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ARTICLE INFO ABSTRACT

Salt marshes are highly productive ecosystems and yet we have only a preliminary understanding of how net
ecosystem exchange varies on daily and seasonal time scales. We used the eddy-covariance method to examine
the behaviour of the net ecosystem exchange as influenced by tidal flooding in daytime conditions in a coastal
salt marsh dominated by Spartina alterniflora in Georgia, USA. Two different analyses both found that the net
ecosystem exchange was ~ 60% greater during neap high tides than during spring high tides; the largest dif-
ferences occurred early in the growing season. The effect of tidal flooding varied continuously with the degree to
which plants were inundated versus emergent. The total monthly reduction (less negative) in daytime net
ecosystem exchange due to flooding was 7-38% and 1-64% in 2014 and 2015 respectively. The highest CO, flux
reductions were observed early and during the peak growing season (February, March, April and May) and the
lowest during the summer season in both years. Our findings suggest that daytime CO, flux was reduced (less
negative) 20-60% during the peak growing season due to tidal flooding. A better understanding of the impact of
seasonal tidal flooding on net ecosystem exchange may allow more sophisticated predictions of how sea level
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rise will affect marsh function and survival over the coming century.

1. Introduction

Coastal salt marshes are among the most productive ecosystems on
earth, sequestering an average of 210 ¢ C m™~ 2 yr~! (Cai, 2011;
Chmura et al., 2003; Duarte et al., 2005). They occur in the intertidal
zone where they are alternately flooded by the ocean and exposed.
Tides also play an important role in the lateral exchange of matter,
importing inorganic nutrients into marshes and exporting organic nu-
trients from marshes (Wang et al., 2018). The depth of marsh flooding
varies with the lunar cycle, with spring tides flooding the intertidal to a
greater depth than neap tides. The depth of tidal flooding is also af-
fected by sea level. Sea level is rising globally by several mm/y
(Morris et al., 2013). Understanding how salt marshes respond to in-
undation is therefore essential to both understanding and forecasting
the productivity of these vital ecosystems.

Although a number of studies have examined net ecosystem ex-
change in salt marsh ecosystems (Forbrich and Giblin, 2015; Guo et al.,
2009; Kathilankal et al., 2008; Moffett et al., 2010), we still have only a
preliminary understanding of how CO, exchange is affected by tidal
flooding. Studies using closed chambers have typically found that tidal

* Corresponding author.
E-mail address: nhafsah@unimas.my (H. Nahrawi).

https://doi.org/10.1016/j.agrformet.2020.108133

flooding decreased CO, fluxes (less negative) (Yamamoto et al. 2009,
Tong et al. 2013). A study using the eddy-covariance method suggested
that the CO, flux was more sensitive to tidal flooding at a low versus a
high elevation site (Guo et al. 2009). With eddy-covariance measure-
ments, Schedlbauer et al. (2010) reported that net ecosystem exchange
and ecosystem respiration of a short-hydroperiod fresh-water marl
marsh in the Everglades, Florida, decreased in the wet season compared
to the dry season and that macrophyte CO, uptake was also reduced
during inundation. Intensified inundation can shift a freshwater wet-
land from a CO, sink to a source, as ecosystem respiration is less re-
sponsive to intensified inundation than gross primary production
(Zhao et al. 2019). How tidal flooding alters the exchange of CO, on a
monthly time scale, and how this effect varies seasonally, remains to be
explored.

