

400

600

800

1000

1200

1400

MIL
POL
URE
UNT

 

* 
a 

* 
b 

* 
c 

* 
d 

* 
e 

* 
a 

* 
a 

* 
f 

 

* 
a 

* 
g 

* 
a 

* 
h 

* 
f 

* 
i 

* 
h 

* 
j 

* 
b 

* 
l 

* 
m n 

* 

* 
o 

* 
h 

* 
k 

* 
a * * 

p p 

* 
q 

Figure 2. 2013 and 2014 Carbon dioxide (CO2) flux for each site location by fertilizer treatment
(A) Green (B) Wet Rough (C) Dry Rough (1) 2013 (2) 2014. MIL = Milorganite; POL = Polymer
encapsulated urea; URE = Urea; UNT = unfertilized control. Notes: a POL > UNT; b UNT > URE;
c POL > MIL = URE = UNT; d MIL > POL = UNT; e MIL > POL = URE; f POL > URE; g URE > POL;
h MIL = POL = URE > UNT; i URE > UNT; j UNT = URE > POL = MIL; k MIL = URE > POL;
l MIL = POL = UNT>URE; m UNT > POL = MIL; n POL = UNT > MIL; o MIL > URE;
p POL > UNT = URE; q UNT > POL; letters do not represent LSD (least significant difference) nota-
tions. * Means are significantly different at the 0.05 according to the LSD.

There is strong evidence that the number of microorganisms has a significant effect
on the fixation of organic carbon in soils. These organisms can take up and assimilate
soluble low-molecular-weight compounds. By doing this, microorganisms can maintain
the C gradient in the soil solution for a healthy soil community [34]. When looking at
the fertilizer treatments that resulted in the lower CO2 fluxes, MIL is an organic-nutrient-
rich fertilizer that comes with not only nitrogen and carbon but also a healthy microbial
community [35]. The microbial community associated with MIL can grow and remove
soluble low-molecular-weight compounds and thus does not disrupt any normal nutrient
cycling in the soil [36,37] and instead promotes carbon fixation and storage in the soil. The
unfertilized control also does not experience a flux of soluble nutrients without carbon
to feed the microorganisms and so would not be expected to flux high levels of soil CO2.
The two inorganic fertilizer treatments (fluxed highest in 2013) would provide additional
nitrogen without additional carbon. Therefore, the microorganisms would be stimulated
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to grow and incorporate nitrogen but would need to access soil carbon to assimilate
carbon into their growing bodies. This is supported in the literature as numerous studies
have found that nitrogen fertilization increases rhizosphere respiration [34,38]. As the
microorganisms break down the stored organic carbon, they will release some carbon into
the atmosphere as a byproduct of these activities. In addition, without the additional input
of carbon, only a limited number of microorganisms would be present to capture the carbon
being lost because of these activities [39,40]. Caution must be taken, however, as there is
also evidence that providing nitrogen fertilization stimulates overall plant growth, which
would increase the carbon stored above ground and ultimately in the soil horizon [34,41].
This could lead to increased mowing frequency by golf course staff to maintain the turf at
the desired level.
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Figure 3. 2013 and 2014 Nitrous oxide (N2O) flux for each site location by Fertilizer treatment.
(A) Green (B) Wet Rough (C) Dry Rough (1) 2013 (2) 2014. MIL=Milorganite; POL = Polymer en-
capsulated urea; URE = Urea; UNT = unfertilized control. Notes: a POL > UNT; b UNT > URE;
c POL > MIL = URE = UNT; d MIL > POL = UNT; e MIL > POL = URE; f POL > URE; g URE > POL;
h MIL = POL = URE > UNT; i URE > UNT; j UNT = URE > POL = MIL; k MIL = URE > POL;
l MIL = POL = UNT > URE; m UNT > POL = MIL; n POL = UNT > MIL; o MIL > URE;
p POL > UNT = URE; q UNT > POL; r MIL > UNT; s POL > MIL = URE > UNT; t POL > MIL > UNT;
u URE > UNT = POL; v MIL > URE = UNT; w MIL > URE = POL = UNT; x MIL > POL;
y URE > UNT = MIL; z POL > UNT = MIL; letters do not represent LSD (least significant differ-
ence) notations. * Means are significantly different at the 0.05 according to the LSD.
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3.2. CH4 Emissions

When analyzed by year, no significant (p > 0.05) differences in CH4 emissions were
observed by site location in either the 2013 or 2014 seasons (Tables 2 and 3). However, when
averaged across both years, the wet rough fluxed significantly (p = 0.0038) more soil CH4
than did the green (Table 4). In 2013, we did observe some differences between POL and
URE on the wet rough and between POL and UNT on the green (Table 2). Soil CH4 flux
is generally associated with wet conditions [42]; thus, it is not surprising that the wettest
site (wet rough; Table 1) fluxed significantly higher soil CH4 than the other site locations
throughout the study.

