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Urban turfgrass lawns are known to contribute to-
wards global anthropogenic nitrous oxide emissions. 
However, available literature on lawn N2O emissions 
is varied and inconclusive. To our knowledge, an ef-
fort to compile and understand urban lawn N2O emis-
sions is, as yet, lacking. In the present article, a meta-
analysis was conducted to evaluate the effect of lawn 
fertilizer application on N2O emissions relative to no-
fertilizer application, along with an examination of the 
variation of this effect with respect to the type and 
amount of fertilizer. The results show that lawn N2O 
emissions from fertilized plots are significant and are 
41% (0.29 g N2O–N/m

2
/year) higher than that of  

control plots. However, studies with low N-input 
(<150 kg/ha) show higher percentage (40) of N2O 
emission than those with high N-input (22). Further, 
N2O emissions are higher for urea application plots 
(37%) compared to other-than-urea plots (30%), 
which consisted mostly of enhanced efficiency fertilizer 
plots. Overall, the results of this meta-analysis under-
score current understandings of the effect of fertilizer 
on soil N2O emissions, although it indicates that ferti-
lizer amount is not the only driver of lawn N2O emis-
sions. Also, the sub-group analysis of fertilizer type 
reinforces the importance of enhanced efficiency ferti-
lizers in reducing emissions which has clear policy 
implications. To improve our understanding of lawn 
N2O emissions, more long-term studies that are well-
documented, and geographically widespread, are rec-
ommended to build a database that can reduce uncer-
tainties and facilitate long-term evaluations. 
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MODIFICATION of the nitrogen (N) cycle due to human 

activities such as N fertilizer application can increase  

atmospheric nitrous oxide (N2O) concentrations
1,2

.  

Nitrous oxide acts as a powerful greenhouse gas
3,4

 which 

is 265 times more effective than carbon dioxide (CO2) on 

a 100-year time scale
5
. It is also a major ozone depleting 

substance, has increased its atmospheric concentration by 

20% since pre-industrial times with a growth rate of 

0.77 ppbv/year between 2001 and 2009, and has a resi-

dence time of approximately 120 years
6,7

. 

 Global N2O estimates show that majority of the an-

thropogenic N2O emissions (approx. 60%) is attributed  

to agriculture
7,8

. As anthropogenic N2O emissions are 

projected to almost double (9.7 Tg N2O–N/year) by 2050 

from their estimated value in 2005 (ref. 9), research on 

the impact of agricultural management practices on N2O 

emissions has increasingly gained momentum in scholarly 

literature. In comparison, studies on urban lawn manage-

ment practices and their ensuing atmospheric emissions 

are much less in number. Urban turfgrass lawns are asso-

ciated with high levels of water and fertilizer applica-

tions, similar to agricultural ecosystems, and can thus 

emit considerable amounts of N2O (refs 10 and 11). For 

example, mean N2O emissions from turfgrass lawns can 

range from 0.002 to 4.1 g N2O–N/m
2
/year for N applica-

tions between 5 and 120 g N/m
2
/year (Supplementary  

Table 1). Again, mean annual N2O emissions, measured 

in g N2O–N/m
2
/year, from fertilized turfgrass (0.27), 

grasslands (0.46) and cropping systems (0.35) are compa-

rable
12

. 

 At present, there are no reliable published global esti-

mates of the area occupied by turfgrass. However, being a 

dominant land cover in the USA
13,14

 and a prominent 

green space in other countries
15–17

, lawn emissions could 

be significant. For example, Kaye et al.
10

 show that 6.4% 

of land occupied by urban lawns could be responsible for 

30% of regional N2O emissions in Larimer County, Colo-

rado, USA. Similarly, Robbins and Berkenholtz
13

 show 

that the percentage of urban lawn area in Franklin  

County, Ohio, USA (23) is only set to increase, with 

more land being converted for urban development. Still 

further, at the continental scale, Milesi et al.
14

 found that 

turfgrass is the largest irrigated crop in the USA, occupy-

ing 1.9% of continental United States wherein urban area 

is purported to constitute between 3.5% and 4.9% of the 

total land area. In the city of Bengaluru, India, resource 

intensive lawn spaces can be found in residential, office, 

sports, commercial and institutional establishments to

https://www.currentscience.ac.in/Volumes/118/08/1219-suppl.pdf
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Table 1. Sorting of database: availability of data for meta-analysis (12 studies meet all four column  