We used the eddy-covariance method to measure the impact of tidal
flooding on net ecosystem exchange (hereafter, NEE) in daytime con-
ditions in a salt marsh on the southeast coast of North America domi-
nated by the grass Spartina alterniflora Loisel (species Smooth Cordgrass).
S. alterniflora forms extensive monospecific stands in intertidal en-
vironments. We hypothesized that daytime CO, exchange in the salt
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Fig. 1. Study site at Sapelo Island, Georgia, USA. Left: The location of Sapelo Island on the southeast coast of the United States (Google Earth Image). Middle: Sapelo
Island (Google Earth Image). Right: Close-up of the location of the study site area with different height forms of Spartina alterniflora indicated by different colors and
with Duplin river on the west side and forest on the east side of the flux tower also labeled. Blue stars in both images indicate the location of flux tower (Image

courtesy: Christine Hladik, GCE LTER).

marsh would be related to 1) the amount of vegetation exposed to the
atmosphere, 2) light intensity, and 3) the seasonal growth cycle of the
plant. Our objectives were (i) to determine the effect of daily and
seasonal cycles of tidal inundation on CO, exchange between the marsh
and the atmosphere; and (ii) to quantify the total monthly reduction of
daytime CO, exchange between the salt marsh and atmosphere as a
result of tidal inundation.

2. Materials and methods
2.1. Study site

We worked at the Georgia Coastal Ecosystem Long-Term Ecological
Research (GCE-LTER) site near Sapelo Island, GA (Latitude: 31.441°,
Longitude: 81.284°). The study site is heterogeneous and surrounded by
other ecosystems such as the Duplin River to the West and a forest to
the East (Figure 1). The site experiences semi-diurnal tides with a mean
tide of 2.5 m (Chalmers, 1997). Water column salinities typically range
from 25 to 35 PSU. The site is dominated by approximately 40 ha of
smooth cordgrass, S. alterniflora (Bortolus et al., 2019), which is phy-
siologically adapted to anoxic and high salinity conditions typical of
salt marsh ecosystems. S. alterniflora varies in height from ~ 0.1 m in
stressful habitats to ~ 2.0 m close to the tidal creeks and channels
(Richards et al., 2010). At high tide, short S. alterniflora plants can be
completely submerged by the tide, while tall S. alterniflora plants are
usually still partly exposed to the atmosphere. The combination of both
tidal inundation and the complex mosaic of S. alterniflora patches of
varying heights is challenging for rigorous signal processing and sub-
sequent interpretation of the eddy-covariance technique data. The latter
is predicated on the idea that the flux measurements is representative of
an upwind region of uniform properties, hence the concept of footprint.

Spartina alterniflora at the site grows rapidly from late February to
the middle of July. Maximum biomass peaks during the months of May

through July. S. alterniflora plants senescence between September and
late November, with minimum levels of live biomass present between
late November and late February (O'Connell et al., 2019).

2.2. Climatological conditions

We report on data collected between January 2014 to December
2015. Annual mean air temperature (T,;) in 2014 and 2015 was ap-
proximately 0.4°C below and 1.1°C higher than the long-term average
(2003-2016) (NOAA, 2016), respectively, with 2015 being one of the
warmest years since 1998 (US EPA, 2016). Seasonal trends of soil
temperature (Ts,;) followed a similar pattern to that of T,;,. The annual
mean of photosynthetic active radiation (PAR) was higher in 2014 than
2015. The annual precipitation in 2014 (1296 mm) was slightly higher
than the long-term (2003-2016) average of 1227 mm and exceeded the
annual precipitation in 2015 (1050 mm) by 19%. Total precipitation
varied markedly between seasons, with precipitation peaking during
the summer months. The prevailing wind during 2014 and 2015 was
predominantly northeasterly in winter, south and southeasterly in
spring, and south and southwesterly in summer. The prevailing wind
direction during the fall was mostly southeasterly in 2014 and north-
easterly in 2015. The data were screened based on the prevailing wind
direction as described in sub-Section 2.4.1.

