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ARTICLE INFO ABSTRACT

Keywords: Turfgrass is an important component of the urban landscape frequently considered as an alternative land cover to
Turfgrass offset anthropogenic CO5 emissions. However, quantitative information of the potential to directly remove CO5
Urban lawn

from the atmosphere by turfgrass systems is lacking, especially in the tropics. Most assessments have considered
the carbon accumulated by grass shoots and soil, but not the release of CO3 to the atmosphere by soil respiration
(i.e., soil CO; efflux). Here, we measured at high-temporal resolution (30-min) soil CO3 efflux, production, and
storage rate for nearly three years in a residential lawn of Singapore. Furthermore, we quantified the carbon
capture related to biomass production and CO5 emissions from fossil fuel consumption associated with main-
tenance activities (e.g., mowing equipment). Warm and humid conditions resulted in relatively constant rates of
soil COy efflux, CO, storage in soil, and aboveground biomass production (3370, 652, 1671 Mg CO2 km 2 yr’l;
respectively), while the systematic use of mowing machinery emitted 27 Mg GO km ™2 yr1, Soil CO, efflux and
CO, mowing emissions represent carbon losses to the atmosphere, while CO2 storage in soil and biomass pro-
ductivity represent gains of carbon into the ecosystem. Under a steady state in which soil CO2 losses are only
compensated by atmospheric CO, uptake by photosynthesis, an ideal clipping waste disposal management, in
which no CO2 molecule returns to the atmosphere (i.e., clippings are not burnt), and a 3-week mowing regime,
this site can act as a sink of 2296 Mg CO, km ™2 yr~!. In the scenario of incinerating all clippings, the lawn acts as
an emission source of 1046 Mg CO, km ™2 yr~. Thus, management practices that reduce mowing frequency
together with clipping disposal practices that minimize greenhouse gas emissions are needed to make urban
lawns a potential natural solution to mitigate global environmental change.

Carbon accumulation

Soil respiration

Urban carbon sequestration
Greenery management

1. Introduction vegetation to improve air quality, mitigate urban heat and offset carbon
emissions is still highly uncertain, in contrast to the effectiveness for
preventing soil erosion and controlling stormwater runoff (Pataki et al.,

2011).

Lawns are ubiquitous in urban environments. Plots covered by short-
cut grass enhance urban aesthetics and provide open spaces for recrea-

tion and sport activities, which is perceived to increase livability and
bring about societal benefits (e.g., Vogt et al., 2017). These are strong
reasons to promote their expansion without need of citing other po-
tential ecosystem services that have not yet been properly tested. Urban
lawns, in general urban vegetation, are purported to reduce water
runoff, increase water infiltration, mitigate soil erosion, cool local
climate, remove airborne pollutants and offset greenhouse gas emis-
sions, among other positive services (see Monteiro, 2017). Some of these
services have been proven, but others are poorly supported by scientific
evidence, especially those involving the exchange of mass and energy
with the overlaying atmosphere. For example, the capacity of urban
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The limited knowledge on urban biogeochemistry and a lack of ho-
listic assessments to evaluate the role of vegetation within the urban
ecosystem jeopardize the output of policies promoting greenery to solve
environmental problems. For instance, many cities are expanding green
areas and planting trees as a mean to curb global environmental change.
Studies suggest that parks, gardens, lawns and trees along roadsides may
represent important carbon reservoirs and sinks (e.g., Weissert et al.,
2014). These studies are usually based on biomass estimates by allom-
etry and growth prediction models, and measurements of carbon
changes in underlying soil. They provide valuable insights about the fate
of carbon accumulated by urban vegetation, but a) do not directly
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quantify the net carbon dioxide (CO2) removed by photosynthesis from
the atmosphere; b) usually neglect the contribution from soil CO; efflux
(Fs; CO2 flux from soil to the atmosphere resulting from autotrophic, i.e.,
roots and mycorrhizae, and heterotrophic, i.e., microbial activity
respiration, sources); and c¢) do not account for emissions associated
with greenery management (e.g., use of machinery for mowing).

Some cities count with bottom-up assessments of the atmospheric
carbon sequestered by trees (Nowak et al., 2013), but not of the car-
bon returned to the atmosphere via Fs. The carbon flux in urban lawns
is usually accounted as the sum of carbon removal via clipping harvest
and organic matter changes in underlying soil (Guertal, 2012). For
example, several studies have measured F; from urban lawns using soil
flux chambers (e.g., Bae and Ryu, 2017; Decina et al., 2016; Weissert
et al., 2016; Livesley et al., 2010). A handful of studies has quantified
the indirect emissions from mowing, irrigation and fertilization using
bottom-up approaches (Zirkle et al., 2011; Townsend-Small and
Czimezik, 2010; Jo and McPherson, 1995; Falk, 1976), as well as a few
others evaluated the carbon uptake and storage by grass (Jo and
McPherson, 1995; Falk, 1980). That said, only one study has evaluated
together the CO; contributions from Fs, biomass productivity and turf
maintenance in urban lawns (Lerman and Contosta, 2019); conse-
quently, integral approaches are needed to close the urban CO, budget
under managed systems.

Small eddy covariance flux towers provide an alternative approach
to evaluate the net atmospheric carbon exchange over turfgrass land-
scapes including the net contributions from ecosystem respiration and
biomass productivity, but their application is challenging due to the
typically small dimensions of urban lawns (Pahari et al., 2018; Hiller
et al., 2011). An alternative to measure F; in urban soils is the
flux-gradient method, in which the CO5 exchange is calculated based on
the vertical profile of CO, concentration and soil gas diffusivity (Maier
and Schack-Kirchner, 2014). This method has gained increased attention
in the last 15 years, and nowadays is widely applied across natural
ecosystems, but not yet in urban lawns or parks according to our
knowledge. The flux-gradient method is useful to continuously measure
F; (i.e., ir 10-30 min intervals) over years, which allows the detection of
short-term variations (e.g., pulses), as well as diel, seasonal and inter-
annual patterns (Vargas et al., 2011b).

In general, these studies have concluded that the intense mainte-
nance required by urban lawns can offset the carbon sequestration
benefit provided by turfgrass. However, almost all studies have been
conducted on lawns covered by cool-season grasses, such as Kentucky
bluegrass (Poa pratensis L.), ryegrass (Lolium ssp.) and fescue (Festuca
spp.); species that tolerate and thrive under cold weather. The carbon
dynamics of warm-season grasses, such as zoysia grass (Zoysia spp.) and
Bermuda grass (Cynodon spp.) have been much less studied in subtrop-
ical locations, and to our knowledge, no study has been conducted in the
tropics. Thus, the CO; flux in urban lawns covered by warm species such
as cowgrass (Axonopus compressus), centipede grass (Eremochloa
ophiuroides) and seashore paspalum (Paspalum vaginatum) has not yet
been assessed. Guertal (2012) reviewed the research work done on the
subject and highlighted the need of long-term studies over a greater
variety of turfgrass species and climates to better assess the impact of
management practices.