3.3. N2O Emissions

Results show significant (p < 0.0001) differences between N2O emissions based on
site location in 2013 (Table 2). Across the season, the N2O emissions were highest on the
wet rough (Table 2). As with CO2 emissions, N2O emissions are primarily driven by soil
moisture and temperature throughout the growing season (Figure 1). Results in 2014 did
not show significant differences between N2O emissions based on site location (Table 3).
Across the season, soil moisture did not vary significantly between the different sites
(Table 1). The pattern of N2O flux was similar across sites and was predictable based on
the differences in soil moisture content and soil temperature (Figure 1) across the growing
season. When averaged across both growing seasons, the wet rough fluxed significantly
(p < 0.0001) more soil N2O than did the green (Table 4) and was associated with the highest
soil moisture content (Table 1).

Soil temperature and moisture are strong predictors of soil N2O flux (Figure 1). In
2013, this effect was only evident on the wettest site (wet rough), and in 2014, we found no
differences between the site locations, which is likely a result of the small differences in
soil moisture (Table 1). This is similar to what others have found in that N2O emissions
typically increase after N fertilizer application and precipitation or irrigation [11,12,43,44].
Although other researchers have found N fertilizer application to have a stronger effect [28],
our results indicate that soil moisture and temperature are far more important than the
fertilizer source. Given the role of soil moisture in accelerating denitrification rates, this is
not surprising. This is further emphasized by the results across both growing seasons in
which only site location had as significant impact on soil N2O flux (Table 4).

The general requirements for denitrification include the lack of O2, availability of N
oxides (NO3

−, NO2
−, NO, or N2O), an available organic carbon source, and the presence of

denitrifying microorganisms [11]. The lack of oxygen is likely the dominant factor limiting
denitrification in soils, followed by NO3

− and then organic C availability [45–47]. Thus,
nitrogen fertilization and water (irrigation or precipitation) both affect nitrification and
denitrification. N2O fluxes are likely driven by the concept of the limiting nutrient (O2
availability, NH4

+ and NO3
− availability, and availability of soluble organic carbon); as

conditions become right for denitrification to occur, the fertilizer source and availability
of N begins to have a stronger effect. It has been observed that elevated soil temperatures
(30 ◦C or higher) coupled with saturated soil conditions increased denitrification rates [48]
in Kentucky bluegrass (Poa pratensis L.), resulting in higher N2O emissions [49], and that
irrigation with as little as 5 mm of water increased N2O emissions from a mix of ryegrass
(Lolium perenne L.) and dallisgrass (Paspalum dilatatum Poir.) [50]. It is likely that in these
studies and in our study, the lack of oxygen is the limiting factor in denitrification and
any addition of water increases denitrification rates. Minor increases in fluxes after that
point are due to differences in the availability of NH4

+ and NO3
− in the source of fertilizer

applied versus how much the turfgrass utilized.
In addition to the large differences driven by soil temperature and moisture, there

were some differences between fertilizer treatments in both years. The statistical (p < 0.05)
differences by date throughout the 2013 growing season are detailed in Figure 3. When
analyzed across the 2013 growing season and across site location, there were no significant
differences between fertilizer treatments (Table 2). However, there were some significant
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differences between fertilizer treatments that occurred on the wet rough (Table 2). The
POL fluxed significantly more than all other treatments except the MIL on the wet rough
(Table 2). MIL in the wet rough fluxed significantly higher N2O than treatments on the
green (URE, MIL, POL and UNT), on the dry rough (MIL, POL, and UNT), and on the wet
rough (UNT) (Table 2).

The statistical differences by date throughout the 2014 growing season are detailed in
Figure 3. Overall, in 2014, the differences between site location and fertilizer applications
were not significant when analyzed across the entire growing season (Table 3), and most of
the differences in soil N2O flux can be attributed to the differences in soil moisture and soil
temperature (Figure 1).

In 2013, when assessing fertilizer treatments on the green, (Figure 3A1) there were
four dates with significant differences, and on three of those dates, the URE or POL fluxed
higher than all other treatments. This likely means that in the green, when the moisture
conditions are right for denitrification, the limiting nutrient is NO3

−. On the wet rough
(Figure 3B1), the differences between fertilizer treatments are stronger, and in general, the
POL fluxes the highest across the growing season while the control fluxes the lowest. This
means that on the wet rough when the conditions were right for denitrification to occur, the
slow-release fertilizer was adding NO3