2.3. Field measurements

2.3.1. Eddy-covariance

We collected data from two eddy-covariance (EC) systems installed
on a flux tower at the head of a small tidal creek on the Duplin River
(Fig. A.1). The systems were mounted 5 m above the ground facing
South (180°, hereafter south system) and North (0°, hereafter north
system). Five meter was selected, considering Spartina plant height,
tide height, and the available fetch of the studied Spartina area. Each
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system consisted of a fast-response omnidirectional 3-D sonic anem-
ometer (CSAT3, Campbell Scientific Inc., Logan, UT, USA) to measure
the three-wind components and virtual air temperature, and a closed-
path CO,/H,0 gas analyzer (Li-7200, Li-Cor Biosciences, Lincoln, NE,
USA) to measure the atmospheric concentration of CO, and H,O. In the
closed path eddy-covariance system, air was drawn from the inlet,
displaced 0.1 m laterally and 0.1 m below the center of the sonic an-
emometer transducers. The tubes from the inlet to the Li-7200 sensor
were approximately 1 m long with an inner diameter of 4.8 mm. The
pump flow was approximately 15 1 min~'. The gas analyzers were
calibrated with zero and span (364.4 ppm CO, and Li-Cor Li-610 dew
point generator) gases every six months. During each calibration, the
internal chemicals of the gas analyzers were replaced, and optical paths
were cleaned. Measurements were recorded at 10Hz.

A weather station adjacent to the tower measured air temperature
and relative humidity (HMP45C/HMP155, Campbell Scientific Inc.,
Logan, UT, USA), net radiation (CNR2 Campbell Scientific Inc., Logan,
UT, USA), photosynthetic active radiation (quantum sensor LI190SB,
Campbell Scientific Inc., Logan, UT, USA) and precipitation (rain gage
TE525WS, Campbell Scientific Inc., Logan, UT, USA). Tidal cycles were
measured with a water pressure transducer (CS455, Campbell Scientific
Inc., Logan, UT, USA) installed in the creek.

2.3.2. Vegetation measurements

To document seasonal variation in vegetation height, we sampled
permanent plots established in stands of S. alterniflora approximately
0.65 km from the flux tower. We deployed six replicate plots in short,
medium and tall height forms of S. alterniflora, and measured the height
of each stem in each plot monthly from January 2014 to December
2015 (Pennings, 2016).

2.4. Signal processing and data analysis

We screened the 10 Hz wind velocity and CO, and H,O data for
abnormal automatic gain control (AGC) and then processed the data
using EddyPro 6.1 software into 30-minute blocks of CO, and H,O flux
data. We removed spikes in the signal using the method outlined in
Vickers and Mahrt (1997). We applied the planar-fit method
(Wilczak et al., 2001) for tilt correction due to misalignment of the
sonic anemometer with the local wind. We checked for linear trends in
10-Hz time series of each variable and removed these. We corrected the
flux data for density effects due to heat and water vapor transfer in the
manner described in Ibrom et al. (2007). We used a footprint analysis
(Kljun et al., 2015; Kormann and Meixner, 2001; Leclerc and
Foken, 2014; Leclerc and Thurtell, 1990) described in sub-Section 2.4.1
to remove data where the tower footprint fell outside the fetch of the
studied Spartina area. We also detected and removed spikes in the 30-
minute flux data using the outlier detection method of
Papale et al. (2006).

Some data was lost due to instrumental failure, maintenance and/or
calibration. During these times, one system was usually operating and
used to collect data. However, there were times where both systems
were inoperative, resulting in gaps in the data. Overall, 60.1% and
42.8% of the half-hourly data was retained for further analysis in 2014
and 2015, respectively.

Gaps in climate and flux measurements in the data stream due to
either unfavorable micro-meteorological conditions (i.e. low turbu-
lence) or instrument failure needed to be filled in order to estimate
seasonal and annual fluxes. We filled gaps in the time series of the flux
and meteorological data using the marginal distribution sampling
(MDS) gap filling algorithm (Reichstein et al., 2005) in ReddyProc®
(Wutzler et al., 2018). This method combines the look-up table (LUT)
algorithm described in Falge et al. (2001) with the mean diurnal var-
iation (MDV) technique.
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2.4.1. Wind direction and footprint screening

With two eddy-covariance systems on the tower, periods with wind
direction from the back of one sonic anemometer were screened out due
to flow distortions arising from the tower structure and filled with the
data from the other eddy-covariance system on the opposite side. The
system to the north covered a mean wind angle from 270 to 360 degrees
and 0 to 90 degrees while the remaining wind direction was covered by
the system facing south.