Warm-grasses are C4 plants and are more efficient in fixing carbon
than cool-grasses, which are Cs plants. Grasses which utilize the C4
photosynthetic pathway yield CO5 assimilation rates 2-3 times higher
than C3 grasses, resulting in an increased biomass productivity (Waller
and Lewis, 1979). Depending on several environmental and ecological
factors (e.g., ambient temperature, solar irradiance, precipitation and
soil characteristics), a higher productivity might represent a stronger
carbon uptake, but also an increase of CO2 emissions due to more
frequent mowing. Thus, under constant hot and wet conditions that
characterize tropical locations, warm grasses grow vigorously, making
frequent mowing necessary, which in turn reduces the capacity of
turfgrass to remove atmospheric CO».
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To elucidate the potential role of turfgrass in the carbon cycle in
tropical cities, the present study investigates the CO, exchange in a
typical lawn of a residential neighborhood of Singapore. We hypothesize
that urban lawns in the tropics might act as net sources of CO» to the
atmosphere due to: a) warm and humid conditions that enhance Fg; and
b) the systematic use of mowing equipment, which in turn offset the
amount of CO; assimilated by photosynthesis and stored in biomass and
soil. Furthermore, from a management perspective, locally derived
models for estimating carbon budgets related to Fs and biomass pro-
duction are critical to mitigate potential environmental costs caused by
maintaining aesthetic grounds. Thus, we test the performance of
empirical models based on biophysical variables (e.g., soil temperature
and moisture) to predict and evaluate monthly variations of both com-
ponents using as reference the soil and grass characteristics of the
studied lawn.

Results are expected to assist Singapore’s efforts to improve the ac-
counting of carbon fluxes and devise effective mitigation measures
against climate change through an improved greenery management. The
findings presented here may also help to design better programs to in-
crease the environmental services provided by vegetation in tropical
cities, where urbanization is projected to increase the most in the
coming years (United Nations, 2018).

2. Methodology

A continuous and automated monitoring arrangement composed by
two independent sets of flux-gradient systems was deployed over 35
months (Sept. 2014 to Jul. 2017) to measure F;, production, and storage
rate in an experimental plot in a private lawn of Singapore (1°18'51.46"
N, 103°54'40.31” E; 5 m above sea level). These flux-gradient systems
provided unprecedented high temporal resolution and were com-
plemented with discrete manual F; measurements to incorporate infor-
mation regarding spatial variability. The carbon associated with
biomass productivity aboveground was simultaneously evaluated by
harvesting the clippings every time the turf was mowed. Singapore’s
lawns do not require irrigation thanks to frequent rainfall all year round.
Although fertilization is a common practice in public lawns and parks
(CUGE, 2010), no fertilizer was applied during the study, nor was there
any application in the previous four years. The CO5 emission related to
mowing was estimated using emission factors and activity data.

Fig. 1 shows the components covered in this assessment: soil CO5
efflux (F;) including autotrophic and heterotrophic belowground con-
tributions, amount of CO, produced (Ps) and stored in the soil (Sg), CO,
removed by photosynthesis and stored by aboveground biomass, and
CO; emissions from maintenance activities. The carbon removed by
photosynthesis and allocated to belowground biomass production (i.e.,
roots, endophytes and mycorrhizal associations) is missing, as well as
the autotrophic respiration of grass shoots (i.e., aboveground autotro-
phic respiration). We assume a negligible increase in roots biomass in
the mature turfgrass, as well as a minimum CO; contribution from un-
counted processes such as seeds production, and emission of volatile
organic compounds and methane that constitute part of the net
ecosystem carbon balance (NECB, Chappin et al., 2006), but are difficult
to measure and often ignored in carbon budgets. The fate of the carbon
stored belowground through time was not investigated in this study, it
could accumulate in the lawn or loss by leaching as indicated in Fig. 1.

The amount of CO, assimilated by photosynthesis that returns to the
atmosphere by autotrophic respiration (below and above ground) can be
omitted from the NECB for timescales of days or longer. In short stature
plants, the carbon assimilated by photosynthesis is quickly respired or
rapidly transferred belowground and contributes to F; (i.e., a few hours;
Bahn et al., 2009; Vargas et al., 2011a). In the case of heterotrophic
respiration, the decomposition of organic matter occurs in longer
timescale (i.e., months to years), but under steady-state conditions like
in our system, in which the factors controlling microbial activity, such as
temperature, moisture and supply of grass litter are relatively constant,
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only minor rapid variations are expected. Therefore, the microbial
contribution can be omitted from the NECB, especially if the organic
matter originates from the CO, assimilated by the grass itself (i.e., no
external input of organic matter). This assumption neglects the carbon
supply by older sources and mineral soil, which usually have a minor
contribution to Fs (Trumbore, 2006).

?f

2.1. Singapore’s climate

Singapore’s climate is characterized by high-temperature, -relative
humidity and -rainfall, and low average wind speed all year round.
Ambient temperature ranged from 25°C in the early morning to 32°C in
the afternoon during the study. Relative humidity was 85-90% in the
early morning and remained above 60% during the rest of the day, rarely
went below 50%. A mean annual rainfall of 3870 mm was recorded,
registering precipitation 74% of the days. Rainstorms were usually
convective and rarely lasted longer than 1-1.5 h. However, they were
frequent and intense throughout the year. Winds were in general calm
and followed the direction pattern dictated by the monsoon seasons and
land/sea breezes. Details of the local meteorology during the study can
be found in the Supplementary Material (SM; section 1).

2.2. Lawn and soil characteristics

The studied lawn has a size of 46 x 32 m and is covered by cowgrass
(Axonopus compressus). Cowgrass is the most common turfgrass species
in Singapore (Yee et al., 2019). This species is adapted to low fertility
and acidic soils. Most of Singapore’s soils are low in organic matter, are
nitrogen deficient, and exhibit pH values of ~5 (Leitgeb et al., 2019;
Ghosh et al., 2016). Although cowgrass has a low tolerance to traffic
(wear tolerance + recuperative potential), and is considered a turfgrass
of low quality due to its reduced shoot density, it is the preferred species
for turfed landscapes in Singapore because of its low fertilization re-
quirements and mowing frequency (CUGE, 2010). An average shoot
density of 570 + 160 shoots m~2 was measured by counting in-situ the
number of shoots within sixty 15 x 15 cm sampling plots across the
experimental lawn. The lawn has been relatively undisturbed for five
decades. No major construction work has been conducted on the area
since the building was built in 1967.

A stratified random approach was followed to collect soil samples
from 27 locations across the lawn at eight different depths, and

X ’//“' \\? l/'
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Fig. 1. Natural and anthropogenic components of the
carbon dynamics (gains and losses) in an urban turf-
grass system evaluated in this study: soil CO, efflux
including heterotrophic and autotrophic respiration,
soil CO, production and carbon storage, carbon up-
take by photosynthesis and accumulation in grass
biomass, and CO, emissions related to fossil fuel
consumption for maintenance activities. As explained
in the text, the carbon accumulated belowground
could be loss through leaching. The grass sections
showed here were analyzed for carbon content.
Clippings, verdure and roots showed a carbon content
of 43.2 + 0.6, 41.2 + 0.9 and 42.6 + 1.5%,
respectively.

L Mowing

) emissions

Clippings

Verdure

Roots

determine the soil characteristics listed in Table 1 down to a depth of
1.3 m, except for bulk density (pp), which was only possible to measure
at the top two layers. Based on the relative proportion of sand, silt and
clay, silty loam was the dominant soil type in the top 30-cm layer. De-
tails of the sampling approach and samples analysis are provided in SM
2.1.

2.3. Soil CO; efflux, production and storage rate measurements

Soil CO4 efflux (F;), Ps and S; were measured by two flux-gradient
systems built using solid-state COy sensors as described in multiple
studies (e.g., Vargas and Allen, 2008; Tang et al., 2003). These inde-
pendent systems were installed 5 m apart within a 4 x 4 m experimental
plot placed in the centre of the studied lawn (see Fig. SM4).

