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ARTICLE INFO ABSTRACT

Keywords:
Mangrove wetland

Mangrove ecosystems play a crucial role in the global carbon cycle. However, the carbon fluxes in the mangrove
ecosystems found in the Indian subcontinent are not well understood. Here, for the first time, we estimate the net
Carbon exchange o ecosystem exchange (NEE) in a mangrove ecosystem at Pichavaram, southeast India, using the eddy covariance
gj;;f:g:;eaﬁczmdumvny method for the period October 2017-September 2018. The half-hourly daytime NEE varied from —11.05 pmol

m~2 5! in the winter months (January-March 2018) to —6.06 pmol m2s! during the summer (April 2018).
The estimated annual evapotranspiration during the study period was 610 mm, whereas the precipitation was
653 mm (much dryer than the long-term average). The half-hourly NEE data were gap filled and partitioned to
estimate the gross primary productivity (GPP) and ecosystem respiration (Reco). The estimated annual GPP was
1466 gC m~2 and Reco Was 1283 gC m~2. The mangrove forest appeared to be a modest sink of atmospheric COo,
with an annual average net ecosystem productivity of 183 gC m™~2 However, in the summer months, it acted as a
source. We observed that the mangrove CO; fluxes strongly responded to environmental factors such as tem-
perature, rainfall, and salinity. However, it is noteworthy that the carbon sink capability may decline in the
future due to rising temperatures, decreasing rainfall patterns, variation in salinity, and changes in tidal inun-
dation patterns.

enhance carbon sequestration annually by an equivalent of about 100
million tons of CO, through better management practices and by

1. Introduction

Anthropogenic global warming is known to have caused major
changes in temperature, precipitation, wind pattern, and sea level in the
past one hundred years (IPCC et al., 2013). These climatic changes have
also affected our life support systems, including forests, food, and water
security (IPCC et al., 2013; Reichstein et al., 2013). To minimize the
adverse effect of climate change, several countries pledged to maintain a
cap on global temperature rise and keep the cap at about 1.5 °C under
the Conference of Parties in Paris (COP21) initiative (Walsh et al., 2017).
India, an important member-state of this consortium, has started several
initiatives to reduce greenhouse gas emission and intensify the process
of carbon sequestration. According to the Intended Nationally Deter-
mined Contribution (INDC), on the one hand, India has planned to

increasing the tree cover by using forest lands under the initiatives of the
Green India Mission (GIM) programme (Ravindranath and Murthy,
2010). On the other hand, to better understand the carbon sequestration
process in Indian forests and coastal ecosystems, an enhancement of our
scientific understanding through a well-managed observational
network, which would include eddy covariance (EC) measurements of
COy, fluxes (Sundareshwar et al., 2007), was proposed.

The amount of carbon stored in a forest and its potential to exchange
the carbon with the atmosphere largely depend on the nature of the
forest. For example, global tropical forests are estimated to store about
45% of terrestrial carbon (Bonan, 2008; Beer et al., 2010), and hence
they are believed to play a significant role in the carbon cycle. Mangrove
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forests, in contrast, occupy only a small fraction, about 0.5%, of global
coastal areas (Alongi, 2014). They are considered as valued ecosystems
due to the role they play in supporting fisheries, protecting the shore-
line, and providing a significant source of livelihood to coastal com-
munities; they also play a very important role in mitigating the effects of
climate change (Barr et al., 2012; Jennerjahn et al., 2017; Dai et al.,
2018). Besides, mangrove wetlands have high rates of primary pro-
ductivity and low decomposition processes (Ward et al., 2006). Globally,
mangrove forests are thought to sequester about 218 + 72 Tg C y !
(Bouillon et al., 2008). Consequently, understanding the dynamics of
water and carbon exchange in the mangrove forests and its responses to
biotic and abiotic factors is of great importance, not only for under-
standing the carbon balance but also for the future protection and better
management of these ecologically vulnerable ecosystems.

The EC method is one of the best practices for the estimation of trace
gas and energy fluxes over natural ecosystems (Baldocchi, 2003; Burba,
2013). Numerous studies have been undertaken globally using the EC
technique in different types of terrestrial ecosystems (Verma et al., 1986;
Grace et al., 1995; Baldocchi, 1997; Law et al., 2000; Aubinet et al.,
2001; Hanson et al., 2004; Tan et al., 2011; Fei et al., 2018), including
mangroves (Barr et al., 2010, 2013a; 2014; Li et al., 2014; Leopold et al.,
20165 Cui et al., 2018; Liu and Lai, 2019). Studies from across the globe
in mangroves having semi-arid to humid climatic conditions have been
reported by many investigators. For example, Leopold et al. (2016)
estimated the annual net ecosystem productivity (NEP) of the semi-arid
dwarf mangrove of New Caledonia to be much lower than that of
mangroves in humid climates. The NEP value reported from Everglades
National Park in western Florida, United States, was 1170 gCm 2 yr !,
which was unusually high and attributed to year-round productivity and
low ecosystem respiration (Reco) in this humid mangrove ecosystem
(Barr et al., 2010). Liu and Lai (2019) recently estimated the interannual
carbon uptake rates to be 890 and 758 gC m ™2 in the subtropical
mangrove wetland of the northwestern region of Hong Kong, China.
They found that temperature and salinity are the key controlling factors
of mangrove carbon sink.