We used Google Earth software to determine the fetch of the area
covered with S. alterniflora at 11.25° intervals (Figure A.2). The wind
direction was used to specify the direction of the footprint with its
underlying characteristic surface properties. This procedure was es-
sential as the study area was surrounded by different types of landscape
with the Duplin river approximately 300 m to the west and tidal forest
approximately 1000m to the east, and we wished to include only data
representing salt marsh habitats.

We applied the footprint model of Kormann and Meixner (2001) to
the average 30-min of flux data to ensure that the collected data re-
presented primarily S. alterniflora marsh. Contributing source sig-
natures contained within the footprint were calculated using the
equation:

R S
T D) XMt ¢h)

where f, is the fraction of flux originating from the defined study area
(example 10%, 30%, 90%), x is the distance from the location of the
flux system measured in the wind direction, £ = £ (2) is a flux length
scale that depends on the height above the ground z, p is a di-
mensionless number and I'(u) is the gamma function. Based on the
prevailing wind direction, the footprint model was applied to the
google map of the flux site to screen out measurements where the
source was outside the region of interest. That was done using a foot-
print filter with a threshold of 70% cumulative source contribution
(hereafter referred to as CSC) (Ammann et al., 2007; Pahari et al.,
2018).

L

2.5. Effect of daytime tidal inundation on CO; fluxes

To determine the effect of daytime tidal inundation on CO, fluxes,
we removed all night-time data (defined as net radiation (Rn) lower
than 20 w m ~2). We then examined (i) the effect of daytime spring and
neap tides on CO,, fluxes, and (ii) the effect of daytime variable flooding
depths on CO, fluxes.

2.5.1. Spring and neap tide

We defined spring tides as days with higher tides than the average
value of the next 14 days; otherwise, they were regarded as neap tides
(Fig. A.3). This characterization was cross checked against the moon
phase and the tide table from Old Tea Kettle Creek tide station
(NOAA, 2019). For each month, we examined NEE data for a period of
3-5 consecutive days (Li et al., 2014) representing spring and neap tide
conditions. The number of days observed was limited and differed
among months because we also faced the constraint of observing tide
cycles that fell completely during daylight hours. Examples of field
conditions during selected neap and spring tide days are shown in
Fig. A.4.

2.5.2. Variable flooding depths

To determine the impact of variable flooding depths on CO, fluxes,
we defined a parameter termed as the ratio of tide height h,g4 to the
plant height h,qn (Fig. 2). When hgige/hpiane €quals 1, the plants are
completely submerged, and when hyge/hpiane €quals O, the plants are
completely exposed to the atmosphere. The NEE data was binned into
four hyige/Mpian: intervals of 0.25.

We used a non-linear regression analysis using the Landsberg model
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(Chen et al., 2002) to reflect the effect of PAR on daytime CO- fluxes.
This model was applied to the binned data of different hyge/Mpian: and
non-flooded conditions. These fits were used to determine at what hiq./
hpiane the reduction of CO, flux occurred using the fit from non-flooded
conditions as a reference. The Landsberg model is as follows:

NEE = Bpax X (1 — eCoxPAR=Tomp))) )

where P,,q, is the maximum rate of photosynthesis (umol m~2s™1), ais
apparent quantum yield, PAR is the photosynthetically active radiation
(umol m~2 s™') and Ieomp is the light compensation point. High Ppqx
values and low I ., values are good indicators of high carbon assim-
ilation capacity of plants (Li et al., 2014).