While a larger number of monitoring points would have better
addressed the spatial and temporal heterogeneity of Fs, instrumentation
and field work expenses would have significantly increased. As it is
explained latter, to account for the variability in soil characteristics,
mean values of concurrent readings from both flux-gradient systems
were used to calculate F;, while mean values of the soil parameters

Table 1

Vertical variation of soil composition, TOC, pH and p}, obtained from 27 sam-
pling locations across the selected lawn. Values are geometric mean + one
standard deviation.

Depth Sand Silt (%) Clay TOC pH o (g
(cm) (%) (%) (%) em™3)
0-5 16.5 + 68.9 + 4.8 + 1.9 + 5.08 + 1.08 +
16.6 141 3.3 0.3 0.50 0.09
5-10 11.1 + 75.1 + 8.3+ 1.6 + 513 + 1.18 +
11.7 10.5 3.6 0.3 0.46 0.11
15-20 3.8+ 73.7 £ 15.3 + 09 + 5.52 +
22.1 16.2 16.0 0.2 0.55
25-30 34+ 63.8 £ 15.3 + 0.5+ 5.67 + -
22.1 21.5 15.8 0.1 0.47
50-55 46.5 + 83+ 4.1 + 0.3+ 5.74 + -
34.5 28.6 6.1 0.1 0.47
75-80 98.7 £ 1.2 + 0.1 = 0.3+ 5.72 + -
2.4 2.2 0.1 0.2 0.34
100-105 99.5 + 0.5+ 0.0 £ 0.4 + 5.73 + -
1.5 1.4 0.1 0.2 0.33
125-130 98.7 £ 0.0 £ 0.0 + 0.4 £+ 5.66 + -
2.4 2.2 0.1 0.2 0.36
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needed to assess the soil diffusivity (i.e., soil texture and pp,) were ob-
tained across the lawn. Automated soil CO, measurements provide un-
precedented temporal resolution, but compromise spatial information
(Cueva et al., 2017; Vargas et al., 2011b).

Under the assumption that molecular diffusion dominates the gas
transport process in soil, the method calculates Fy (in pmol CO; m 257 1)
from CO; concentration measurements in the soil profile based on Fick’s
first law of diffusion:

Fi=— Dsaﬁ (€]
0z

where Dy is the gaseous diffusion coefficient of CO; in soil (i.e., soil COy

diffusivity in m? s!) and dC/dz is the rate of change of the molar CO,

concentration (in pmol m~3) with depth (z in m).

Standardized measurement and postprocessing methods were fol-
lowed in this study (Tang et al. 2003, 2005; Vargas et al., 2010). Briefly,
for each flux-gradient system, three solid-state CO; sensors (range
01-10000 ppm model GMT 222, Vaisala, Finland; accuracy: +1.5% of
the range and +2 of reading) and three soil temperature (Ts) and volu-
metric water content (6;) sensors (5TM, Decagon Inc., Pullman, USA;
resolution, accuracy: 0.1°C, +0.3°C; 0.001 m® m~3, £3%) were installed
at 2, 8 and 16 cm of depth as shown in the sketch of Fig. SM4. The CO,
sensors were calibrated at the beginning, middle and end of the study
with zero air and three gas mixtures (Scott-Marrin Inc. Standard 337,
531 ppm and 2788 ppmv, National Institute of Standards and Tech-
nology). Data were recorded continuously every 5 min. Soil CO5 con-
centrations were corrected for temperature and pressure according to
the manufacturer, and passed through a Savitzky-Golay smoothing filter
to reduce noise that could affect the postprocessing of Fs and Ps.

The CO, diffusivity was calculated as a function of &;, percentage of
mineral soil with size >2 pm, which represents the sum of silt and sand
content (S = silt + sand), and soil porosity according to Moldrup et al.
(1999), and corrected for pressure and T;. The steps followed to estimate
Dy are described in detail in SM-3.2.

Assuming a constant rate of CO5 production in the upper part of the
soil profile (i.e., 2 cm depth), Fs was calculated as follow using 30-min
mean data obtained from the 5-min readings delivered by the
instruments:

L Fi — ziFin
iyl — &

F, (2)
where F;, F; and Fj ; are CO; effluxes at depths 2, 2; and 2,1, respec-
tively. Once F; is calculated for each depth in the soil profile (29 = 2 cm,
zi =8 cm and zj11 = 16 cm), P; is calculated from the difference between
the effluxes across adjacent depths as a flux divergence:

_Fi—Fiy
Zit1 — 2

Py 3

where P; is the rate of soil CO, production (in pmol m—3 s’l) in the soil
layer between depths i and i+1.

The difference between P and Fs defines S;. A sustained positive
difference indicates that more carbon is transferred from turfgrass to
topsoil than released by F;, and therefore soil acts as a CO5 storage pool
under steady state conditions.

A soil chamber (LI-8100A, Li-COR, Lincoln, USA) was used to
compare and adjust the F; obtained from the flux-gradient method. Soil
chamber F; measurements are not without uncertainties. The chamber
and grass clipping within the collard alter the microenvironment, as well
as the soil gas flux. However, these uncertainties are expected to be
lower than those associated with the estimates of D, especially in con-
ditions close to water saturation, as frequently experienced in the
studied lawn (see Maier and Schack-Kirchner, 2014). During a
4.5-month period, 180 manual chamber measurements were made
during daytime (between 7 and 18 h) in four permanent locations (i.e.,
soil rings) installed within the experimental plot (see Fig. SM4). As a
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common practice, aboveground grass biomass within the soil rings was
removed by clipping at the soil surface to avoid including leaf respira-
tion. Autotrophic respiration from adjacent roots that extended under-
neath is expected to contribute to total F;. Each measurement lasted 2
min, and F; was obtained using the LI-1800 software. Readings with a
regression coefficient <0.9 were rejected and represented 3% of the
total observations.

The flux-gradient method had a satisfactory agreement with the soil
chamber method (? = 0.58), despite the spatial heterogeneity of these
manual measurements. Comparisons between both methods in natural
terrestrial ecosystems have reported correlation coefficients ranging
from 0.50 to 0.95 (see Table 1 in Maier and Schack-Kirchner, 2014). A
scatter plot between both methods is presented in Fig. SM5.

2.4. Soil COz efflux modeling

With the aim of developing a simple model to estimate the Fg
contribution to the atmosphere in the neighborhood housing the lawn,
we tested the influence of Ts and 6; as independent variables to predict
the F; variability. We followed the exponential relationship applied
previously by authors who have also used the flux-gradient method
(Tang et al., 2005; Vargas and Allen, 2008):

Fs :/}Oe/fl7'\-3/72"'\44139»2 (4)

the model coefficients Bo, B1, f2 and f3 were estimated from the entire
time series using the Curve Fitting application of IGOR Pro 7. Mean
values of Ts and 6; from the three measurement depths were used for the
fitting analysis.

We also evaluated the capability of the empirical Q;¢ model based on
van’t Hoff equation to simulate Fs. This model assumes that Fs responds
only to T changes in the absence of 6 limitations:

Ts—10
Fs=R0Q,’ (5)

Ry is the specific respiration rate at 10°C and Q¢ the increase in
respiration rate per 10°C rise in Ts. The almost universal Q; value of 1.4
+ 0.1 pmol m~2 s7! across climate zones and ecosystems proposed by
Mahecha et al. (2010) was applied, while a site specific Ryo was obtained
from the T data collected at the 8 cm depth.