In India, several investigators have reported trace gas exchanges in
different forest ecosystems, such as mixed deciduous forests in the
central part of the country (Jha et al., 2013), subtropical deciduous Sal
forests at Barkot, Uttarakhand (Watham et al., 2017), mixed plantation
and natural forests at Haldwani, Uttarakhand (Watham et al., 2014), the
agricultural site dominated by wheat crop at Meerut (Patel et al., 2011)
and sesame crop at Barkachha (Deb Burman et al., 2020a), both in Uttar
Pradesh, semievergreen forests in Assam, northeast India (Sarma et al.,
2018; Deb Burman et al., 2019), and high-altitude Himalayan forests in
eastern India (Chatterjee et al., 2018). However, the mangrove system is
less studied. To our knowledge, only the mangrove forests of the Sun-
darbans in the Gangetic delta have been investigated using the EC flux
method (Mukhopadhyay et al., 2000; Ganguly et al., 2008; Chanda
et al., 2013; Jha et al., 2014; Rodda et al., 2016). These studies indicate
that the Sundarbans mangrove ecosystem acts as a sink for COy during
the daytime with varying magnitude of 5.5-51.1 gC m~2 d~! (Chanda
et al., 2013; Rodda et al., 2016).

A micrometeorological observational network based on the EC
technique, named MetFlux India (Deb Burman et al., 2017, 2020b;
Chatterjee et al., 2018; Sarma et al., 2018), was initiated by the Ministry
of Earth Sciences, Government of India, and executed by the Indian
Institute of Tropical Meteorology, Pune, Maharashtra. Under this plat-
form, the present study was undertaken by the M. S. Swaminathan
Research Foundation, Chennai, Tamil Nadu, for the long-term moni-
toring of carbon, water, and energy fluxes over a mangrove ecosystem at
Pichavaram in Tamil Nadu. Here, we report our initial observation of
CO4, flux measurement for a period of 1 year (October 2017-September
2018) from this station.

The carbon sequestration process in the coastal habitat mainly de-
pends on local climatic conditions, tidal inundation patterns, and water
salinity (Barr et al., 2010; Li et al., 2014; Leopold et al., 2016; Liu and
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Lai, 2019). The Pichavaram mangrove wetland belongs to the tropical
wet and dry region, with a lower mean annual rainfall when compared
with the mangrove ecosystems of China and the United States (Barr
et al.,, 2010; Liu and Lai, 2019). The spatial distribution pattern of
Pichavaram mangrove flora shows two different zones: the Rhizophora
zone and the Avicennia zone (Selvam et al., 2002). The Rhizophora zone
is characterized by dense and highly productive evergreen trees occur-
ring in the narrow strip along the tidal creeks in the lower intertidal
area. The Avicennia zone species grow in the higher salinity zone having
lower tidal inundation due to the elevation, which directly affects the
productivity of the plants (Santini et al., 2015; Leopold et al., 2016). The
recent EC-based results also show the New Caledonia dwarf Avicennia
marina to have lower net productivity than the other mangrove eco-
systems (Leopold et al., 2016). The Pichavaram mangrove wetland is
also dominated by A. marina (74%) species. These are generally short in
height, and their carbon sequestration capacity is projected to be low.
The main objective of our study is to investigate the carbon sequestra-
tion potential of this ecosystem by measuring the net ecosystem ex-
change (NEE) and thereby quantify the gross primary productivity
(GPP) and respiration components of the carbon exchange with the at-
mosphere. We hypothesize that mangrove NEE would show substantial
seasonal variability depending on wet than the dry seasons. Another
important hypothesis is that air temperature, photosynthetically active
radiation (PAR), vapor pressure deficit (VPD), annual rainfall, and water
salinity are critical environmental regulators for the NEP of the Picha-
varam mangrove ecosystem.

2. Materials and methods
2.1. Study site

The present study was carried out in the Pichavaram tropical
mangrove wetland (lat. 11°20'N; long. 79°55'E) located between the
Vellar and Coleroon estuaries of the Cauvery delta on the southeastern
coast of peninsular India (Fig. 1). The land use and land cover patterns
show that in the dense mangrove forests occupy an area of 813 ha,
sparse mangrove vegetation about 68 ha, marshy vegetation about 664
ha, and mudflats about 340 ha. It consists of about 51 small islands
covered by mangrove vegetation (Selvam et al., 2002). There are 12
species of true mangroves present in the Pichavaram mangrove wetland.
The average leaf area index (LAI) in the Rhizophora zone is greater than
that in the Avicennia zone, and the values range between 2 and 4 m?’m~2,
respectively. The height of the mangroves ranges between 3 and 7.5 m
(Selvam et al., 2002).

Unlike most of the country, the southeastern part of peninsular India
receives maximum rainfall during the northeast monsoon season (NEM)
(October-December) (IMD, 1973; Balachandran et al., 2006; Rajeevan
et al., 2012). Therefore, the seasonality in Pichavaram is defined as
follows: winter or post-monsoon (January-March), summer
(April-June), pre-monsoon (July-September), and northeast monsoon
(October-December)  (http://www.imdchennai.gov.in/northeast mo
nsoon.htm) (Kathiresan, 2000). As per the Koppen climate classifica-
tion, Pichavaram is subhumid with hot (atmospheric temperature >30
°C) summer and an average rainfall of about 1310 mm per annum
(Gnanappazham and Selvam, 2014). The depth of water in the
mangrove is shallow and varies approximately between 0.3 and 3.0 m
(Selvam, 2003). The semidiurnal tidal patterns occur with slight
inequality, and the overall spring and neap tidal ranges in the site are
0.82-0.34 m. In the EC flux tower neighborhood, the maximum tidal
variation during the northeast monsoon is 50 cm, while the minimum
variation is about 20 cm. Even in the summer months, the variation is
between 25 and 38 cm (Selvam et al., 2002).