− to the soil, which would be released quicker under
the wet conditions present at this site, but it would be retained on the plots until the wet
conditions exist [51]. There were two dates with statistical differences between fertilizer
treatments on the dry rough (Figure 3C1) but no consistent trend, which means it rarely
received enough moisture for denitrification to occur. In 2014, differences between fertilizer
treatments were small, but there was one date in the green where the MIL fluxed the
highest (Figure 3A2). On the wet rough (Figure 3B2), the only consistent trend was that the
control fluxed the lowest, and in the dry rough (Figure 3C2), the MIL fluxed the highest on
four of the five dates showing significant differences. Although the MIL more consistently
fluxed higher than the other fertilizer treatments in 2014, the magnitude of those significant
differences was not large in 2014. This suggests that the first two conditions (lack of oxygen
and presence of NO3

−) where met during this year and that the presence of soluble organic
carbon became the limiting nutrient for denitrification, and thus the addition of MIL with
its organic carbon increased the rate of denitrification [52]. These data strongly support the
idea that there is a hierarchy in terms of which soil conditions will affect N2O flux from
soils. For N fertilizer source to have an effect, the soil moisture and temperature must be
adequate, and for soil organic carbon to have an effect, the level of NO3

− moisture and
temperature must meet the conditions required for denitrification.

It is apparent that for differences in N2O flux to be observed between fertilizer treat-
ments, the soil conditions need to have some level of moisture. In general, we observed that
in a wet year (2014), the MIL fluxed the highest across the sites, although the magnitude
of this flux was small. On the other hand, in the drier year (2013), the wettest of the sites
showed consistently higher flux from POL, an inorganic slow-release fertilizer. In both
cases, it was a slow-release form of nitrogen that generally fluxed the highest. This result
is somewhat unexpected, although it is not inconsistent with the literature and generally
makes sense considering what we know about the nitrogen cycle.

Controlled-release fertilizer (PCU) did not reduce N2O emissions in one study com-
pared with URE in bermudagrass [44] (Cynodon dactylon × C. transvaalensis Burtt-Davy),
and another study found this to be the case in Kentucky bluegrass (Poa pratensis L.) [53].
Other studies, however, reported lower N2O emissions by PCU compared with URE in
Kentucky bluegrass (Poa pratensis L.), perennial ryegrass (Lolium perenne L.), and ‘Meyer’
zoysiagrass (Zoysia japonica Steud.) [13,54]. Perhaps a detailed analysis of soil moisture and
temperature on these studies could explain the variation in the observed impacts of PCUs
on N2O emissions.
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3.4. Canopy Greenness and Turfgrass Quality

N fertilizer was not significant in 2013 for canopy greenness (Table 5). Golf course
site location was significant (p < 0.001) during the summer (14 Jul–4 Sep) and the fall
(26 Sep–26 Oct). The wet rough site had consistently higher canopy greenness readings
during the summer compared to the dry rough and the green. This is likely a result of
the higher soil moisture content on this site across the study (Table 1). The green had
higher canopy greenness values than the dry rough due to regular irrigation during the
summer on the green, whereas the dry rough site received full sunlight and only natural
precipitation. Others have found that a separation in overall turfgrass color and quality
between irrigation treatments was evident, with irrigation applications (72% evapotranspi-
ration, ET0, replacement) occurring throughout the summer [13]. During the fall of 2013,
the canopy greenness readings were highest in the rough areas due to the higher mowing
height and higher amounts of precipitation in Sep–Oct (Table 5).

In 2014, N fertilizer was significant only 7 of the 24 sampling dates (Table 6) for canopy
greenness. On the green, URE produced consistently greener turf during the spring (May)
compared to MIL and POL due to the faster release rate of N for URE. All three fertilizers
(MIL, POL, and URE) produced healthy green turf during the summer. URE also produced
a greener turf in late fall due to its readily available N. On the two rough sites, MIL in early
spring produced a greener turfgrass stand than URE. Turfgrass site location was significant
for every sampling date in 2014, where the dry rough had the highest canopy greenness
compared to the green due to greater amounts of precipitation for the 2014 growing season
(Table 6). During the beginning and end of the growing season (May and Oct), the dry
rough had significantly higher canopy greenness 57% of the time (4 of 7 dates) compared to
the wet rough. There was an area-by-fertilizer-treatment interaction for 7 of the 24 sampling
dates in 2014 (Table 6) on the green and predominantly on the dry rough. URE produced
a significantly greener canopy on the green in the late spring and in the fall, whereas the
slow-release N fertilizers (MIL and POL) produced a significantly greener canopy in the
spring and summer on the dry rough.

N fertilizer had a significant effect on turfgrass quality, where monthly applications
of MIL, POL, and URE greatly improved overall turfgrass quality in Jun, Jul, and Oct of
2013 (Table 7). Turfgrass area was significant four times in the summer (Jun–Aug) where
turfgrass quality was lower on the green and on the dry rough, whereas in late fall (Oct),
turfgrass quality was highest on the two rough sites (two of the three sampling dates). An
interaction between area and fertilizer treatment occurred six times during 2013, where
URE produced a higher turfgrass quality on the green in the summer and the fall (Table 7).
This was due to regular irrigation on the green in addition to precipitation during the
growing season.