The performance of both models was evaluated by the mean relative
error (¢), mean bias (Bias), and coefficient of variance (CV). The former
is the relative difference between estimated (F; «51) and observed (Fs ops)
values. The mean bias evaluates the model’s systematic error, while CV
evaluates the total error, including random errors. The former two
metrics provide insight on the model uncertainty to estimate the long-
term mean, while CV gives insight on the errors for individual estima-
tions. For the purpose of this study, a relatively large value of CV can be
acceptable as long as the Bias is low, since errors at individual level tend
to cancel out. These three metrics are defined as:

1~ (Fo (i) = F,, (i)
£=100% x N Z<7> (6)

i=1 F"nh\ (l)

2?1:1 (F»\m(i) - FA‘”/n (l))

N ;
> i1 Foy, (0)

Bias =100% x @

CV=100% x = -
ﬁZiﬂFvam (l)

(8

where N and k are the number of readings and number of independent
variables, respectively.
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2.5. Turfgrass’s net biomass productivity measurements and modeling

To evaluate the carbon assimilated by photosynthesis and stored in
grass shoots, the biomass productivity aboveground was measured by
harvesting and weighting grass clippings. Clippings from a 4 m? area
adjacent to the experimental plot (see Fig. SM4) were collected every
time the turf was mowed, at least once per month. Clippings were har-
vested by a rake first and then collected using a portable vacuum. The
common practice in Singapore is to remove clippings after mowing,
since they are considered unsightly.

Thirty-five harvested clipping samples were collected during the
study. Clippings were dried at 60°C for 72 h in an oven, and then
weighted using an electronic balance with an accuracy of 0.1 g. The
clippings’ dry weight was then converted to carbon mass using a carbon
content of 43.20%.

The carbon content in grass clippings, verdure or stubble, and roots
was determined at the beginning of the study (see Fig. 1). Samples were
collected from three plots of 50 x 50 cm across the lawn. Each grass
component was individually analyzed. Verdure and roots were hand
washed and sieved with a 0.25 mm? mesh size. Live and dead roots were
separated by testing for flotation and root color. After drying, the sam-
ples were grinded to a particle size <63 pm using a ball mill. The total
carbon content was determined using a TOC analyzer (Vario TOC Cube,
Elementar Analysensysteme GmbH).

An empirical model was developed to estimate the turfgrass above-
ground biomass productivity as a function of plant-available soil water.
The soil water potential due to moisture tension (¥) was used as a proxy
of plant-available soil water (Or and Wraith, 2002). ¥ was obtained
from the soil water retention curve derived from the Saxton and Rawls
(2006) equations using as input information the soil texture character-
istics and organic matter content from the 10-cm upper layer. To
accommodate local variations of soil density, a density adjustment fac-
tor (DF = 0.743) was incorporated to estimate ¥y. The resulting curve
(¥o = 1.6065 250) can be found in Fig. SM6. For each harvesting period a
mean ¥y value was obtained from the 5-min 6; data collected by both
flux-gradient systems at a depth of 2 cm.

2.6. Estimation of CO2 emissions from mowing

Emissions of CO; related to mowing were estimated using emission
factors and activity data. Emission factors were obtained from the
United States Environmental Protection Agency (EPA) MOtor Vehicle
Emission Simulator (MOVES) version 2014b (USA-EPA, 2018). MOVES
is a state-of-the-art emission modeling system that estimates emissions
of both, on-road vehicles and non-road equipment. The latter includes
gasoline-powered lawn and garden equipment, ranging from string
trimmers to small tractors. MOVES accounts for the altitude and climate
characteristics but is limited to locations in the United States of America.
Thus, emission factors for Miami, Florida estimated for the summer
months were used as a proxy of Singapore’s emission factors.

MOVES yields emission factors as a function of time (i.e., CO, grams
per hour of mowing). For our purpose the factors were converted to
emissions per unit of mowed area. Equipment manufacturers provide
formulas like the following to calculate how long it will take to mow a
specific area according to the equipment’s engine and deck/cutting
width (e.g., Encore Power Equipment, http://www.encoreequipment.
com):

108.9 x Area

Mowing time = 9
owing time Speed x 0.9 x Deck width ©

where the area to mow is in acres, the recommended mowing speed in
mph, the deck width in inches, and the resulting mowing time in hours.
Note that Imperial units are still the customary units in landscaping
management. The factor 108.9 includes the acres per hour dimensions
and a 10% time-factor for turning at the ends of swaths. The manufac-
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turer recommends using a 9/10 of the mower deck width to factor in
overlapping swaths for a uniform mowing job. For string trimmers, we
took as reference the mean speed of 9.13 s to trim a plot of 5 x 5 ft
(11.11 h ha’l) obtained from an evaluation of 10 commercial trimmers
(Johnson, 2018).

To obtain insight of the emissions range yield by the variety of
mowing equipment available in the market, we assessed the CO, emis-
sions of sixteen gardening machinery, including backpack trimmers,
push mowers, riding mowers and lawn tractors. Their characteristics
and emission factors per unit of mowed area are presented in Table SM3.

3. Results

The time series of all variables associated with the carbon dynamics
of turfgrass systems evaluated in this study are presented and described
in this section, together with the resulting carbon stored in soil and grass
biomass, and emissions from fossil fuel consumption associated to
maintenance activities. The performance of the proposed models is also
evaluated as part of the results section.

No seasonal trend is observed in the time series of Fs, Ps and S, as
well as in the environmental variables on which they depend as shown in
Fig. 2. Monthly variations of Ps and Ss were more evident than those of F;
as depicted by Fig. 3. Low monthly values were apparently triggered by
scanty rainfall. Fig. 4 shows that the diurnal variability of F; responds to
changes in T in a soil permanently wet, while the two-month closeup of
Fig. 5 illustrates the impact of downpours in F; along with the limitations
of empirical models to reproduce such episodes. The same figure shows
the models ability to reproduce the diurnal variability and trend along
several days. Similarly, Fig. 6 shows that the proposed exponential
correlation to estimate the aboveground biomass productivity using ¥y
as a proxy of plant-available soil water can reproduce the annual mean,
as well as the monthly values, but with a lower accuracy.

3.1. Carbon stored in soil and grass biomass

A mean soil carbon concentration and density of 35 + 6 g Ckg ™! and
1.97 + 0.38 kg C m~2 were obtained for topsoil (i.e., 10-cm top layer)
based on the TOC and pp, data collected from the two upper depths
sampled across the entire lawn. Turfgrass adds 0.27 + 0.06 kg Cm 2 all
year long, of which 12.2%, 52.6% and 35.2% are contained in clippings,
verdure and living roots. In total, topsoil and grass store together 2.24 +
0.44 kg Cm2.

The topsoil’s silty loam texture, low TOC content (1.5-2.5%),
moderately acidic pH (5.10-5.15) and slightly below optimal py,
(1.00-1.20 g cm™>) are common characteristics of Singapore’s soils, to
which the resistant cowgrass adapts well. The kampong (Malay fishing
village) origin of the site explains the high and consistent proportion
(>95%) of sand, and constant pH of ~5.5 and TOC of ~0.5% at depths
bellow 50 cm (see Table 1).

3.2. Soil CO; efflux

The tropical weather of Singapore sustains warm and wet conditions
favorable to constant Fs all year long. The 16-cm upper layer of the
studied lawn never showed temperatures <25°C, neither became dry as
6, rarely was below 0.15 m® m~3, Frequent downpours triggered 6,
spikes up to 0.3-0.4 m® m~3, driving Ty fluctuations of 4-5°C at the
upper layer. The variability of these two parameters decreased consid-
erably at 8 and 16 cm (see Fig. 2¢ and d).