2.2. Eddy covariance flux tower and sensor setup

A 10 m tall EC flux tower was established in the Pichavaram
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Fig. 1. Geographic location of the study site. The upper left panel shows the map of India. The middle panel shows the state of Tamil Nadu, the dark green shading
represents Cuddalore district, and the black dot indicates Pichavaram. A zoomed-in image of the study area is shown in the right panel, where the red dot indicates
the eddy covariance flux tower location. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

mangrove to measure the COy, H20, and energy fluxes (Fig. 2). The
tower is surrounded by a continuous dense mangrove patch with
dominant species, namely, A. marina and Rhizophora spp, having a mean
canopy height of about 3 m. It is fueled by three solar power systems

(one 24 v and two 12 v each) with rechargeable batteries (500 AH).
Micrometeorological and trace gas (CO3 and H>0) measurements were
made at 10 m on the tower, 6.5 m above the top of the canopy. A three-
dimensional (3D) sonic anemometer (Wind Master Pro, Gill Instruments,
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Fig. 2. Eddy covariance (EC) flux tower (left) in the dense area of Pichavaram mangrove forest. The CO,/H,0 infrared gas analyzer system sensor and sonic
anemometer and a part of the mangrove vegetation are shown in the right column upper and lower figures, respectively.

United Kingdom) was installed to measure the high-frequency wind
velocity components and sonic temperature (Tg). The closed-path
infrared gas analyzer system (IRGA) LI-7200 (LI-COR, Lincoln,
Nebraska, United States) was installed to measure the concentrations of
carbon dioxide and water vapor. The raw measurements from the sonic
anemometer and IRGA were recorded using an analyzer interface unit,
LI-7550 (LI-COR, Lincoln, Nebraska, United States), at a frequency of 10
Hz. The additional meteorological variables were being measured above
the canopy at 10 s intervals and averaged over 1 min and 30 min; they
were logged in a CR3000 (Campbell Scientific Inc., Logan, Utah, United
States) data logger. These measurements included net radiation (NRO1,
Hukseflux) and incoming photosynthetic active radiation (SQ-100 and
-300 series, Apogee instruments) at the height of 6 m. Other meteoro-
logical measurements included air temperature, relative humidity, wind
speed, wind direction, and precipitation at heights of 2 m, 6 m, and 10 m
(Vaisala weather transmitter WXT520, Finland). In addition, soil heat
flux was also measured at two depths (2.5 and 5 cm) (HFP01SC-20,
Hukseflux). Around the EC flux tower, three sampling sites were fixed to
monitor (in situ) the weekly water salinity using a water quality moni-
toring system (Hydrolab Quanta Multi-Probe Meter).

2.3. Eddy covariance flux measurements

The EC method is known to be a reliable technique of measuring the
net carbon exchange between the mangrove ecosystem and atmosphere
(Barr et al., 2010; Rodda et al., 2016).

The following equation is used to calculate CO5 flux, as defined in
Baldocchi (2003):

NEE =p,.0'c, @

where pa is the air density, o' is the vertical wind speed, and ¢’ is COy
concentration fluctuations from the respective means. The overbar in

the equation indicates time averaging. Negative CO, flux denotes carbon
uptake by the vegetation, and positive flux denotes CO, release into the
atmosphere. Half-hourly data from October 2017 to September 2018
were used in our analysis.

2.4. Primary data processing

The raw EC flux data were processed from October 2017 to
September 2018 using EddyPro processing software (version 6.1.0, LI-
COR, Lincoln, Nebraska, United States) to calculate the 30-min aver-
aged CO,, Hy0, and energy fluxes. Triple-coordinate rotation was
applied to eliminate errors due to sensor tilt (Baldocchi et al., 2000;
Wilczak et al., 2001); the site has more or less homogenous terrain. WPL
correction was applied to correct CO, and Hy0 fluxes for air-density
variations from the transfer of heat and water vapor (Webb et al.,
1980). The data with larger spikes due to instrument error were
removed during the processing of each data file (Sabbatini et al., 2018).

2.5. Secondary data processing

The secondary data processing methodology used is similar to the
proposed corrections by Thomas et al. (2011). Data recorded during
heavy rain conditions were eliminated (Yu et al., 2006). Low turbulence
at night may cause the night-time fluxes to be underestimated (Goulden
et al.,, 1996; Baldocchi, 2003; Lei and Yang, 2010). Accordingly, if
friction velocity (u*) was less than 0.13 ms™!, as determined by an
average value test (AVT) (Zhu et al., 2006), then these data were
rejected. Night-time negative CO; fluxes, if any, were rejected if PAR
was less than 5 pmol m™2s™! (Wang et al., 2013). After this filtering
technique, approximately 93% of the CO; fluxes remained. In the pre-
sent study, the annual u* threshold was evaluated using an online tool
(https://www.bgc-jena.mpg.de/bgi/index.php/Services/REddyProcWe
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bUStarFiltering) as 0.21 ms’l; a total of 7% of the data was marked as
the gap from the available dataset. Filtered data were then gap-filled
using the online EC processing tool of the Department of Biogeochem- The GPP and Re¢, were calculated by an online EC processing tool, as
ical Integration at the Max Planck Institute for Biogeochemistry (http:// mentioned earlier, a procedure often followed by the FLUXNET and
www.bgc-jena.mpg.de/~MDIwork/eddyproc/). Further, the gap-filled EUROFLUX communities (Wutzler et al., 2018).

data were partitioned into GPP and Reco.