 criteria). Details of database sorting in Supplementary Table 3 

 Urban Measurement Fertilizer 

Study turfgrass lawn technique treatment plot Control plot 
 

Journal articles 

 Matthias et al.33     

 Bergstorm et al.25     

 Livesley et al.34     

 Raciti et al.24     

 McPhillips et al.35     

 LeMonte et al.31     

 Gillette et al.32     

Non-journal articles 

 Crane30     

 Garrison and Soldat36     

 Walker and Smith37     

 Braun and Bremer38     

 Nahas et al.39     

 

 

Table 2. Classification of fertilizer based on amount (kg/ha) and type (urea versus other than urea) 

 Amount of fertilizer Type of fertilizer 

Study* (kg/ha) (urea versus other than urea) 
 

LeMonte et al.31 site 1 PCU 200 Other than urea 

LeMonte et al.31 site 1 urea 200 Urea 

LeMonte et al.31 site 2 PCU 200 Other than urea 

LeMonte et al.31 site 2 urea 200 Urea 

Braun and Bremer38 PCU  97 Other than urea 

Braun and Bremer38 urea  97 Urea 

Livesley et al.34 rain 220 Other than urea 

Livesley et al.34 irrigation 220 Other than urea 

Matthias et al.33 site 2 NK** NK 

Raciti et al.24  98 Other than urea 

Walker and Smith37 HT 221 Urea 

Walker and Smith37 CT 221 Urea 

Walker and Smith37 VC 221 Urea 

Gillette32 umaxx 150 Other than urea 

Gillette32 polyon 150 Other than urea 

Gillette32 BCMU 150 Other than urea 

McPhillips et al.35 NK NK 

Crane30 site A NK NK 

Crane30 site B NK NK 

Crane30 site C NK NK 

Garrison and Soldat36  47 Urea 

Garrison and Soldat36 (organic)  47 Other than urea 

Bergstorm et al.25 AS 100 Other than urea 

Bergstorm et al.25 CAN 100 Other than urea 

Bergstorm et al.25 URE 100 Urea 

Nahas et al.39 urea low 36.5 Urea 

Nahas et al.39 urea high  73 Urea 

*PCU, polymer coated urea; BCMU, balance chain methylene urea; AS, ammonium sulphate; CAN, cal-

cium nitrate; HT, hollow-tine aerification; VC, verticutting; CT, no cultivation/untreated control. **NK: 

not known/no data. 
 

varying degrees, often constituting a principal component 

of the landscape, particularly as part of urban real estate 

development projects along the city’s periphery
18

.  

Together, these studies suggest that understanding lawn 

N2O emissions is relevant given their prominent urban 

spatial extents and, moderate-to-high emission levels. 

 However, this is a nascent field of research and lawn 

N2O studies are few. Within the limited studies that are 

available, there is little consensus on N2O emissions from 

turfgrass. Due to high spatial and temporal variability, the 

magnitude of lawn N2O emissions differ across studies 

(Supplementary Table 1). Also, there is uncertainty  

associated with how environmental factors (for example,  

climate, precipitation, soil physico-chemical parameters) 

and lawn management practices (for example, N fertilizer 

application rates, irrigation, mowing activities) influence 

https://www.currentscience.ac.in/Volumes/118/08/1219-suppl.pdf
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emissions. This highlights the fact that so far, research 

pertaining to lawn N2O emissions and their controlling 

factors remains inconclusive. To our knowledge, an effort 

to compile and understand urban lawn N2O emission  

studies is, as yet, lacking. To address this gap, we posit 

that a meta-analysis approach can help integrate findings 

from individual studies in a meaningful way that could 

reveal new insights, confirm existing suspicions and  

organize future work in this field of research. A meta-

analysis, study of studies, is a statistical method which 

combines the magnitude of outcomes (i.e. effect sizes) 

across individual studies involving the same research 

question
19

. In this way, it increases the statistical power 

of the analysis over that of individual studies, improves 

the estimation of the size of the effect under study and 

removes uncertainty associated with differing results
19–21

. 