In 2014, N fertilizer was significant on 8 out of 24 sampling dates (Table 8) for turfgrass
quality. URE applications in spring resulted in higher turfgrass quality compared to the
other treatments on the green. URE applications on the green improved turfgrass quality
in the spring, where mild air temperatures and precipitation aided fertilizer breakdown
and reduced the potential for fertilizer burn (Figure 1). In addition, the green received
regular irrigation during the growing season when needed to supplement precipitation. It
has been shown that a rapid increase in visual turfgrass quality of URE-treated turf occurs
immediately after the June fertilization due to the quick release of available N [13]. Site
location was significant on 18 of the 24 sampling dates. In the spring and early summer,
the dry rough had higher turfgrass quality, whereas in the fall, the wet rough had higher
turfgrass quality. An interaction between site and N fertilizer treatment occurred on 10 out
of 24 sampling dates, where N fertility treatments on the irrigated green, especially with
URE, greatly increased overall turfgrass quality in the spring (Table 8).
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Table 5. The effect of various nitrogen (N) fertility programs and turfgrass site location on canopy greenness, 2013.

Canopy Greenness

2013

Site Location 17 Jul 24 Jul 31 Jul 7 Aug 14 Aug 21 Aug 27 Aug 4 Sep 13 Sep 19 Sep 26 Sep 10 Oct 17 Oct 26 Oct

NDVI

Green 0.80 b 0.81 b 0.79 b 0.79 b 0.77 b 0.75 b 0.80 b 0.75 b 0.80 0.82 0.75 b 0.79 b 0.72 b 0.74 c

Dry Rough 0.66 c 0.70 c 0.72 c 0.76 b 0.73 c 0.69 c 0.71 c 0.75 b 0.78 0.84 0.91 a 0.81 a 0.83 a 0.80 b

Wet Rough 0.85 a 0.87 a 0.87 a 0.86 a 0.81 a 0.82 a 0.85 a 0.88 a 0.81 0.84 0.90 a 0.75 c 0.73 b 0.82 a

ANOVA

Rep NS NS NS NS NS NS NS NS NS NS NS NS NS NS

Site (S) *** *** *** *** *** *** *** *** NS NS *** *** *** ***

N Fertilizer (F) NS NS NS NS NS NS NS NS NS NS NS NS NS NS

S*F NS NS NS NS NS NS NS NS NS NS NS NS NS NS

Canopy greenness—the normalized difference vegetation index (NDVI) measurements can range from −1 to 1, with higher values indicating greater plant health. Means in the same
column for each turfgrass site (green, dry rough, and wet rough) followed by the same lowercase letter are not significantly different according to Fisher’s protected LSD t test (p = 0.05).
***, and NS refer to significance at 0.001, and nonsignificant, respectively. S*F is the interaction between Site (S) and Fertilizer (F).

Table 6. The effect of various nitrogen (N) fertility programs by turfgrass site location on canopy greenness, 2014.

Canopy Greenness

2014

Site Location
and Fertilizer

Treatment

15
May

21
May

28
May

4
Jun

12
Jun

18
Jun

25
Jun 2 Jul 9 Jul 16 Jul 23 Jul 30 Jul 6

Aug
13

Aug
20

Aug
26

Aug
1

Sep 8 Sep 18
Sep

25
Sep

2
Oct

9
Oct

17
Oct

23
Oct

NDVI

Green 0.78 B 0.79 B 0.83 C 0.81 C 0.78 B 0.81 B 0.82 B 0.81 B 0.78 B 0.77 B 0.76 B 0.77 C 0.80 B 0.79 B 0.81 B 0.80 C 0.71 B 0.72 B 0.74 B 0.77 C 0.81 C 0.78 B 0.76 B 0.76 C

MIL 0.78 b 0.79 b 0.84 b 0.82 0.79 0.81 0.84 a 0.82 0.78 0.79 a 0.78 0.78 a 0.80 0.80 0.82 0.80 0.72 0.72 0.74 0.77 0.81 0.82 0.75 b 0.75

POL 0.79 b 0.79 b 0.84 b 0.80 0.77 0.81 0.83 a 0.81 0.79 0.79 a 0.77 0.79 a 0.81 0.79 0.81 0.80 0.70 0.73 0.73 0.76 0.80 0.76 0.77 b 0.76

URE 0.83 a 0.84 a 0.87 a 0.85 0.80 0.83 0.84 a 0.83 0.78 0.77 b 0.78 0.78 a 0.81 0.81 0.84 0.83 0.74 0.73 0.75 0.79 0.82 0.81 0.79 a 0.79