We quantified the reduction of CO, flux as the difference between
measured CO, flux during flooded conditions and the CO, flux calcu-
lated using Eq. (2) during non-flooded conditions. These differences
represent the amount of CO, flux reduced by tide for each tide events.
The calculations used the following equations:

Fide = Fnea — Fnod ()]

Fot = Z (Bnea — Fnod) 4)

where Fi;4. is the amount of CO, in percentage reduced by tide for each
tide events, Fp, is the CO, flux measured during flooded conditions,
Finoq is the CO, flux calculated using Eq. (2) for non-flooded conditions
at the same time, and F,,, is the total amount of CO, reduced by tide
events. Monthly CO, reductions were estimated for all of 2014 and for
January — September of 2015. Given that the months of October and
November 2015 experienced an extreme event (prolonged flooding due
to a storm) that hampered photosynthesis activity (Nahrawi, 2019),
these months were omitted from the present study.

3. Results and discussion
3.1. Diurnal variations of CO, fluxes and its relation to tide

In Georgia, the salt marsh ecosystem fixes atmospheric carbon for
up to about twelve hours during the summer solstice and up to nine
hours near the winter solstice (Nahrawi, 2019). Overall, carbon ex-
change between the salt marsh and the atmosphere reached a maximum
between late morning and noon when the PAR level and air tempera-
ture were high (Nahrawi, 2019).

The effect of the tides on NEE depended on the month of the year
(Fig. 3). The daytime averages of NEE were higher during neap tide
periods than during spring tide periods in the months of the spring
season for both years (Table 1). Flux partitioning results show that gross
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Fig. 2. Top: Different tide levels in the salt marsh affect
the amount of vegetation exposed to the air; (a) Vegetation
is completely exposed to the air during low spring tides
and neap tides (b) Vegetation is partially submerged as the
water level rises (c) Vegetation is completely submerged
during high spring tides. Bottom: The tide height to plant
height ratio is an index of the amount of vegetation ex-
posed to the atmosphere. hyqe is the tide height and hyjqn, is
monthly mean plant height.

Tide height to plant height ratio:
hﬁ(le/ hplanr

primary productivity (GPP) in these months was significant higher
during neap tides than during spring tides, while ecosystem respiration
did not show a significant difference between neap and spring tides.
This indicates suppressed photosynthetic activity during spring tides.
The greatest differences in net ecosystem exchange between the neap
and spring tides were observed early in the growing season (February
and March). During these months, the daytime CO, uptake during neap
tides reached -7.98 pmol m 2 s~ ' and -3.99 umol m ™% s~ ! in 2014 and
2015 respectively, versus -4.55 yumol m 25~ ! and -3.77 pmol m~?s™*
during spring tides. A similar pattern was observed during April in 2015
and May of both years. However, in April 2014, the CO, uptake was
greater during the spring tide than the neap tide. During this month,
rainfall was high during the spring tide cycle, likely reducing pore
water salinity and allowing high CO, uptake, as reported in New Eng-
land salt marshes (Forbrich et al., 2018). The differences in NEE be-
tween the two tidal phases were small from June onwards for both
years except for September 2015.

Guo et al. (2009) found a different pattern than ours, with daytime
C uptake greater during spring tide than neap tide early in the season,
and greater during neap tide than spring tide late in the season.
Guo et al. (2009) report samples taken over a four-month period
(January, April, July and October), making a meaningful comparison
with our findings difficult. The most likely explanation for the seasonal
pattern observed in our study lies in the fact that plants were relatively
short early in the growing season (Figure 4) and therefore flooded more
completely at high tide. During the summer, the vegetation was taller
and may also have been more acclimated to environmental changes
such as tidal inundation, leading to smaller differences in NEE between
neap and spring tide periods. S. alterniflora has a well-developed system
of aerenchyma which functions as a canal for gas exchange between the
plant and the rhizosphere (Guo et al., 2009; Mendelsohn and Postek,
1982). It is possible that this system is better developed in the summer
than the spring, leading to a greater tolerance of flooding later in the
growing season, although we are not aware of any study that examines
this possibility.