At present, meta-analysis studies on direct soil N2O emis-

sions are mainly from agriculture, grassland and forest 

ecosystems. Therefore, the aim of this article is to present 

a meta-analysis on urban lawn N2O emissions for the first 

time from available literature. The primary objective of 

the meta-analysis is to evaluate the effect of fertilizer  

application on N2O emissions relative to no-fertilizer  

application in turfgrass lawns. In addition, variation of 

this effect with respect to the type and amount of fertiliz-

er application was also examined. 

Materials and methods 

Data sources 

Lawn N2O emission studies were compiled through search 

engines such as Google, and Google Scholar; and also 

from bibliographies of agricultural N2O summary papers 

till September 2019. Since the dataset on studies that fo-

cus only on direct lawn N2O was limited, data search was 

also conducted for work on lawn/grass plots that were 

measured for direct emissions as part of a larger study 

where the main focus was not lawn N2O emissions. A 

mix of search terms were used: nitrous oxide + turfgrass + 

lawn; N2O + urban + turfgrass; greenhouse gas + soil 

emission + lawn. Both peer-reviewed as well as non-peer 

reviewed articles were included. Therefore, university  

extension publications and reports formed a sizable  

portion of the non-peer reviewed database (Table 1).  

Inclusion of all forms of available data is encouraged in 

meta-analysis because often, experimental data go unre-

ported due to insignificance; these insignificant outcomes, 

however, are valuable in meta-analysis to arrive at a truer 

conclusion of the overall effect of the phenomenon
22

. 

Next, keeping the primary objective in mind, the database 

was sorted according to three criteria for inclusion in the 

meta-analysis: (a) the N2O measurement study should 

have been for an urban turfgrass lawn or urban grass site 

that is managed (fertilized, irrigated and/mowed); (b) the 

emission measurements should be done using field-based 

methods that capture N2O emissions directly. This in-

cluded closed static chamber method, both manual and 

automatic sampling (38 out of 41); and N2O field gas 

analyser (2 studies out of 41). Eddy covariance and  

micrometeorological studies were excluded; (c) there 

should be at least one control plot (zero fertilizer plot) 

against a non-zero fertilizer treatment plot (all other con-

ditions being the same) for emission measurements across 

the sampling period. 

Data extraction 

There were 12 studies out of the identified 41 direct N2O 

lawn studies that could be included in the analysis (Table 

1). The main reasons for exclusion were unreported data 

(NK), absence of control plots, and unclear/low resolu-

tion emission graphs from which data could not be  

extracted (unavailable data). For each selected study, all 

comparisons between fertilizer and no fertilizer treat-

ments for mean N2O emissions were separately included 

in the meta-analysis. As such, the resulting database has 

27 observations from 12 selected studies in the final  

meta-analysis dataset (Figures 1 and 2). N2O emission  

data were extracted from text and/available figures and 

graphs. Web Plot Digitizer (free version) was used to  

accurately note down values of (x, y) points in the graphs. 

All N2O flux conversions were in units of g N2O–

N/m
2
/h. 

 Additional information from the final database allowed 

an examination of how the fertilizer effect on N2O emis-

sion varies with respect to the type and amount of ferti-

lizer. Hence, based on the median range of N fertilizer 

input in the selected database, >150 kg/ha was assigned 

as high N-input and <150 kg/ha was assigned as low N-

input (Table 2). Similarly, based on the type used in the 

selected studies, fertilizers were categorized as synthetic 

fertilizers (for example urea), enhanced efficiency ferti-

lizers (EEF) and organic fertilizers. In the selected data-

base, there were 12, 9 and 1 application of synthetic 

fertilizers, EEF and organic fertilizers respectively (Table 

2). Within the synthetic fertilizer category, 10 were urea 

applications and one application each of ammonium  

sulphate (AS) and calcium nitrate (CAN). 