NEE = R, — GPP. (2)

3. Results
2.6. Flux portioning
3.1. Meteorological variations
The NEE was partitioned into two components, GPP and Re., (Kolari
et al., 2004; Reichstein et al., 2005): Fig. 3(a—d) shows the half-hourly records of meteorological param-
eters on a monthly scale. From October 2017 to September 2018, the
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lowest air temperature (22 °C) was observed in January (winter or post-
monsoon), and the peak temperature (35.5 °C) was recorded in June
(summer). Seasonal variations of air temperature in the Pichavaram
mangroves indicated that May-June was the hottest season with a
monthly average temperature of 30.9 °C, whereas the lowest tempera-
ture of 25.8 °C was observed during January-February (Fig. 3a). The
relative humidity ranged from 42% to 79%, the average is 67% (Fig. 3b).
The monthly wind speed ranged from 1 ms ™! (April) to 4.31 ms™~! (May)
(Fig. 3c). The highest value of the net radiation was about 700 Wm™?
observed in March and April (Fig. 3d). The total rainfall during the
entire study period was 653.3 mm, with nearly 72% of the total annual
rainfall during the northeast monsoon (October-December). The site
recorded the highest rainfall of 265 mm in November; this was due to
the effect of the northeast monsoon (Fig. 3e).

3.2. Determination of the CO2 fluxes

The wind rose diagram shows the prevailing wind direction and
speed, and the footprint analysis was done to determine the EC flux
source area (Fig. 4a and b) (Schmid, 2002). The prevailing wind di-
rections at the study site were west-north-west and west-south-east, and
the wind speed mainly stayed in the range of 0.8-4.4 ms™! during the
entire study period (Fig. 4a). The footprint or fetch (90%) of the study
site ranged from 208 to 335 m, with an average value of 206 m in the
flux tower (Fig. 4b).

Fig. 5 shows the gap-filled half-hourly monthly variations of NEE
over the period of October 2017-September 2018. We followed the
standard micrometeorological convention for our analysis. CO, uptake
due to photosynthesis is considered as negative, while the positive flux
indicates CO4 loss by respiration. The half-hourly NEE ranged from
—17.34 pmol m~2 s~ ! (December 23, 2017) to 9.9 pmol m2 st
(October 25, 2017) (Fig. 5). The seasonal variation of diurnal patterns of
CO; flux is presented in Fig. 6(a-d). During the northeast monsoon
season (October-December), the CO5 flux varied from —8.50 pmol m~2
s 1 in the daytime to 3.63 pmol m~2s~! in the night-time. In contrast, in
the winter or post-monsoon season (January-March), the fluxes varied
from —11.05 pmol m~2 s~ in the daytime to 4.05 pmol m~2 s~! in the
night-time. During the summer season, CO, fluxes were quite low
compared to other seasons; they ranged from —6.06 pmol m~2s™! in the
daytime to 4.27 pmol m2 s~! in the night-time. During the pre-
monsoon season, the NEE varied from —9.21 pmol m~2 s7! to 5.11
pmol m~2 571, The mean daytime flux contributed by photosynthesis
was —5 pmol m~2 571, whereas the mean night-time flux due to respi-
ration was 3.31 pmol m2s71 (Fig. 7a and b).
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3.3. Carbon source and sink

The minimum GPP and Rec, values of 0.21 and 2.42 gC m2d7,
respectively, were observed in the month of November while the
maximum values of 6.32 and 4.96 gC m~2 d~?, respectively, were
observed in September (Fig. 8a and b). GPP, Reco, and NEP values were
found to vary considerably by season (Table 1). Overall, the GPP values
were higher than the Re., values, but during the summer months of June
and July, the Reco, exceeded the GPP, making the ecosystem a carbon
source; for the rest of the year, it acted as a carbon sink. The NEP values
were calculated as the incoming GPP minus the Reco (NEP = GPP - Reo)-
Fig. 8c shows the half-hourly NEP values ranging from 2.49 gCm 2 d !
in January to the lowest negative value of —2.34 gC m™2 d™! in
November. During June and July, the ecosystem acted as a net carbon
source with the monthly averaged values being —0.54 and —0.26 gC
m~2 d’l, respectively. The overall estimates of GPP, Req,, and NEP
during our study period (October 2017-September 2018) were 1466,
1283, and 183 gC m 2 y !, respectively. The study shows that the
Pichavaram mangrove ecosystem served as a carbon sink, and the
average annual sum of the NEP was 1.83 tC ha™!.

3.4. Seasonal net ecosystem exchange responses to photosynthetically
active radiation

The rectangular hyperbolic least-square fits of PAR with daytime
half-hourly NEE during different seasons were investigated using the
Michaelis-Menten equation (Falge et al., 2001) given here and shown in
Fig. 9(a-d).

_ axPAR * Pmax

NEE=—————
axPAR * Pmax

RL)L‘U (3)
where a represents the apparent quantum yield (pmol CO5 pmol pho-
ton™!), PAR is photosynthetically active radiation (pmol m~2 s’l), Pmax
represents the maximum photosynthetic rate, and Rec, is the daytime
ecosystem respiration (pmol COy m~2 s_l).