UNT 0.73 c 0.75 c 0.79 c 0.78 0.75 0.78 0.78 b 0.77 0.77 0.75 c 0.73 0.73 b 0.77 0.76 0.80 0.80 0.71 0.72 0.73 0.77 0.79 0.75 0.72 c 0.72

Dry Rough 0.74 B 0.82 A 0.91 A 0.93 A 0.87 A 0.86 A 0.89 A 0.90 A 0.86 A 0.85 A 0.86 A 0.91 A 0.90 A 0.89 A 0.86 A 0.91 A 0.91 A 0.82 A 0.90 A 0.93 A 0.86 B 0.85 A 0.88 A 0.82 B
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Table 6. Cont.

Canopy Greenness

2014

Site Location
and Fertilizer

Treatment

15
May

21
May

28
May

4
Jun

12
Jun

18
Jun

25
Jun 2 Jul 9 Jul 16 Jul 23 Jul 30 Jul 6

Aug
13

Aug
20

Aug
26

Aug
1

Sep 8 Sep 18
Sep

25
Sep

2
Oct

9
Oct

17
Oct

23
Oct

MIL 0.78 a 0.81 0.92 a 0.93 0.89 0.87 0.89 a 0.90 0.87 0.87 a 0.86 0.91 0.90 0.90 0.85 0.92 0.91 0.82 0.89 0.93 0.88 0.86 0.89 0.83

POL 0.74 ab 0.82 0.91 ab 0.93 0.88 0.87 0.89 a 0.90 0.86 0.85 ab 0.86 0.92 0.90 0.89 0.86 0.91 0.90 0.83 0.89 0.94 0.85 0.84 0.87 0.82

URE 0.73 ab 0.82 0.90 bc 0.93 0.86 0.85 0.88 b 0.90 0.84 0.84 b 0.86 0.90 0.90 0.89 0.86 0.91 0.91 0.81 0.89 0.93 0.85 0.85 0.88 0.81

UNT 0.70 b 0.82 0.89 c 0.92 0.85 0.87 0.89 a 0.90 0.86 0.86 ab 0.86 0.90 0.90 0.88 0.86 0.90 0.91 0.81 0.91 0.92 0.85 0.86 0.87 0.83

Wet Rough 0.80 A 0.81 AB 0.86 B 0.87 B 0.70 C 0.71 C 0.82 B 0.80 B 0.66 C 0.68 C 0.74 B 0.81 B 0.75 C 0.77 B 0.85 A 0.89 B 0.89 A 0.81 A 0.75 B 0.84 B 0.90 A 0.87 A 0.87 A 0.91 A

MIL 0.82 a 0.84 0.86 0.89 0.68 0.74 0.85 0.81 0.60 0.74 0.80 0.84 a 0.78 0.72 0.87 0.90 0.91 0.86 0.78 0.86 0.88 0.90 0.88 0.93

POL 0.79 ab 0.79 0.86 0.87 0.71 0.69 0.81 0.76 0.62 0.64 0.66 0.82 ab 0.72 0.78 0.84 0.88 0.88 0.83 0.75 0.83 0.89 0.85 0.86 0.89

URE 0.81 ab 0.84 0.86 0.86 0.72 0.71 0.82 0.82 0.67 0.64 0.71 0.79 b 0.73 0.76 0.85 0.88 0.88 0.76 0.75 0.82 0.92 0.84 0.86 0.91

UNT 0.77 b 0.77 0.86 0.86 0.68 0.72 0.82 0.80 0.74 0.73 0.79 0.80 b 0.78 0.81 0.85 0.88 0.90 0.77 0.74 0.85 0.92 0.90 0.87 0.91

ANOVA

Rep NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS

Site (S) *** * *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** ***

N Fertilizer (F) ** *** *** NS NS NS *** NS NS * NS *** NS NS NS NS NS NS NS NS NS NS * NS

S*F NS NS *** NS NS NS ** NS NS * NS * NS NS NS NS NS NS NS *** NS NS * *

Canopy greenness—the normalized difference vegetation index (NDVI) measurements can range from −1 to 1, with higher values indicating greater plant health. Means in the same
column for each turfgrass site (green, dry rough, and wet rough) followed by the same uppercase letter are not significantly different according to Fisher’s protected LSD t test (p = 0.05).
Means in the same column for each fertilizer treatment (MIL, POL, URE, and UNT) by turfgrass site followed by the same lowercase letter are not significantly different according to
Fisher’s protected LSD t test (p = 0.05). *, **, ***, and NS refer to significance at 0.05, 0.01, 0.001, and nonsignificant, respectively. S*F is the interaction between Site (S) and Fertilizer (F).