3.2. Effect of variable flooding on NEE

Our findings suggest that net ecosystem exchange is not simply a
function of spring versus neap tides: rather, NEE varies continuously
with both PAR and the level of flooding (Figs. 5, 6). We found that NEE
increased (more negative) with greater PAR, as would be expected. As
the ratio of the tide level to the plant height increased, NEE decreased
(less negative). This effect of variable flooding was greatest in the
spring (March-May) and fall (September), with tidal flooding having a
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Fig. 3. Monthly average diurnal NEE for selected days within spring tides or neap tides in 2014 (top) and 2015 (bottom). Blue and orange lines represent spring tides

and neap tides, respectively.

minor impact on NEE during summer and winter. decrease (less negative) when the hgge/hpianc value was greater, 0.25<

In particular, from March to May and in September for both years, hige/hplant <0.5. No net ecosystem exchange reduction due to flooding
NEE decreased (less negative) at a low ratio of tide height to plant was observed in June and July 2015 at any level of hgge/hpiant.
height (0< hgge/hplant<0.25). In July and June 2014, NEE started to A comparison of Ppe, @ and I,m, values obtained from the
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Table 1

Monthly average of net ecosystem exchange (NEE, pmol m ~2

s™h, respiration (Re, umol m ™~

Agricultural and Forest Meteorology 294 (2020) 108133

25~ 1), and gross primary productivity (GPP, umol m ™2 s~ ') for daytime

spring and neap tides of 2014 and 2015. SE is standard error around mean. Values in bold indicate significantly higher NEE (more negative), Re and GPP (more
negative) between spring and neap tides. Means with different letters are significant in different at p<0.05 using the Tukey method.

Year Month Day of Month Tide NEE (pmol m~2 s’l) Re (pmol m~2 s”) GPP (umol m~2 s”)
Mean SE Mean SE Mean SE
2014 January 35 Spring -0.76% 0.06 0.72° 0.04 -1.49* 0.06
22-24 Neap -0.98° 0.11 0.45° 0.02 -1.42° 0.11
February 26-28 Spring -1.41° 0.18 0.57° 0.02 -1.98° 0.18
18-20 Neap -2.04% 0.27 1.272 0.04 -3.32° 0.30
March 1-3 Spring -1.26° 0.21 0.80° 0.03 -2.06" 0.21
9-11 Neap -3.34° 0.29 1.29% 0.04 -4.63° 0.31
April 26-28 Spring -6.10° 0.46 1.90* 0.03 7.99° 0.48
911 Neap -4.06" 0.30 1.16* 0.03 -5.22° 0.31
May 16-18 Spring -4.32° 0.31 1.34° 0.03 -5.66" 0.33
5.7 Neap -5.25% 0.34 2.38° 0.05 7.63° 0.37
June 14-16 Spring -6.39% 0.48 2.07° 0.02 -8.47% 0.49
46 Neap -5.41% 0.48 2.14° 0.04 -7.55% 0.50
July 14-16 Spring -3.28° 0.38 1.96° 0.02 -5.24° 0.40
2-4 Neap -3.50% 0.31 2.05° 0.03 -5.55% 0.32
August 7-9 Spring -4.47% 0.34 2.15% 0.03 -6.62% 0.36
17-19 Neap -3.86" 0.36 1.99 0.03 -5.85° 0.38
September 10-12 Spring -3.42% 0.33 2.42% 0.03 -5.84% 0.34
1-3 Neap -4.30° 0.41 2.44° 0.03 -6.74% 0.43
October 57 Spring -3.15% 0.31 1.447 0.04 -4.59° 0.33
16-18 Neap -2.98° 0.25 2.15% 0.06 -5.14° 0.28
November 4-6 Spring 2,417 0.25 1.417 0.03 -3.81° 0.27
27-29 Neap -1.16° 0.11 0.73% 0.02 -1.89° 0.12
December 8-10 Spring -0.96% 0.11 0.66" 0.02 -1.62° 0.12
13-15 Neap -1.33% 0.14 0.99° 0.04 -2.32° 0.17
2015 January 19-21 Spring -1.35° 0.19 0.87% 0.03 -2.22° 0.21
26-28 Neap -1.50° 0.15 0.63* 0.02 -2.13° 0.16
February 18-20 Spring -0.91° 0.12 0.50% 0.02 -1.42° 0.11
11-13 Neap -1.872 0.15 0.71° 0.04 -2.587 0.17
March 20-22 Spring 2.14° 0.38 1.432 0.02 -3.57° 0.39
9-11 Neap -3.88% 0.32 2.14° 0.05 -6.03° 0.35
April 21-23 Spring -4.18° 0.33 2.43° 0.04 -6.70% 0.36
8-10 Neap -5.287 0.45 2.89° 0.04 7.077 0.47
May 17-19 Spring -5.99" 0.53 2.62° 0.03 -8.61% 0.55
26-28 Neap -6.52% 0.52 2.29° 0.02 -8.81% 0.53
June 15-17 Spring -3.56% 0.33 3.81° 0.05 -7.38% 0.35
24-26 Neap -3.64% 0.47 4.20° 0.06 -7.84% 0.52
July 28-30 Spring -4.63* 0.35 3.11° 0.02 7.73% 0.36
22-24 Neap -4.72% 0.39 3.43° 0.06 -8.15% 0.42
August 27-29 Spring -2.64% 0.36 2.97° 0.03 -5.61° 0.38
20-22 Neap -3.45% 0.34 3.65° 0.04 7.10° 0.38
September 28-30 Spring -1.14% 0.26 1.63% 0.02 -2.76" 0.26
20-22 Neap -2.75° 0.21 1.99 0.04 4747 0.22
30 indicators of high carbon assimilation capacity of plants (Li et al.,
70 4 2014). The significantly low Py, and high values of I, obtained from
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Fig. 4. The averages and their standard errors of Spartina alterniflora plant
height from June to December of 2013 and January to December of 2014, 2015,
and 2016.