The carbon sequestration ability increased with PAR irrespective of
the season. However, the ecosystem showed higher apparent quantum
yield (—0.025 pmol CO, pmol photon™!) in the winter or post-monsoon
season (January-March; R? = 0.82) (Fig. 9b) than in the northeast
monsoon season (October—December; R? = 0.78) (Fig. 9a). This is a
strong indication that the most of the carbon sequestration took place
during the post-monsoon season. A high level of scattering was observed

between PAR and NEE during the summer months (April-June). The
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Table 1
Season-wise GPP, R..,, and NEP values.

Season-wise periods

Rainfall (mm)

GPP(gCm2d7Y)

Reco(@Cm™>d™)

NEP(gCm~2d™})

Northeast monsoon

Winter or post-monsoon (wet)
Summer (dry)

Pre-monsoon

468
44
37
104

3.46
4.80
3.75
4.07

3.06 0.39
3.52 1.28
3.80 —0.05
3.68 0.39

GPP: Gross primary productivity; Reco: Ecosystem respiration; NEP: Net ecosystem productivity.
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Fig. 9. Response between half-hourly daytime PAR and daytime NEE during different seasons: (a) October—December 2017, (b) January—March 2018; (c) April-June

2018; (d) July-September 2018.

time—averaged PAR values in the summer months ranged from 1451 to
1906 pmol m~2 s7!, which affected the photosynthesis of the forest
canopy (Fig. 9c). However, high NEE values were also observed during
the pre-monsoon months of July-September due to the high rate of PAR
(1333-1745 pmol m~2 s’l), and this contributed to better carbon
sequestration. Despite this, the ecosystem respiration increased from 2.7
to 5 pmol m~2 s71, and this caused an overall reduction in NEP during
the pre-monsoon period (Fig. 9d).

Table 2

Average monthly variations in daytime NEE light response parameters from
October 2017 to September 2018 in the Pichavaram mangrove ecosystem in
south India.

Month a (pmol CO, pmol photon’l) Pmax (pmol COy m2s
Oct —-0.020 -13.35
Nov —0.018 -13.23
Dec —0.022 —19.67
Jan —-0.026 -21.33
Feb —0.027 —19.24
Mar —0.022 -18.8
Apr —0.023 —-14.13
May —-0.028 -12.16
Jun —0.028 -8.91
Jul —0.025 -9.01
Aug —0.024 -14.73
Sep —0.028 —21.55

o: Apparent quantum yield; NEE: net ecosystem exchange; Pmax: Maximum
photosynthetic rate.

Regarding monthly variations in daytime NEE light response pa-
rameters (Table 2), the apparent quantum yield («) and the maximum
net photosynthetic rate (Pmax) showed similar trends. The maximum
and minimum o values were observed in November and September,
respectively. In general, o values in the summer season were higher than
those during the northeast monsoon season (October-December). Dur-
ing the summer, the quantum yield of the ecosystem was high. But
despite these characteristics, the relation between daytime NEE and PAR
indicated that the Pmax increased during the winter or post-monsoon
season but not during the summer season. Therefore, it is inferred that
most of the annual carbon accumulated in our study site was during the
wet season.

3.5. Relation between net ecosystem exchange and other environmental
parameters

The daytime NEE responded to air temperature differently with
season (Fig. 10a-d). For example, at a given temperature, the daytime
NEE value was higher at a lower temperature (during January-March;
26.45 °C averaged) than at high temperatures (during the summer
months of April-June; 30.57 °C averaged) (Fig. 10a—d). To examine the
relations between the NEE and environmental parameters, we mapped
monthly rainfall and water salinity (Fig. 11). The NEE and the VPD were
also plotted to quantify the net carbon exchange patterns (Fig. 11). The
NEP was also plotted as a function of air temperature, VPD, and salinity
(Fig. 12a—c). It decreased linearly with both air temperature and VPD,
but did not show a distinct pattern with salinity. NEP varied
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considerably among the VPD regimes, with a significantly higher value 4. Discussion
over the medium VPD range of 10-20 hPa. According to the results, the
carbon sink capacity decreased with increasing VPD; this was rapid
when VPD was higher than 25 hPa. The fitted lines of NEP showed a
significant difference between low and high salinity values (Fig. 12c).
Further, the carbon sink capacity of our study area decreased with
decreasing monthly rainfall and increased air temperature.

4.1. Net ecosystem productivity estimates of south Indian tropical
mangroves

Our results indicated that the maximum negative flux around or just

before noon implied high photosynthetic activities under optimum solar
net radiation associated with the CO; sequestration by the forest
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The NEP shows good inverse correlation with air temperature and VPD, but no systematic pattern is observed in the case of salinity. In the regression equation, the
NEP is represented by y and the corresponding independent variable by x in each case.