Both flux gradient systems yielded similar magnitudes, variability
and trends for T and ©; at the three monitored depths. Variability and
trends for CO5 concentrations were also similar, but system #2 recorded
regularly higher values. Differences of 15%, 38% and 18% for individual
readings at depths of 2, 8 and 16 cm drove a consistent 35% difference in
F;. This difference could respond to the variability in soil texture, TOC
and soil porosity across the lawn, as well as variations in Ps. To account
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Fig. 2. Time series of soil CO, efflux (F;), production (P;) and storage (S;) rates (a), soil CO5 concentration (b), soil temperature (T, ¢) and volumetric soil moisture
(6,, d) along the entire study. Soil CO, efflux was computed using mean 30-min values of T;, 6; and CO, concentration of concurrent readings from the two flux
gradient systems installed in the centre of the studied lawn. T;, 6; and CO, concentration were measured every 5 min at depths of 2, 8 and 16 cm as explained in the

text. Soil CO, production and storage rate cover the 16-cm upper layer.
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Fig. 3. Monthly variations of soil CO, efflux
(a) production (b) and storage rate within
the 16 cm upper layer along the 35 months
covered by this study. The horizontal dashed
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for this inherent issue and obtain a more representative F; estimation,
mean values of concurrent readings from both systems were used for the
efflux data postprocessing.

No seasonal variations were observed, but two periods displayed
slightly different trends (see Fig. 3). The first four weeks of the study
overlapped with the inter-monsoon period and were marked by scanty
rainfall, contrary to the next eight weeks that marked the beginning of
the rainy Northeast monsoon. The highest mean F;, 4.35 £+ 0.91 pmol
m~2 571, was recorded during the first two weeks of measurements in
Sep. 2015 and responded to a high P, which in turn was reflected by
high CO; concentrations at the three measurement depths. The next four
months registered mean F ranging from 3.18 to 3.50 pmol m~2 s~}
values well above the study average of 2.43 + 0.58 pmol m 251 (281 +
68 Mg CO, km 2 month ™!, 77 & 18 Mg C km 2 month ). October 2015
accumulated the second lowest amount of rainfall throughout the study,
11 mm, but Nov. and Dec. of that year recorded the highest, 69 and 86
mm, respectively. During those months, Ps was intense under a soil with
abundant moisture and slightly less warm.

The F; during the rest of the study was within the expected variability
of +1 standard deviation from the geometric mean. Only Feb. 2016 and
Oct. 2016 showed monthly Fs means slightly above (3.07 + 0.65 pmol
m~2s71) and below (1.62 + 0.52 pmol m~2 s™!) that range, respectively.

In terms of diurnal variability, frequent rainfall hinders a clear Fg
pattern. Although rain is more often during daytime, it can be expected
at any time (Mandapaka and Qin, 2013). To draw a consistent diurnal
pattern in days no affected by rainfall, we analyzed the last nine months
of the study, when F; was less variable. As depicted in Fig. 4, F; depends
apparently on Ts, but not on 6;. F; was high at night, fell sharply in the
morning and increased again in the afternoon. The minimum value was
attained before noon, 2 h after the coolest time of the day.

3.2.1. Performance of soil CO efflux models

As shown in Fig. 3, both proposed models based on 30-min data
reproduced the monthly means of F; within a reasonable uncertainty (¢
< 13.5% and Bias < 1.5%), but not individual readings at such fine
temporal resolution, neither captured faithfully the daily variability.
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Fig. 4. Mean diurnal variations of F; (a), T; (b) and & (c) at 8 cm of depth
during the Jan.-Jul. 2017 period. T; and 6; data at 8 cm of depth showed less
noise than at 2 cm, and diurnal differences in T, were larger than at 16 cm. The
colored shaded areas are + 1 standard deviation from the means and give an
indication of the day-to-day variability at every hour of the day.

The exponential correlation based on Ts and 6; (eq. (4), fo = 1.853 f; =
0.001, B2 = 4.608, and B3 = —14.761) and the Q39 model (eq. (5), Rjp =
1.31) yielded essentially the same uncertainty for simulating 30-min
values. The former model yielded a CV of 32.1%, while the latter of
34.6% when using the entire dataset. However, since the aim is to es-
timate the annual F;, the relatively large CV can be acceptable, since the
Bias is low. Fitting both models to daily values did not improve the
performance. The long-term evaluation metrics decreased somewhat (¢
< 7.6% and Bias < 0.15%), but not the prediction on a daily basis (CV <
31.0%).

The exponential correlation obtained from the 30-min data repro-
duced the tendency through several days, as well as the negative spikes
caused by intense rainfalls, but not the diurnal pattern as shown in
Fig. 5. The Q19 model reproduced the diurnal pattern with a consistent
delay of ~3 h in the maximum and minimum values, but failed to
reproduce the trend across multiple days, and could not model sudden
drops caused by downpours that rapidly reduce soil CO, diffusion rates.

Journal of Environmental Management 280 (2021) 111752

In terms of T and 6; data at different depths, no significant differ-
ence was found using average data from the three depths (¢ = 13.2, Bias
= —0.15, CV = 32.1) and data from the sensors installed at the 2 cm
depth (¢ = 13.4, Bias = 0.4, CV = 31.8) for the exponential correlation
considering the entire dataset. Similarly, no difference was observed
using T data at a depth of 8 cm (¢ = 15.0, Bias = 0.9, CV = 34.6) and at a
depth of 2 cm (¢ = 12.5, Bias = 1.2, CV = 34.7) for the Q;¢ model.

3.3. Soil COz production and storage belowground

The P and storage rate within the 16-cm upper layer showed, as
expected, the same pattern and trend of Fs (see Fig. 2a). The following
linear correlations reproduce the observed Ps and S as function of Fg
within uncertainties <2.5% and <12%, respectively.

P,=187F, —1.78, r* = 0.98 10$)

S, =0.87F, — 1.78, r* = 0.91 (11)

Fig. 3b shows the monthly variations of Pg and S5, Monthly P means
ranged from 1.38 to 6.25 pmol m? s~! with an overall mean of 3.05 +
1.60 pmol m? s 1,

With respect to S,, on average 652 + 1068 Mg CO km ™2 yr~! were
stored under the three years study. Monthly values ranged from —33 to
205 Mg CO, km ™2 month ™. Negative values (i.e., loss of carbon already
stored) were recorded in 28% of the 30-min averaging periods. There
were three months with zero carbon storage. March 2015, Apr. 2016 and
Oct. 2016 recorded losses ranging from 18 to 33 Mg CO2 km 2 month ™"
The lowest Fs and Pg values were also recorded in these months, and
were apparently related to low 6; and scarce precipitation during the
previous 30 days.

3.4. Turfgrass’s aboveground biomass productivity

A mean turfgrass biomass productivity aboveground of 1059 + 394
Mg km 2 yr! (1671 + 624 Mg CO, km 2 yr 1) was determined under
the three-year study. All biomass productivity amounts are expressed in
units of dry-weight, otherwise is indicated. Monthly values ranged from
22.9 to 157.5 Mg km~2 month ! following an inverse trend to the mean
monthly values of ¥ used as a proxy of plant-available soil water. High
values of ¥ indicate a lack of plant-available soil water, and vice versa.
Thus, periods of high biomass productivity presented low values of ¥y
and were characterized by intense and frequent precipitation. For
example, the large volume of rainfall accumulated between Nov. 2014
and early Jan. 2015 triggered low values of ¥y and favored biomass
productivity (see Fig. 6a). The largest clippings harvesting was at the
end of such period. In contrast, the following three months were char-
acterized by little rainfall, high ¥y values and low biomass productivity.