regression analyses further confirms this pattern (Tables A.1, A.2). In
most months, P, had negative values and its magnitude decreased
from non-flooded conditions to higher hyge/hpiane levels, while Ieomp
values increased. High Ppq. values and low I,n, valuesare good

the regression analysis of the NEE-PAR relationship indicate that the
carbon assimilation capacity of this salt mash was reduced at higher
levels of hyige/hpian.

In this study, we determined that tidal flooding reduces CO, ex-
change. In particular, our results supported the hypotheses that daytime
CO,, exchange in an intertidal salt marsh ecosystem would be related to
the amount of vegetation exposed to the atmosphere, to light intensity,
and to the seasonal growth cycle of the plant. Tidal water at the study
site is quite turbid, so light penetration through the water is quite low
(Tweedley et al., 2016). As a result, submergence of leaves reduced
light interception in addition to reducing CO, transport through sto-
mata and the availability of oxygen to roots and rhizomes. Some of the
measured NEE was also likely contributed by benthic microalgae
(Joye et al., 2003), and these would also have experienced reduced
light availability during tidal flooding.

Although we found that NEE was reduced (less negative) during
tidal flooding, studies of plant productivity at the annual scale often
find increased production during years with relatively high sea levels or
in areas with moderately high tidal flooding (Li et al., 2018;
Morris et al., 2013; Wieski and Pennings, 2013). Explanations for the
latter result typically emphasize dilution of salts or increased fluxes of



Agricultural and Forest Meteorology 294 (2020) 108133

H. Nahrawi, et al.

(;-s z-w Jowr) ¥Yvd

000z 00S1 0ooL 00s 0 000z oost 000} 00s 0 o000z 00S1L 000k 00s 0 o000z 00st 000} 00s o