canopies (Rodda et al., 2016; Chatterjee et al., 2018; Sarma et al., 2018).
The positive night-time fluxes were lower in magnitude than the nega-
tive daytime fluxes, particularly during October-May, and
August-September (Fig. 7a and b). However, the highest night-time
positive fluxes (Reco) were measured in the summer months, that is,
during the months of June and July (Mildenberger et al., 2009). Rodda
et al. (2016) reported that in the Sundarban mangrove forest, the peak
negative CO, flux was —6.0 pmol m 2 s~! observed during the daytime
of summer 2012. Our estimation of —5 pmol m~2 s~ (for daytime) is
slightly lower than that observed by Rodda et al. (2016), as is the mean
night-time positive flux (3.3 pmol m~2 s1). Our results are very similar
to those seen in the “Coeur de Voh” mangroves in New Caledonia (—5
pmol m 2 sfl; Leopold et al., 2016). However, our estimated annual
NEP of the Pichavaram mangrove forest (183 gC m %) for October
2017-September 2018 is considerably higher than the reported values of
“Coeur de Voh” dwarf mangroves, which are about 73.8 gC m~2 (Leo-
pold et al., 2016). Based on the EC and biometric estimates in the
Pichavaram mangroves, the current values are within the range indi-
cated by Kathiresan et al. (2013). They estimated the carbon seques-
tration rate at the Pichavaram mangroves forest using the
biometric-based method (BM) and reported that the values ranged be-
tween 1.1 and 8.0 t C ha™! y~! with different age groups of the man-
groves across seasons. Rodda et al. (2016) reported a high NEP of about
249 gCm 2y~ ! at the Sundarban mangroves. This could be attributed to
the low respiration rate of 2-4 pmol m2s7! and, to some extent, to the
tidal activity in this region, which sometimes rises as high as 1 m.
Additionally, consistent freshwater discharges (from the river) make the
water level high around the tower site, which turns the soil anoxic and
may have contributed to the low respiration rate in Sundarbans. How-
ever, in the Pichavaram mangroves, we measured a higher respiration
rate varying from 2.42 to 4.96 pmol m~2 s~ ! with high soil temperatures
(25°C-35 °C) (Fig. 8b). During the rainy season, the Pichavaram forest
soil gets inundated by river flood discharges, which suppress the soil
respiration. During the rest of the season, the soil remains somewhat
dry, leading to higher soil respiration (Gnanamoorthy et al., 2019). Cui
et al. (2018) also compared the two different ecosystems of mangrove
wetlands and terrestrial forests from the subtropical region of China.
Their results showed that the mangrove wetlands sequester more carbon
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than the terrestrial forests because of higher gross ecosystem production
(GEP) and lower decomposition rates in soil organic carbon, resulting in
lower soil respiration in mangroves than in the terrestrial forests.

On the other hand, the estimated NEP of the Florida Everglades
mangrove forests is very high at about 1170 + 145 gCm 2y, but these
mangroves have a high density of trees with heights greater than 25 m
and higher above- and below-ground biomasses with different species
composition varying from Rhizophora mangle, Avicennia germinans, and
Laguncularia racemosa (Simard et al., 2006; Barr et al., 2010). Liu and Lai
(2019) also quantified the annual carbon uptake rates of a mangrove
forest dominated by Kandelia obovata in the subtropical region of China.
The values ranged from 758 to 890 gCm 2y~ !, which were higher than
those in the tropical ecosystem of the Pichavaram mangroves. The high
values could be attributed to their higher mean canopy height of
approximately 6.5 m, with a mean diameter at breast height (DBH) of
7.6 cm, and a tree density of 0.7 individuals per square meter. In
contrast, the Pichavaram mangrove has a smaller canopy with an
average height of approximately 3 m (LAI ranged from 0.8 to 2 m? m2)
with a single dominant species of A. marina (74%) (Selvam et al., 2002).

4.2. COg flux response to environmental controls

4.2.1. Influence of air temperature

A recent global analysis highlighted that precipitation, temperature,
salinity, and tidal pattern are the major influencing factors at local and
regional levels for mangrove growth (Alongi, 2002; Barr et al., 2010;
Saintilan et al., 2014; Leopold et al., 2016; Simard et al., 2019). In our
study, the air temperature during the summer months had greatly
affected the NEE pattern than the temperature during the wet months,
which had a positive influence on ecosystem respiration and negative
influence on NEP (Fig. 10a-d). In our mangrove site, the daytime air
temperature remains high (>35 °C) during the summer season. Nandy
and Ghose (2005) demonstrated that A. marina had photosynthetic ca-
pacity till 36.6 °C of canopy temperature; our results also showed clear
evidence of carbon sources under a higher air temperature (>35 °C).
Gilman et al. (2008) reported an optimum air temperature range
(28°C-32 °C) for carbon uptake of mangroves species, but our obser-
vation showed higher values than those observed during the summer
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months, which ultimately decreased the carbon fixation capacity of the
mangroves. Futher, Niu et al. (2012) reported that high temperatures
could reduce GPP through a reduction in stomatal conductance in
response to the higher evaporative demands and lower soil water con-
tents. A recent study by Liu and Lai (2019) conducted in a Chinese
subtropical mangrove wetland showed that the temperature had domi-
nant control of the temporal variations in CO; flux in the wet seasons
than in the dry seasons, which resulted in an overall increase in
ecosystem respiration and decrease in net carbon uptake during the wet
period.