Table 7. The effect of various nitrogen (N) fertility programs by turfgrass site location on turfgrass quality, 2013.

Turfgrass Quality

2013

Site Location and
Fertilizer
Treatment

5 Jun 12 Jun 26 Jun 3 Jul 10 Jul 17 Jul 24 Jul 31 Jul 7 Aug 14 Aug 21 Aug 27 Aug 4 Sep 13 Sep 19 Sep 26 Sep 10 Oct 17 Oct 26 Oct

Visual Rating (1–9)

Green 6.9 B 7.8 7.8 7.3 7.9 7.9 AB 8.0 7.8 B 6.6 B 7.9 7.3 7.9 AB 7.2 B 8.3 7.1 7.3 A 7.3 B 7.3 B 8.0

MIL 7.0 8.3 a 7.3 6.9 ab 7.0 7.3 7.5 7.5 6.0 7.5 7.5 7.5 7.0 7.8 7.3 7.0 7.0 7.0 b 8.4 a
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Table 7. Cont.

Turfgrass Quality

2013

Site Location and
Fertilizer
Treatment

5 Jun 12 Jun 26 Jun 3 Jul 10 Jul 17 Jul 24 Jul 31 Jul 7 Aug 14 Aug 21 Aug 27 Aug 4 Sep 13 Sep 19 Sep 26 Sep 10 Oct 17 Oct 26 Oct

POL 7.0 8.5 a 8.3 8.0 a 8.5 8.5 8.5 8.0 7.5 8.5 7.0 8.0 7.3 8.8 7.3 7.0 7.0 7.0 b 8.0 a

URE 7.3 8.0 a 8.5 8.8 a 9.0 8.8 8.5 8.5 7.5 8.5 7.5 8.5 7.0 8.3 7.0 8.0 8.0 8.0 a 8.8 a

UNT 6.5 6.5 b 7.3 5.5 b 6.5 7.0 7.5 7.0 5.5 7.3 7.0 7.8 7.5 8.3 6.8 7.0 7.0 7.0 b 7.0 b

Dry Rough 7.4 A 7.8 7.4 7.8 7.8 7.4 B 7.9 7.6 B 6.9 B 7.6 7.3 7.5 B 7.1 B 7.8 7.4 7.9 A 7.8 A 7.8 A 8.3

MIL 7.5 8.0 a 7.3 8.3 8.0 7.8 8.3 7.8 7.0 7.8 7.5 7.8 7.3 8.3 7.8 8.0 8.0 8.0 8.5

POL 7.5 8.3 a 7.3 7.3 7.3 6.8 7.5 7.1 6.8 7.5 7.5 7.6 7.3 7.6 7.5 8.0 7.8 7.8 8.3

URE 7.5 7.8 a 7.5 8.0 8.0 7.5 7.5 7.5 6.3 7.5 7.3 7.3 7.0 7.8 7.0 8.0 7.5 7.8 8.3

UNT 7.3 7.0 b 7.5 7.8 7.8 7.5 8.0 8.0 7.8 7.5 7.0 7.5 7.0 7.6 7.3 7.8 8.0 7.8 8.4

Wet Rough 7.4 A 7.7 7.8 7.6 8.0 8.3 A 8.3 8.4 A 8.1 A 7.4 7.6 8.1 A 8.0 A 8.3 7.3 7.6 B 7.9 A 7.8 A 8.4

MIL 7.8 8.3 8.0 7.6 8.0 8.5 8.3 8.5 8.3 7.5 8.0 8.5 8.0 8.8 7.5 8.0 8.0 8.0 8.8

POL 7.3 7.8 7.5 6.9 7.3 8.0 8.3 8.5 8.3 7.5 7.5 7.8 8.0 8.0 7.0 7.5 7.8 7.5 8.3

URE 7.8 7.8 8.0 8.5 8.5 8.5 8.8 8.8 7.3 7.5 7.8 8.0 8.0 8.1 7.3 7.3 8.0 8.0 8.5

UNT 7.0 7.0 7.8 7.3 8.3 8.0 8.0 8.0 8.5 7.3 7.3 8.3 8.0 8.1 7.5 7.8 7.8 7.8 8.3

ANOVA

Rep NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS

Site (S) * NS NS NS NS * NS *** *** NS NS NS * NS NS *** *** *** NS

N Fertilizer (F) NS *** NS ** NS NS NS NS NS NS NS NS NS NS NS NS NS ** *

S*F NS NS NS *** NS NS NS * ** NS NS NS NS NS NS ** *** * NS

Turfgrass quality is a visual rating of 1–9, where 1 = bare soil, 6 = minimally acceptable turf, and 9 = optimum uniformity, density, and greenness. Means in the same column for each
turfgrass site (green, dry rough, and wet rough) followed by the same uppercase letter are not significantly different according to Fisher’s protected LSD t test (p = 0.05). Means in the
same column for each fertilizer treatment (MIL, POL, URE, and UNT) by turfgrass site followed by the same lowercase letter are not significantly different according to Fisher’s protected
LSD t test (p = 0.05). *, **, ***, and NS refer to significance at 0.05, 0.01, 0.001, and nonsignificant, respectively. S*F is the interaction between Site (S) and Fertilizer (F).
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Table 8. The effect of various nitrogen (N) fertility programs by turfgrass site location on turfgrass quality, 2014.