Data analysis 

The natural log(ln R) of the response ratio was used to 

calculate effect size
21

 to estimate the magnitude and  

direction of N fertilizer effects on N2O emissions 
 

 ln( ) ln ,N

C

X
R

X

 
  

 
  

 

where NX  and CX  are the mean N2O emission values 

for the N fertilizer and control treatments respectively.
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Figure 1. Effect of fertilizer application on lawn N2O emissions: (a) summary effect (1.41) and (b) by fertilizer 
amount (high, low). 

 

 

Stata statistical software
23

 was used to calculate mean  

effect sizes (ES) and generate 95% confidence intervals 

(CIs) (Figures 1 and 2). So, for each of the 27 observa-

tions, mean, standard deviation and sample sizes were 

calculated along with pooled deviation, response ratio 

(R), log response ratio (ln R) and its variance and stand-

ard error (SE) (Supplementary Table 2). The results for 

the analysis on ln R were back-transformed and reported 

as percentage change under fertilizer treatment (T) rela-

tive to control (C). Treatment effects were considered to 

be significant if the 95% CI did not overlap with zero. 

Results 

In all of the 27 comparisons from 12 different studies, the 

difference between fertilizer treatment and control  

plot emissions were significant (P < 0.05%) indicating 

that N2O emissions were greater when fertilizers were 

applied. The summary effect of 1.41 shows that the com-

bined effect of fertilizer application from the set of se-

lected studies is positive for N2O emissions and that N2O 

emissions are 41% higher than that of control plots (Fig-

ures 1 and 2). In absolute terms, this translates to fertiliz-

er plot emissions being higher by 0.29 g N2O–N/m
2
/year 

with respect to control plot emissions (0.65 g N2O–

N/m
2
/year) in the selected dataset. The fact that fertilizer 

application has a positive effect on N2O emissions was as 

expected. However, contrary to what is usually expected, 

Figure 1 also shows that studies with low N-input 

(<150 kg/ha) show a higher percentage (1.40) of N2O 

emissions than those with high N-input (1.22). This  

implies that N2O emissions are higher when fertilizer  

inputs are lower and vice versa. Two outliers might be 

the studies by Raciti et al.
24

 and Bergstorm et al.
25

 as the 

precision for these studies is very low. However, despite 

removing these studies as outliers, the overall trend of 

lower input-higher emissions remained the same. In terms 

of type of fertilizer, Figure 2 shows that N2O emissions 

are higher for urea application plots (1.37) compared to 

other-than-urea plots category (1.30). Since EEFs were 

used for 9 out of the 12 other-than-urea plots, it  

follows that EEFs may largely be responsible for this 

finding. This was an expected outcome as EEFs are

https://www.currentscience.ac.in/Volumes/118/08/1219-suppl.pdf
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Figure 2. Effect of fertilizer application on lawn N2O emissions: (a) summary effect (1.41) and (b) by fertilizer 
type (urea, other than urea). 

 

 

expected to release N more efficiently for plant uptake
26

. 

Further, the fertilizer induced N2O emission factor was 

similar across studies averaging 0.11% which is notably 

less than the default IPCC N2O emission factor of 1% 

proposed globally for cropland systems managed with 

synthetic fertilizers. 