4.2.2. Influence of photosynthetically active radiation on net ecosystem
exchange in mangrove ecosystems

Net ecosystem exchange response to the proportion of PAR depends
on seasonal patterns (Fig. 9a-d). During the daytime, the NEE light
response parameter « in the summer months (April-June) was higher
than that during the northeast monsoon season (October-December).
Despite this, more carbon assimilation occurred during the wet months
than during the summer period in our study area. A similar pattern was
also noted by Barr et al. (2010) in the Everglades mangroves in Florida.
Their finding shows that the positive effects of diffuse solar irradiance at
minimum NEE values occurred when PAR varied between 1400 and
2100 pmol m~2s-! with slightly elevated air temperature ranging from
24 °C to 28 °C. Furthermore, Barr et al. (2010) pointed out that leaf
orientation was another factor influencing the PAR on NEE during the
summer months; sunlight can tilt mangrove foliage in a more vertical
direction (up to 75° from the horizontal) compared to shaded foliage.
The foliage angle of sun-exposed mangrove leaves varies among species
(Lovelock and Clough, 1992). A tilted leaf can reduce direct solar radi-
ation, allowing them to remain at temperatures that are favorable for
photosynthesis (Ball, 1988; Farnsworth and Ellison, 1996). Yu et al.
(2008) also stated that the climatic conditions and GEP values of the
terrestrial forests were mainly controlled through PAR and air temper-
ature. The “Coeur de Voh” mangroves of New Caledonia are charac-
terized by a semi-arid climate. Here, the response of daytime NEE to PAR
differed depending on the air temperature. The NEE values decreased
and then increased with increasing air temperature (Leopold et al.,
2016); similar patterns were also observed in other mangroves (Barr
et al., 2013b; Chen et al., 2014). Similar to our results, Rodda et al.
(2016) also recorded a higher quantum yield during the monsoon month
(September), which provided favorable conditions for the growth of the
Indian Sundarban mangroves. Lower quantum yields were observed in
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the hotter month of May, resulting in a reduction of the NEE due to
higher PAR. The light use efficiency (LUE) in the Mai Po Nature Reserve
(Hong Kong, China) mangrove canopy decreased with an increase in
both air temperature and VPD. At Pichavaram, our results showed thata
higher light response parameter limited the NEE values of the man-
groves (Table 2).

4.2.3. Control of rainfall

In our study site, the NEE values were found to be highly varying
with seasonal patterns, due to various environmental factors such as
higher net radiation, low rain events, hypersaline water, and freshwater
inflow into the mangrove forest from the river. The Pichavaram
mangrove forest typically receives an average annual rainfall of about
1310 mm (Selvam, 2003), but during the study period, the total rainfall
received was half of this value. The estimated annual evapotranspiration
(ET) during the study period was 610 mm, whereas the precipitation was
653 mm (much dryer than the long-term average) (Fig. S2). A compi-
lation of the global data set from tropical and subtropical mangrove
forests shows that the annual NEP of mangroves maintains an increasing
trend with yearly precipitation (Fig. 13). Furthermore, the Everglades
mangroves in Florida were found to have a similar pattern. Barr et al.
(2010) observed that the higher rainfall caused a decrease in soil ef-
fluxes but increased the NEP due to the combined effects of increased
freshwater discharge and long-term low saline water inundation.
Meanwhile, Leopold et al. (2016) found that a higher rainfall pattern
helped increase both GPP and Rec, but reduced NEP during the wet
seasons when compared with the dry periods in the “Coeur de Voh”
mangrove, New Caledonia. Similarly, Liu and Lai (2019) estimated that
the GPP level in a humid Hong Kong mangrove was reduced by 32.6%
due to heavy precipitation. They attributed this to the reduction in the
photosynthetic photon flux density (PPFD) compared with the non-rainy
days. The NEE during the non-rainy days in this region was found to be
enhanced by more than 100% (Liu and Lai, 2019). Similarly, our study
site also recorded lower NEP during the monsoon season (October-De-
cember) than in the post-monsoon period (January—March), presumably
driven by the lower PAR during the former period. During these months,
both the GPP (3.18 gC m™2 d™!) and Reco (3.06 gC m~2 d 1) were
observed in high values were ultimately reduced the NEP (Fig. 8a—c).
The influence of rainfall patterns was compared with the October-De-
cember, and January-March data sets. The NEP and PAR values during
these two seasons varied greatly from 0.39 to 3.22 gC m 2 d~! and
680-938 pmol m~2 571, respectively.
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4.2.4. Influence of vapor pressure deficit and water salinity

Vapor pressure deficit is possibly one of the important environmental
factors for transpiration and mangrove plant growth and development
(Oren et al., 1999; Leuschner, 2002). A number of studies have indicated
that mangroves are highly responsive to changes in lower and higher
VPD leading to stomatal closure, which can lower the cost of carbon gain
in the mangroves (Cheeseman and Lovelock, 2004; Barr, 2005; Naidoo,
2006; Alongi, 2009; Keith et al., 2012). Chen et al. (2014) stated that
VPD and air temperature were important secondary factors controlling
the daytime NEE values, especially after a typhoon. They found that low
GPP values due to typhoons were likely to reduce the carbon assimila-
tion under high VPD and air temperature conditions. Goulden et al.
(2004) also demonstrated that the positive influence between NEE
fluxes and VPD was caused by elevated air temperature and higher VPD.
In our study, we found that lower NEE values were observed when VPD
exceeded 25 hPa, and the temperature was higher than 35 °C, suggesting
that stomatal closure and a decrease in carbon fixation occurred when
these values were high (Figs. 11 and 12a-b). The tropical and subtrop-
ical mangrove carbon assimilation rates were likely to decrease when
the air temperature and VPD were at their maximum, as shown in
studies by Barr et al. (2010, 2013b), Leopold et al. (2016), and Liu and
Lai (2019).