Although some periods as those described above were present during
the study, similar to F;, the biomass productivity showed none seasonal
trend. The perennially wet soil always sustained green grass and intense
F;. According to our observations, the biomass productivity above-
ground in non-irrigated urban lawns covered by cowgrass in Singapore
ranges from 2 to 3.5 g m~2 day ! all year long. This intense biomass
productivity forces a frequent mowing regime. In highly managed gar-
dens, cowgrass is mowed every 6-9 days to keep an aesthetic turfgrass
(CUGE, 2010). In residential lawns like ours, the mowing can be less
frequent while a grass height of 5-6 cm is maintained to keep a healthy
turf.

3.4.1. Performance of proposed model for aboveground biomass
productivity

The proposed exponential correlation to estimate the aboveground
biomass productivity as a function of ¥y, and therefore 6;, was able to
reproduce the annual biomass productivity within a deviation <3%.
However, estimates at monthly scale were less accurate. Although the
correlation captured the monthly trend, it consistently underpredicted
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Fig. 6. Time series of turfgrass aboveground biomass productivity along with soil water potential due to moisture tension (¥y) as a proxy of plant-available soil water
(a). ¥y was obtained from 6; readings at 2 cm of depth and a soil water retention curve derived for the specific soil texture and organic content matter at the studied

lawn. The exponential regression that best fits both variables is shown in (b).

spikes of over 100 Mg dry-weight km~2 month . The moderate corre-
lation coefficient of 0.30 displayed for the periodic clipping harvest (see
Fig. 6b) responded to the variability in soil characteristics and grass
shoots’ density across the studied plot, as well as variations in the grass
mowing and clippings collection, which altogether yielded a minor de-
viation after one year of sampling.

3.5. Mowing emissions

Depending on the mowing frequency and mowing equipment, CO,
emissions from fossil fuel consumption used to maintain an aesthetic turf
range from 6.5 to 78.2 Mg CO2 km~2 yr~. Fig. 7 tabulates the emissions
obtained for a representative set of commercially available mowers and
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trimmers as a function of mowing frequency. Rear engine riding mowers
are the most efficient equipment in terms of mowing productivity (<1 h
ha 1) and CO5 emissions per mowed area (<7 kg CO, ha™1). These
mowers are usually equipped with four-stroke engines of at least 20 HP,
whose high emission rate (>7200 g CO, h™1) is offset by wide cutting
blades (>50 inches) and fast mowing speeds (7-12 mph). Mowing
performance depends on the mowing speed and size of the spinning
blades, which in turn set the engine’s capacity. Emission factors for
other types of mowers range from 9 to 16 kg CO, ha~!. Backpack
trimmers are the least expensive mowing equipment, but their cutting
efficiency is the lowest (11 h ha™') because of their small engine (<2
HP) and mowing speed set by the gardener’s walking pace, which
altogether yield emissions of 15 kg CO, ha™!.

A turfgrass mowed once per week using a backpack trimmer releases
78.2 Mg CO5 km 2 yr~! to the atmosphere, but if the mowing frequency
is reduced to once per month, the associated CO; emissions drop to 18.0
Mg CO, km~2 yr~!. Similarly, in case of using a push mower the emis-
sions decrease from 82.6 to 19.1 Mg CO, km ™2 yr™?, and using a rear
engine riding mower from 28.0 to 6.5 Mg CO2 km~2 yr™™.

Push mowers are the most common mowers used by Singapore’s
dwellers to manage their backyards, while a combination of riding
mowers, lawn tractors and trimmers are used to manage public parks
and road verges. Based on the gardening management observed in our
lawn, we adopted a push mower equipped with a four-stroke engine of 5
HP, whose mowing speed yields an efficiency of 9.6 h ha™!, to estimate
the CO4 emissions associated with turfgrass maintenance in residential
lawns. Assuming a 3-weeks mowing frequency regime, an annual CO5
emission of 27.0 Mg CO, km 2 yr~! was obtained.

4. Discussion

First, we compared the annual rates of Fs and aboveground biomass
productivity at our study site with other grassland systems. Secondly,
the net carbon flux budget (obtained by adding the contribution of each
flux component) is scaled to neighborhood and city scales considering
the fraction of surface covered by turfgrass, and assuming similar
characteristics. Thirdly, we further discuss the challenges to empirically
simulate the responses of Fs to main environmental factors in tropical
urban settings.

4.1. Soil COy efflux rate as compared to other grassland systems

Table 2 shows annual F; for natural, managed and unmanaged rural,
and urban grassland systems. For the former three types of grasslands,
mean values were obtained from rates listed by the Global Soil Respi-
ration Database (GSRD; Bond-Lamberty and Thomson, 2018). Based on
such rates, the mean F; (3370 + 812 Mg CO;, km 2 yrfl) from our
tropical urban lawn is in general higher than those reported for natural
grasslands in tropical, subtropical and Mediterranean, and temperate
regions. That said, our results are within the range (and associated un-
certainty) of the modelled annual F; for all grasslands around the world
(Warner et al., 2019). Unmanaged grasslands present higher annual
rates in tropical, and subtropical and Mediterranean zones, and some-
what lower or similar in temperate locations. Compared to managed
grasslands in subtropical, Mediterranean, and temperate regions, our Fj
were similar or slightly higher based on data from the GSRD.

There is limited information for managed tropical grasslands. Data
are only available for a rural grassland in Singapore covered by cow-
grass, like our lawn, and exposed to minimal management (i.e., infre-
quent mowing, no irrigation and no fertilization; Ng et al., 2015). The
interpolated annual mean F; from such data collected by periodic flux
chamber measurements during a 5-month period exceeds 2.9 times the
mean rate at our residential lawn. A higher TOC (5.45%), lower p, (0.80)
and different soil texture (clay loam) may explain the difference, but a
systematic bias caused by measurements frequency and limitation to
daytime hours cannot be neglected (Cueva et al., 2017).
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For urban lawns, we can only compare our results to a limited
number of studies in subtropical and temperate cities. In both cases, Fg
can exceed by a factor >3 the mean F; of our lawn, as shown in Table 2
for turfgrasses of Phoenix and Fort Collins, USA, and Moscow, Russia.
These Fs were obtained from manual flux chamber measurements on
selected days during daytime like Ng et al. (2015), and may not be
comparable to diurnal and seasonal rates, besides that do not account for
episodic events, such as downpours that influence the response of Fj
resulting in pulse events that substantially increase annual rates (Kim
et al., 2012).

4.2. Aboveground biomass productivity as compared to other grassland
systems

The aboveground biomass productivity of the turfgrass studied here
(1059 + 394 Mg km~2 yr 1) exceeds the productivity of 370-620 and
300-940 Mg km ™2 yr~! for warm-season and cool-season grasses in
urban lawns (Springer, 2012). To the best of our knowledge there is no
published information for warm species in urban turfs to compare these
estimates.

The study in rural Singapore reported a biomass productivity of
876 Mg km~2 yr~! for cowgrass (Ng et al., 2015). Cowgrass is
frequently grown in oil palm, coconut and rubber plantations because
of its high tolerance to shade, grazing and soil acidity, despite of being
rated as a species of low forage productivity (200-250 Mg km 2 yr™1).
More productive grasses can produce up to 1400-1600 Mg km ™2 yr~!
(Reynolds, 1995). Tropical grasslands under favorable conditions of
high-water availability, warm temperature and continuing replenish-
ment of nutrients can yield productivities of 1500-3000 Mg km 2 yr~!
(Woodwell and Whittaker, 1968).