 An important aspect of a meta-analysis is to ascertain 

whether the effect size is consistent (homogeneous) or  

varied (heterogeneous) across all the studies in the  

selected dataset. In Figures 1 and 2, overall, the hetero-

geneity or I
2
 statistic is significant at 59.7%. This indi-

cates that the effect is heterogeneous across the range of 

studies in the selected database and that, the level of het-

erogeneity, in relative terms, is moderate (I
2
 values in the 

order of 25%, 50% and 75% are considered low, moder-

ate and high respectively)
21

. This heterogeneity could be 

due to factors that influence emissions such as the 

amount of fertilizer, the type of fertilizer, and soil physi-

co-chemical parameters. However, the sub-group analysis 

for fertilizer amount (Figure 1) and fertilizer type (Figure 

2) do not provide an explanation for this heterogeneity in 

overall effect size; this is because there was still some 

level of heterogeneity (I
2
 is not equal to zero) exhibited 

by the subgroups. This implies that factors other than  

fertilizer amount and fertilizer type may be responsible 

for the overall dispersion or variation in effect sizes 

across individual studies in the selected dataset. There-

fore, a more robust explanation for the sub-group analysis  

results would be possible only if data for influencing fac-

tors other than fertilizer amount and type – for example, 

soil moisture, soil temperature, pH, soil nitrate, etc. – 

were available in future analysis. 

 It should also be noted that while all 27 observations 

contributed towards a significant overall effect size of 

1.41 for lawn N2O emissions, this was not so for all cate-

gories within each sub-group (fertilizer amount and ferti-

lizer type). A set of observations within the sub-groups 

had to be grouped under the not known (NK) category 

due to lack of reported values in the individual studies. 

As such the effect size (sub-total value) of the NK cate-

gory within each sub-group (fertilizer amount and type) is 

of no significance. This is contrary to the effect sizes of 
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the other four sub-group categories (high, low, urea,  

other-than-urea) which have yielded useful insights as 

discussed below. 

Discussion 

Consistent with previous meta-analysis studies on soil 

N2O emissions from agriculture
27,28

, it was found that 

overall, N2O emissions increase with fertilizer applica-

tion. This is the first attempt to summarize and under-

stand urban lawn N2O emissions using a meta-analysis 

approach; hence there are no other urban lawn meta-

analysis studies to compare this with. Also, given the  

limited number of observations in the dataset, with 24 out 

of 27 observations from the USA alone, this inference is 

open to further analysis and interpretation as and when 

more results from lawn N2O studies are available in  

future from other geographic regions. 

 The finding that stood out was the fact that the effect 

size resulting from fertilizer treatment was higher for low 

fertilizer application plots than for high fertilizer applica-

tion plots. This finding is a noteworthy departure from 

the norm. A possible explanation could be as follows. 

Poorly drained and poorly aerated soils are known to emit 

higher N2O especially if fertilization events occur closer 

to rainfall/irrigation events
24,27

. In such situations N2O 

emissions can often peak after heavy storm/irrigation 

events post-fertilization. For the result found in this meta-

analysis study, it could be that the tendency of fertilizer 

to get washed away is higher for higher fertilizer inputs 

in the event of a rainfall than that for lower fertilizer  

input; also higher N applications may be accompanied by 

higher water applications further facilitating this out-

come. Groffman et al.
29

 found similar results in their 

study and suggested that a difference in water inputs  

rather than fertilizer inputs drive lawn N2O emissions and 

should therefore be simultaneously examined. They also 

pointed out that even though denitrification is a dominant 

pathway for N2O, N losses could occur as N2 or NO flux 

instead of N2O. In addition, they alluded to the possibility 

of missing information due to their inability to capture 

emissions around fertilization events in the study. In a 

similar vein, Crane
30

, found lower N2O emissions from 

fertilized lawn plots versus unfertilized control plots; 

they further noted that soil pH at the fertilized plot was 

lower (5.8, acidic soil) than that of the other plots (6.7, 

acidic soil). Given that N2O emissions tend to increase in 

low soil pH conditions
27

, Crane
30

, finally explained the 

contradiction in their finding by suggesting that low soil 

pH may inhibit nitrate, thus stopping denitrification and 

lowering N2O emissions. For our meta-analysis, as data 

for factors like soil texture, soil moisture, soil pH and  

water inputs were scarce, examining their association 

with N2O flux was not possible. This indicates the need 

for improving the reporting of such values in literature. 

The next significant finding was that N2O emission are 

higher for urea application plots than EEF applied and 

organic plots. This is consistent with the fact that EEFs 

release N more efficiently for plant uptake and organic 

applications are known to have lower environmental im-

pact. Therefore, recommendations for using EEFs and or-

ganic inputs could help reduce N2O emission levels. 