Turfgrass Quality

2014

Site Location
and Fertilizer

Treatment

15
May

21
May

28
May

4
Jun

12
Jun

18
Jun

25
Jun 2 Jul 9 Jul 16 Jul 23 Jul 30 Jul 6

Aug
13

Aug
20

Aug
26

Aug
1

Sep 8 Sep 18
Sep

25
Sep

2
Oct

9
Oct

17
Oct

23
Oct

Visual Rating (1–9)

Green 7.0 6.6 B 6.9 C 7.3 B 7.2 C 7.0 7.1 B 7.5 B 6.9 B 6.9 7.2 C 6.9 B 6.9 B 6.8 7.1 B 7.1 B 7.2 6.8 B 6.6 B 6.9 C 6.9 B 7.7 5.6 B 7.0 B

MIL 7.0 b 6.9 b 6.8 b 7.3 b 7.0 b 7.3 7.3 7.8 a 7.0 7.0 7.5 7.0 a 7.0 7.0 7.0 7.0 7.4 a 7.0 6.5 7.3 7.0 8.0 a 5.8 7.0

POL 6.9 b 6.6 b 7.0 b 7.0 b 7.0 b 7.0 7.0 7.8 a 7.0 7.0 7.3 7.0 a 7.0 7.0 7.0 7.0 7.1 ab 6.8 6.8 7.0 7.0 8.0 a 6.0 7.0

URE 8.0 a 7.5 a 8.0 a 8.0 a 8.0 a 7.5 7.0 7.8 a 7.0 7.0 7.5 7.0 a 7.0 6.8 7.5 7.5 8.0 a 7.0 6.5 6.8 7.0 8.0 a 5.5 7.5

UNT 6.0 c 5.5 c 6.0 c 7.0 b 6.8 b 6.3 7.3 6.8 b 6.5 6.5 6.5 6.5 b 6.5 6.5 6.8 6.8 6.3 b 6.3 6.5 6.8 6.5 6.8 b 5.3 6.5

Dry Rough 6.8 7.1 A 8.0 A 8.0 A 8.0 A 7.4 8.0 A 8.0 A 8.0 A 7.0 8.0 A 7.1 AB 7.7 A 7.0 8.0 A 7.9 A 7.3 7.9 A 7.9 A 7.7 B 7.9 A 7.8 6.9 A 7.9 A

MIL 7.3 a 7.4 8.0 8.0 8.0 7.5 8.0 8.0 8.0 7.0 8.0 7.0 ab 8.0 7.0 8.0 8.0 7.3 8.0 8.0 7.8 8.0 8.0 7.3 8.0

POL 7.0 ab 7.1 8.0 8.0 8.0 7.3 8.0 8.0 8.0 7.0 8.0 7.5 a 7.5 7.0 8.0 7.8 7.5 8.0 8.0 7.8 7.8 7.8 6.8 7.8

URE 7.0 ab 7.1 8.0 8.0 8.0 8.0 8.0 8.0 8.0 7.0 8.0 7.3 ab 8.0 7.0 8.0 7.8 7.5 7.8 8.3 7.8 8.0 7.8 6.8 7.8

UNT 6.0 b 6.6 8.0 8.0 8.0 7.0 8.0 8.0 8.0 7.0 8.0 6.8 b 7.3 7.0 8.0 8.0 6.8 7.8 7.5 7.5 8.0 7.8 6.8 8.0

Wet Rough 6.9 6.9 AB 7.7 B 7.9 A 7.5 B 7.1 7.5 B 7.9 A 6.8 B 6.9 7.5 B 7.3 A 7.6 A 7.1 7.9 A 7.6 A 7.4 7.8 A 8.4 A 8.0 A 8.0 A 7.8 7.2 A 8.0 A

MIL 7.0 ab 7.1 7.8 7.8 7.8 7.3 7.8 8.0 7.0 7.0 8.0 ab 7.3 ab 8.0 7.3 8.0 8.0 7.8 8.0 8.3 8.0 8.0 8.0 7.5 8.0

POL 7.0 ab 6.8 7.8 8.0 7.3 7.0 7.5 8.0 7.0 6.8 7.3 ab 7.0 b 7.5 7.0 7.8 7.5 7.3 7.8 8.3 8.0 8.0 7.8 7.3 8.0