Based on these figures, the biomass productivity in our residential
lawn is lower than those of natural grasslands and pasture grasses under
ideal conditions in the tropics, but higher than the productivity of urban
lawns in temperate latitudes. Tropical humid evergreen forests, like
those surrounding Singapore, have an average aboveground biomass
accumulation of 1056 + 168 Mg km ™2 yr~! (Luyssaert et al., 2007); this
is essentially the same biomass of harvested clippings in our lawn for one
year. Consequently, management of clippings in urban lawns has large
implications for the local carbon budget.

4.3. Net carbon flux budgets

Based on the carbon assimilated by photosynthesis and stored in soil
and grass shoots, and the emissions related to fossil fuel consumption for
maintenance activities (652 + 1068, 1671 + 624, and 27.0 Mg CO
km~2 yr}, respectively), under a steady state in which F relies only on
the atmospheric CO, taken by photosynthesis (i.e., no contributions
from organic material already in soil), the residential lawn assessed in
this study can remove up to 2296 -+ 1692 Mg CO, km ™2 yr~! (626 + 461
Mg Ckm 2 yr~1) of atmospheric CO,. Depending on the gardening waste
management (i.e., clippings disposal), this amount can decrease, and
even shift the lawn to act as a net CO5 source to the atmosphere. In the
worst-case scenario, in which all harvested clippings were burnt, and the
carbon stored by grass clippings returned to the atmosphere, the lawn
would act as a net CO source of 1046 + 1692 Mg CO, km 2 yr ! (285 +
461 Mg C km 2 yr™1). Therefore, it is important that clippings can be
used for compost or forage, or give them any other use that help to
mitigate indirectly the emission of greenhouse gases.

The fate of the carbon produced belowground that does not return to
the atmosphere through Fs was not investigated. The carbon content in
soil was determined at the beginning of the study, but not at the end.
Then, it was not possible to evaluate the buildup of a carbon pool
throughout the study.

The consumption of CO, by mineral weathering reactions cannot be
considered as a factor in the timescale assessed in this study (Trum-
bore, 2006); however, losses through leaching of dissolved carbon can
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Mowing
frequency
Trimmer Push mower Lawn tractor | Riding mower
Every week 78.2 82.6 70.1 28.0
Every 2" week 39.1 41.3 35.1 14.0
Every 3" week 25.6 27.0 22.9 9.2
Once per month 18.0 19,1 16.2 6.5

Fig. 7. Annual CO, emissions (Mg CO, km 2 yr?) by fossil fuel consumption for turfgrass maintenance according to the mowing equipment and mowing frequency.
See Table SM3 for detailed information on the equipment characteristics and emission factors for Singapore’s conditions.

Table 2

Annual soil CO;, efflux (F) rates for rural and urban grasslands reported in the
literature for different climates and locations. For the case of natural and rural
grasslands, as well as this study, values are geometric mean + one standard
deviation computed from the available data. For the rest, values are mean =+ one
standard deviation as reported by the authors. The F; rates reported for Phoenix,
USA, Seoul, Korea and Fort Collins, USA are for irrigated turfs, while those re-
ported for Moscow, Russia and this study are for non-irrigated turfs.

Climate/Location Fs (Mg CO, Number of Reference
km~2yr 1) studies
Natural grasslands
Tropical 869 + 524 3 Bond-Lamberty and
Thomson (2018)

Subtropical and 1661 + 1624 27 Bond-Lamberty and

Mediterranean Thomson (2018)
Temperate 2548 + 1881 253 Bond-Lamberty and

Thomson (2018)
Unmanaged rural grasslands
Tropical 4778 + 1111 6 Bond-Lamberty and

Thomson (2018)

Subtropical and 3678 + 1445 14 Bond-Lamberty and
Mediterranean Thomson (2018)
Temperate 2713 £+ 1932 48 Bond-Lamberty and

Thomson (2018)
Managed rural grasslands

Tropical 9852 &+ 347 1 Ng et al. (2015)
Singapore

Subtropical and 2875 + 1819 214 Bond-Lamberty and
Mediterranean Thomson (2018)

Temperate 2746 + 2346 122 Bond-Lamberty and

Thomson (2018)

Urban turfgrasses

Tropical 3370 + 812 - This study
Singapore

Subtropical 9386 + 880 - Koerner and Klopatek
Phoenix, USA (2002)

Temperate 3850 + 330 - Bae and Ryu (2017)
Seoul, Korea

Temperate 10,182 + - Kaye et al. (2005)
Fort Collins, USA 1001

Temperate 13,182 + - Shchepeleva et al.
Moscow, Russia 352" (2017)

2 Based on periodic flux chamber measurements along a 5-month period.
b Maximum annual rate among a set of non-irrigated experimental turfgrass
plots.
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happen. In temperate grasslands drainage fluxes exports roughly 25%
of the atmospheric carbon removed by the ecosystem (Kindler et al.,
2011). Belowground CO5 may dissolve together with organic carbon in
soil water, be transported convectively with percolating water, and
reach the network of drains, canals and rivers that feed the city water
reservoirs. Thus, leaching losses may become important because out-
gassing of carbon into the atmosphere from surface waters outside the
boundaries of the studied lawn. In a similar way, the fraction of dis-
solved organic carbon may contribute to the eutrophication of water
bodies. Grass clippings have been identified as a main source of nu-
trients in local ponds that contributes to frequent algal blooms (Wang
and Joshi, 2013).

4.3.1. Turfgrass carbon contribution at neighborhood and national scale

If we consider that 15% of the neighborhood surface is covered by
turfgrass (i.e., backyards, parks, verges) and assume that all green plots
share the same characteristics of our experimental plot, then the carbon
removed and stored by grass and soil across the neighborhood would be
344 Mg CO, km™2 yr!. This budget represents 5.7% of the total CO
flux at the local scale, including contributions from all anthropogenic
and natural sources and sinks, measured directly using a tall eddy
covariance flux tower in the same neighborhood (Roth et al., 2017).
However, this finding is only applicable under an ideal maintenance and
waste disposal management, which effectively reduces the use of
mowing equipment and avoids any CO» molecule already removed by
vegetation to return to the atmosphere.

We highlight that if all clippings are collected and burnt, the bene-
ficial service provided by turfgrass in this neighborhood would be lost.
Instead, green plots would release 157 Mg CO» km 2 yr‘l, which rep-
resents an increase of 2.6% to the total CO5 emission.

We had previously estimated an annual carbon uptake of 165 Mg
CO, km™2 yr! by all trees and palms planted in this neighborhood
(3500 and 1900 tress km ™2, respectively) using allometric methods
(Velasco et al., 2013; Velasco and Chen, 2019). Together with the car-
bon uptake by turfgrass, the entire biogenic component in this neigh-
borhood might remove up to 510 Mg CO, km™2 yr~! from the
atmosphere, and offset 8% the local emissions of CO5 under a disposal
management in which none gardening waste ends burnt.

Fifteen percent of Singapore’s land (112 km?) is classified as ‘open
green managed areas without trees’ (i.e., turfgrass) (Gaw et al., 2019).
According to our data, these areas could remove up to 257 or add 117 Gg
CO, yr~ !, depending on the clippings’ fate. These amounts represent an
offset of 0.53% or an addition of 0.24% to the total CO, emissions from
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energy consumption, industrial activities and waste incineration at city
scale (48,567 Gg CO, yr_l; NEA, 2018). Similarly, assuming that all
turfgrass systems across the island city-state store a similar amount of
carbon above and below ground, the carbon density of 2.24 kg C m™2
estimated here indicates that Singapore’s green carpet stores 919.9 Gg
CO4 (250.9 Gg C), a stock that represents 3.6 times its annual CO» flux,
and 1.9% the annual emissions of anthropogenic origin.