Another point to note here is that in spite of a sports turf 

being more resource intensive than an aesthetic turf and 

thus expected to emit more N2O, emissions between 

sports turf and aesthetic turf were similar in EEF plots in 

the LeMonte et al.
31

 study. Also, based on two of the se-

lected studies (refs 31, 32) higher effect sizes were found 

for EEFs such as UMaxx, Polyon and BCMU as opposed 

to the more commonly applied polymer coated urea 

(PCU) indicating that PCU might be a better choice 

among these EEFs for emission reduction. 

Conclusion 

Summary 

The major findings from this meta-analysis firstly reveal 

that N2O emissions increase significantly (41%) with N 

application in urban turfgrass lawns. This is in compli-

ance with current understandings of the effect of fertilizer 

on soil N2O emissions. Secondly, the sub-group analysis 

for fertilizer amount implies that lawn N2O emissions are 

higher (40%) when fertilizer inputs are lower 

(<150 kg/ha) and vice versa; this finding corroborates 

with a set of alternate findings in literature that caution 

against considering N amount alone as the only important 

driver of soil N2O emissions. Thirdly, the  

sub-group analysis for fertilizer type shows that N2O 

emissions are higher for urea application plots (37%) in 

comparison with other-than-urea plots category (30%); 

this finding reinforces the importance of enhanced effi-

ciency fertilizers in reducing emissions and has clear  

policy implications. Further, there was a moderate level 

of heterogeneity (I
2
 = 59.7%) in the overall effect which 

could not be explained by either fertilizer amount or fert i-

lizer type. This implies that factors other than the type 

and amount of fertilizer maybe responsible for this dis-

persion of effects across studies; this, in turn, emphasizes 

the need for data availability in terms of other influencing 

factors such as soil moisture, soil temperature, soil  

nitrate, etc. 

Strengths and limitations of the study 

Given that lawn spaces occupy extensive areas and also 

emit N2O, the present article addresses a pertinent yet  

understudied issue – that of urban lawn N2O emissions. It 

presents the first meta-analysis on urban lawn N2O emis-

sions by attempting to integrate findings from existing 
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studies in a meaningful way to reveal useful insights. For 

a more robust analysis, non-peer reviewed publications 

were included in the final dataset to address publication 

bias and avoid leaving out insignificant outcomes that 

could ultimately help arrive at a closer estimate of true 

emissions. Further, outlier studies with low precision  

levels were systematically removed to ascertain that they 

did not influence the overall results unduly. 

 Interestingly, the final results of the analysis under-

scored an important limitation. Apart from the importance 

of understanding what the summary effect conveyed, the 

presence of a moderate level of heterogeneity indicated 

the need to understand the reasons behind this heteroge-

neity as well. To elaborate, although the overall effect 

size of 1.41 is significant and positive for lawn fertilizer 

N2O emissions, based on the nature and amount of avail-

able data, this study suggests that it is also essential to 

focus on the influencing factors behind this heterogeneity 

than focus only on the summary effect. As fertilizer 

amount and fertilizer type could not explain the variation 

or heterogeneity in effect sizes found in this analysis, an 

important limitation is the absence of data on other  

influencing factors such as soil temperature, moisture, 

pH, bulk density, etc. 

 Again, apart from the non-availability of data on influ-

encing factors, the number of available lawn N2O  

studies is limited, geographically biased towards temper-

ate regions and incomplete due to unreported values,  

illegible graphs/unextractable data and absence of control 

plot data, making it difficult to generalize the results ob-

tained in this meta-analysis. Also, experimental studies 

conducted for no longer than a year may have failed to 

capture temporal variations of N2O. In view of these limi-

tations, it becomes important to build a database that syn-

thesizes more research in this area that has a wide 

geographical base, uniformly follows protocol, increases 

transparency of reported values and figures, and consist-

ently produces peer-reviewed publications for greater  

visibility, improved access, outreach and recognition.  

In other words, to improve our understanding further, 

more robust, well documented, longer-term studies from 

different world regions are required to build a stronger 

database for long-term evaluations and reducing uncer-

tainties. 
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