URE 7.3 a 7.3 7.8 7.8 7.5 7.0 7.3 8.0 6.5 6.8 7.0 b 7.0 b 7.3 7.0 7.8 7.5 7.5 7.5 8.5 8.0 8.0 7.8 7.3 8.0

UNT 6.3 b 6.6 7.5 8.0 7.5 7.0 7.5 7.8 7.0 7.0 7.8 ab 7.8 a 7.8 7.3 8.0 7.5 7.0 7.8 8.5 8.0 8.0 7.8 6.8 8.0

ANOVA

Rep NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS

Site (S) NS * *** *** *** NS *** *** *** NS *** * *** NS *** *** NS *** *** *** *** NS *** ***

N Fertilizer (F) *** *** *** * ** NS NS * NS NS NS NS NS NS NS NS ** NS NS NS NS ** NS NS

S*F NS NS *** *** ** NS NS *** * NS ** ** NS NS NS NS NS NS NS NS * * NS **

Turfgrass quality is a visual rating of 1–9, where 1 = bare soil, 6 = minimally acceptable turf, and 9 = optimum uniformity, density, and greenness. Means in the same column for each
turfgrass site (green, dry rough, and wet rough) followed by the same uppercase letter are not significantly different according to Fisher’s protected LSD t test (p = 0.05). Means in the
same column for each fertilizer treatment (MIL, POL, URE, and UNT) by turfgrass site followed by the same lowercase letter are not significantly different according to Fisher’s protected
LSD t test (p = 0.05). *, **, ***, and NS refer to significance at 0.05, 0.01, 0.001, and nonsignificant, respectively. S*F is the interaction between Site (S) and Fertilizer (F).
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4. Conclusions

Soil temperature and moisture are the primary drivers of both soil CO2 and soil
N2O flux (Figure 2). Across both years of the study, all three GHGs showed significant
differences by site location (Table 4). CO2 fluxed the highest on the green, while N2O and
CH4 fluxed the highest on the wet rough (Table 4). This site had the highest soil moisture
content across the study (Table 1) and shows that soil moisture is an important driver of soil
GHG flux, as the green and wet rough sites were significantly wetter than the dry rough
(Table 1). On the wet rough, the POL fluxed the highest amount of soil CO2, while POL
and MIL fluxed the largest amount of soil N2O (2013). The differences between N fertilizer
treatments for soil N2O flux were only observed in the season with more soil moisture
variability (Table 2, 2013). These results indicate that there is a hierarchy that must occur for
denitrification to result in significant soil N2O flux. First, the soil temperature and moisture
content must be right for denitrification to occur, and then there needs to be enough NO3

−

in the soil. If those conditions are met, then the availability of organic carbon becomes a
limiting factor for soil N2O flux. These results suggest that cultural practices that manage
soil temperature and soil moisture when using fast-release N fertilizers will reduce the flux
of CO2, CH4, and N2O from the soil (Table 4).

All N fertilizer treatments, slow- and fast-release sources, increased canopy greenness
and turfgrass quality on all golf course site locations. Slow-release fertilizers MIL and POL
increased canopy greenness in both roughs, especially during the spring. On the green,
URE applications produced greater canopy greenness in the spring and fall. All three N
fertilizers (MIL, POL, and URE) improved canopy greenness during the summer. In 2013,
when precipitation was limited, irrigation was required to maintain acceptable canopy
greenness and turfgrass quality on the green. Extra care by the superintendent to water in
the URE following application was instrumental in reducing fertilizer burn on the green.
Milder climatic conditions and precipitation in the spring and summer (2014) prevented
turf burn on the green following fertilizer applications.

Turfgrass managers need to assess soil moisture levels prior to fertilizing with N
to decrease the potential for GHG emissions while maintaining turfgrass quality and
greenness. High soil temperature in combination with high soil moisture results in high
fluxes of CO2 and N2O; thus, methods of reducing soil temperature that do not increase the
soil moisture are recommended (shade and fans). When the soil has a high moisture content
(texture dependent), denitrification rates are accelerated, and N is lost to the atmosphere.

5. Future Directions

Because soil moisture demonstrated such a critical role in predicting GHG emissions
from turfgrass site locations, traditional irrigation practices employed by golf course
superintendents need to be evaluated to determine the effect on GHGs [55]. This would
include environmentally friendly irrigation regimes that decrease overall water use while
decreasing GHG emissions. Putting greens should be evaluated first, as they require the
most irrigation to maintain turfgrass quality. Another factor that should be considered
in GHG flux from managed turfgrass systems is shade provided by tree canopies. Shade
would help to decrease soil temperatures without increasing soil moisture as opposed
to some irrigation practices that would decrease soil temperature but also increase soil
moisture.
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