The carbon stored by our lawn is in the lower range of those re-
ported for lawns in temperate cities (Guertal, 2012 and reference
therein), but similar to those reported for urban lawns and semi-rural
grasslands covered by cowgrass in (sub)tropical locations. The car-
bon stock reported in this study is between those reported for Hong
Kong’s fertilized urban lawns (3.12 + 0.44 kg C m~2 accounting for
aboveground biomass and 15-cm soil-depth; Kong et al., 2014) and that
for the infrequently managed grassland of Singapore mentioned above
(2.30 kg C m~2 accounting for above and belowground biomass and
topsoil; Ng et al., 2015).

4.4. Soil respiration responses and modeling challenges

Soil temperature, photosynthetic active radiation (PAR) and pre-
cipitation are apparently the main environmental factors that regulate Fg
in tropical humid urban turfgrass systems. The supply of organic sub-
strates is relatively constant and ©; variations are not significant to
discourage microbial activity, thus Ts variations are expected to control
heterotrophic respiration, while variations in PAR, autotrophic respi-
ration. Unfortunately, our measurements cannot distinguish fluxes from
each Fs; component. Additional experiments as those described by
Trumbore (2006) or modeling tests (e.g., Zhao et al., 2021) are needed
to separate the autotrophic and heterotrophic contributions.

The mechanisms influenced by plant phenology and photosynthesis
that control Fs are complex. Biological systems respond to present and
past input stimuli, which regulate the timing and contribution of auto-
trophic and heterotrophic activity (Vargas et al., 2011b). For grasslands
and short stature vegetation, it has been observed that F; is in phase with
variations in Ts and gross primary productivity because F; responds fast
to changes in photosynthesis, as freshly assimilated carbon is rapidly
transferred belowground and utilized for F; processes (Bahn et al., 2009;
Vargas et al., 2011a). The availability of carbohydrates for autotrophic
activity is apparently strongly regulated by PAR through photosynthesis
(Mitra et al., 2019).

Our results show that Fs has a similar diurnal asymmetry to that
observed for the total CO5 flux measured at neighborhood scale by a
flux tower (see Fig. 2 in Velasco et al., 2013). These results suggest that
photosynthesis is an important CO; flux component in highly vege-
tated urban areas in the tropics. Under severe environmental condi-
tions (i.e., high radiation, temperature and vapor pressure deficit),
plants experience stomatal closure as a mechanism to prevent water
loss through evapotranspiration, which reduces photosynthesis. Since
autotrophic respiration is a direct consequence of root respiration,
which is coupled to photosynthesis (Baldocchi et al., 2006), harsher
weather conditions depressing turfgrass’ photosynthesis may explain
the lower F; in the afternoon. Through isotope partitioning, Carbone
et al. (2008) observed that the diurnal pattern of Fs in a semi-arid
perennial grassland was largely controlled by autotrophic activity.
Assuming constraints on photosynthesis due to physiological responses
to water-stress, they modelled a hypothetical radiocarbon signature
for root respiration that showed the same pattern and asymmetry than
the F; observed in our case.

The constant high 6; triggered by frequent rainfall prevents soil
respiration pulse events and diminishes F; during short periods. Addi-
tional moisture in an already wet soil (6; > 0.15 m® m™3) reduces the
soil diffusivity of CO, even more, as well as limits root and microbial
metabolism by reducing oxygen availability for respiration (Vargas
et al., 2010). This is contrary to water-limited ecosystems, where pre-
cipitation can trigger Fs spikes, especially after long dry spells, by
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changing soil diffusivity, increasing photosynthethates, and enhancing
microbial activity and plant metabolism (Vargas et al., 2018). Future
studies in tropical lawns should pay attention to drain after intense
rains. Water-logging is an important factor for soil oxidation. Signs of
redoximorphic features could help to evaluate the oxidation effects after
water saturation (Vepraska et al., 2018). The non-stationary nature of
these events and the diversity of underlying mechanisms complicate its
modeling. Empirical models based on T and 6; responses usually fail to
reproduce rapid Fs changes. In this study, the exponential correlation
based on both parameters (eq. (4)) somewhat reproduces the rapid
decline after intense rainfall (Fig. 5), but masks the biophysical pro-
cesses that regulate Fs. The Q10 model is blind to those sudden declines,
thus during periods affected by frequent downpours overpredicts F;, but
not during ‘dry’ periods as the dry spell of a few days shown in Fig. 5.
Our results show that empirical models are able to accurately predict
F; at monthly- and annual-scales, but these models are limited to predict
the high-frequency (i.e., 30-min intervals) measurements. The overall
CO3, flux emitted from soil results from an integration of many physical
and biological processes that do not necessarily fully correlate with Tg
and 6; (especially in tropical ecosystems), and their responses may end
confounded by factors that covary with them (e.g., photosynthesis rate,
microbial activity, soil physical properties, plant phenology, nutrient
and litter availability). However, these models can explain up to 90% of
the seasonal and annual variation for the site where they were devel-
oped, as the integration of such processes loses relevance in the long-
term (Trumbore, 2006). More complex models are needed to simulate
Fs at high temporal resolution. For example, highly parametrized models
using machine learning approaches are a promising approach to simu-
late the daily, and even hourly variability of F, (Vargas et al., 2018).

5. Conclusions

Our results suggest that urban lawns in Singapore can act either as a
sink or as an emission source of CO,, depending on the clippings waste
management. Year round warm and humid conditions enhance biomass
productivity, as well as soil carbon production and storage. Soil CO,
efflux (Fs) is relatively constant throughout the year, but this flux is not
particularly high and does not exceed the amount of carbon assimilated
by photosynthesis, which drives a net accumulation of carbon in
biomass and soil. However, the fate of clippings ultimately determines
the lawns’ role as a net carbon sink or emission source. If grass clippings
are incinerated, the lawn acts as a net emission source of CO, to the
atmosphere.

The CO; fluxes reported here provide insight on the relevance of the
components that regulate the carbon dynamics in turfgrass systems. The
locally derived models to estimate F;, COy production (Pg) and storage
(Ss), and aboveground biomass productivity of grass can be used to
improve the accounting of carbon stocks and fluxes at a city scale
bearing in mind some uncertainty due to variations in soil and grass
characteristics, and management practices. An assessment of these
variations across the city’s green areas, together with the addition of
sensors to monitor soil temperature and moisture to existing weather
stations will improve the accuracy of such models.

Although the carbon removal or emission associated to turfgrass
systems represents a minor fraction of the greenhouse gas budget at a
city scale, it is important to identify and implement gardening practices
that promote carbon storage and reduce the impact of maintenance
activities. These practices must be tailored to local climate, topography,
cultural and social conditions. Planting native species that adapt to the
site and soil characteristics will eliminate the need for fertilization and
irrigation, or soil quality improvement. Priority should be given to green
areas covered by trees and not only by turfgrass to increase carbon
sequestration. Lawns and parklands should be designed to reduce soil
disturbance and maintenance activities. Mowing frequency should be
based on turfgrass health rather than on aesthetic appearance. Mowing
equipment should be chosen based on mowing performance and CO5
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emission rates. String trimmers should be avoided as much as possible,
while leaf blowers should not be used at all. If clippings cannot be left in
place to decay, a proper disposal management should be implemented.
Greenery waste could be used for compost or to produce biofuel. Animal
grazing could be an alternative to reduce mowing emissions and clip-
pings waste generation. Finally, bold alternatives to decorative grounds
such as lawns covered by native and spontaneous vegetation instead of
monotonous grass might reduce the environmental impact of current
greenery designs, while creating dense biodiverse and low-maintenance
green plots that could be used by the public for recreational and
educational purposes.
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