The carbon balance in mangrove forests is thus partially influenced
by the physical conditions that regulate salinity in coastal environments
(Barr et al., 2010). Salinity is an important factor regulating photosyn-
thesis and stomatal conductance in mangroves, as reported by several
investigators (Takemura et al., 2000; Parida et al., 2004; Lopez-Hoffman
et al., 2006). Similar to the New Caledonia mangroves (Leopold et al.,
2016), the Pichavaram mangrove wetlands are also characterized by
two distinct spatially distributed zones of flora. The Avicennia zone
developed behind the Rhizophora zone with higher elevations in the
intertidal area. The tidal amplitude range around our EC flux tower is
very limited (between 50 and 25 cm) and depends on the season (Selvam
et al., 2002); therefore, tidal inundation in the Avicennia zone occurs
only during the northeast monsoon season (October-December) and
thereafter freshwater is discharged from the river (mostly during
July-September). In our study site, creek water salinity showed high
seasonal variation: it was much lower during the northeast monsoon and
pre-monsoon (July-September) seasons than in the summer months
(Fig. 11). During the northeast monsoon season, the decrease in salinity
was clearly related to rainfall and freshwater input. In this connection,
our study observed the hypersalinity conditions during March-May due
to reduced tidal water or no freshwater input from rainfall. Conse-
quently, the creek water experiences hypersalinity during the summer
months ranging between 38 and 47 ppt (Fig. 11). Under a low rainfall
regime, the salinity increased, and as a result, the carbon sequestration
capacity was reduced. Avicennia, one of a wide range of salt-tolerant
mangrove species, used the saline water to overcome drying and
reduce saline stress conditions (Martin et al., 2010; Morrisey et al.,
2010). Under higher salinity, mangrove plants have the adaptation
mechanisms to lower the stem hydraulic conductivity that restricts the
flow rates but also reduce vulnerability of xylem vessels to cavitation
(Sperry et al., 1988; Melcher et al., 2001). Thus, the supply of water to
leaves through roots and stems could be lowered under hypersaline
conditions, which consequently reduces the photosynthetic rate. In our
study also shows that reduction stomatal conductance and reduced
photosynthetic activities made the ecosystem a carbon source during the
summer. There was a negative relationship between NEP and water
salinity across all seasons in our study (Fig. 12c). Leopold et al. (2016)
also observed that the decreased GPP level during the dry season when
compared with the wet season, due to less water availability in terms of
no rainfall and least tidal inundation, correlated with higher pore water
salinity in the dwarf mangroves of New Caledonia. Cui et al. (2018)
reported that the hypersaline conditions of the mangroves had greatly
influenced the LUE, but the relationship between salinity and LUE was
different based on the site and salinity range. In our site, which
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experienced low salinity conditions during July-September, salinity
(0.4-14 ppt) was reduced even without rainfall. This was mainly
attributed to the mangrove forest floor being fully inundated with
freshwater discharge from the river Coleroon of the Cauvery delta
(https://sandrp.
in/2018/07/24/cauvery-is-facing-very-serious-flood-risk-but-cwe-is-in
slumber/). Liu and Lai (2019) found that water salinity (1-17 ppt) had a
positive effect on both LUE and GPP in the subtropical mangroves of
Hong Kong, China. Similarly, in our study, we observed that the lower
salinity showed an increase in GPP, particularly in October-January
(3-25 ppt) and July-September (0.23-13.8 ppt). Additionally, salinity
can influence soil carbon decomposition through soil respiration (Rob-
ertson and Alongi, 2016; Gnanamoorthy et al., 2019). In this study, Reco
under high salinity was significantly higher than that under low salinity,
as seen from the higher Reco (3.8 g€ m ™2 d 1) observed in higher saline
environments due to non-flooding conditions during the summer pe-
riods. The negative effect of salinity on Re¢, has been seen in some other
wetlands as demonstrated by studies stating that Rec, was found to be
significantly lower under high salinity conditions than under low
salinity conditions (Liu and Lai, 2019). Increased Reco under low salinity
conditions (4.36 gC m~2 d’l) was observed in our study as well. This
was only in September after the freshwater input from the river, which
could have diluted the saline water and subsequently lowered water
salinity to give optimum conditions for higher soil respiration (Fig. 8b).
Overall, we found that the Pichavaram mangrove ecosystem acted as a
carbon sink of 1.83 tC ha~! y~'during the observation period. Approx-
imately 95% of carbon was sequestered during the winter or
post-monsoon and pre-monsoon seasons. It was nearly carbon neutral
during the northeast monsoon season and acted as a net source during
the summer months. Therefore, it is very important to consider the
impact of future climate changes on the carbon exchange of such a
mangrove ecosystem, as it may be highly sensitive to changes in rainfall,
salinity, and temperature.

5. Conclusions

The EC technique was used to determine carbon exchange over the
Pichavaram mangrove ecosystem on the southeast coast of India from
October 2017 to September 2018. The results show that the Pichavaram
mangrove forest, on an annual time scale, acted as a moderate sink of
atmospheric carbon, with an annual average NEP of 183 gC m~2. This
value is similar to that of other Indian mangrove forests, such as the
Sundarbans, but considerably lower than those reported from other
mangrove ecosystems across the world. One reason for this low value is
vegetation characteristics. The mangrove trees in Pichavaram are
considerably shorter in height when compared with those in other lo-
cations. However, other factors, such as the elevated air temperature,
rainfall pattern, and hypersalinity of the area during the summer season,
also played a significant role. Further investigations are required to
better characterize the role of rainfall in carbon sequestration processes
in this ecosystem. Nevertheless, the present estimates of NEP, GPP, and
Reco are within the range of values reported from terrestrial ecosystems
across the world. However, the carbon sink capability may decline in the
future based on rising temperatures, decreasing rainfall, variable
salinity, and tidal inundation patterns. Consequently, long-term studies
are required to evaluate how environmental parameters, including the
estuarine tidal exchange of aquatic carbon species driven by climate
change, would influence the carbon and water fluxes in this fragile
ecosystem.
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