PapoOo|-UON :2AIND
Papool-uoN
jueid —epn
SZ°0> u/ y> 0 :@aAn)
jueid ~apn
S20> u u>o0
jueid - opn
> u/’™My > gz'0 r:emng ——
d
50> """y > sz'0
520> %Py 5 60 reming —
. jueld opn .
SL°0> u " y>so0 - ¢
., tueid opn . v v
oL> U/ U > 6270 :AIND Jaquiedsag
e opn .
oL > uy/ " "u>sL0
0L < Juerd PPy soming

u/
d
01 < %My

S0

1990320

- 8L

v

3snbny

(4%

Kieniqgag

‘papnpur a1e ([2pour S12qspue] ay3) (7) uonenbs uo paseq Yyd SNsIoa HN SWHARP JO SISA[EUR UOISSSI39I IBIUI[UOU WO 3 SIAIND L 10T 10§ Wol%y /PPy Aq pauonnted yyd snsioa gaN swnkep A[qiuol S “Sig

(1S z-w Jowrl) 33N



Agricultural and Forest Meteorology 294 (2020) 108133

H. Nahrawi, et al.

§20>

S0

(U7

PAPOO-UON :BAIND ——

Papoojj-uoN -
jued apy

sTo

u/

jued
>

> 11y 2Py 5 620 teming ——

eid epy

S0>

u/

510> Eu_n__ nv_.

SL'0>

y>Q:8amny)—

w0 ©

u>sz'o

Yy > 6’0 :9AINy ——

d
Wy,

jueid = apn

> u/
0L>

vw_«_._ >60 *

Yy>gl'0:amny
ueid opp

u/

U>g6.L0

jued apy

0l <

u

o.FA.

y :amny——

d
ey .._\ov_ur_

0002 00S4

Jaquiadaq

000}

0f

0S

jsnbny

"GT0T 10§ Inq G "3 se dwes 9 ‘314

0 0002 0051

13qWIaAON

0001

(1-s z-w jowr) ¥Yvd

0

0

S

0 0002 0051

120030

0001

0f

0!

S

Kienugay

0 o000z

0051

0001

00S

Kienuep

(1-s z-w jowr) 33N



H. Nahrawi, et al.

Table 2

Monthly reduction in NEE as a function of the tide height to plant height ratio.
Fnoa is CO; flux calculated using equation (2). Fpeq is CO, flux measured during
flooded conditions. Fyq4e is the amount of CO, flux reduced by high tides for
each tide event. %F,4, is percent of F4, change from Fp,,q (non-flooded con-
dition). SE is the standard error of the mean. Values in bold indicate a higher
reduction of CO5 flux.

Year Month Frea SE Frod SE Fride % Fiide

2014 February -72.78 0.10 -97.28 0.12 24.50 25.19
March -161.63 0.09 -259.71 0.14 98.08 37.77
April -272.01 0.17 -420.01 0.21 148.00 35.24
May -133.15 0.27 -190.56 0.42 57.41 30.13
June -395.60 0.39 -423.88 0.41 28.28 6.67
July -265.07 0.21 -317.68 0.30 52.61 16.56
August -602.06 0.17 -707.78 0.18 105.72 14.94
September  -617.18 0.16 -861.56 0.23 244.39 28.37
October -512.83 0.13 -641.13 0.13 128.30 25.02

2015 Jan -37.13 0.08 -119.88 0.11 82.75 19.03
February -69.04 0.10 -141.40 0.11 72.37 51.18
March -48.95 0.12 -134.21 0.19 85.26 63.53
April -135.59 0.27 -173.46 0.36 37.86 21.83
May -344.75 0.27 -440.23 0.36 95.48 21.69
June -108.62 0.58 -125.98 0.63 17.36 15.98
July -189.07 0.44 -191.52 0.42 2.46 1.28
August -215.30 0.28 -234.87 0.29 19.57 8.33
September  -161.38 0.16 -275.21 0.21 113.83 41.36

oxygen or nutrients during periods of increased flooding. The resolution
of this contrast between short-term eddy-covariance results and long-
term harvest results may be due to tidal flooding improving average
abiotic conditions despite reducing NEE during the relatively short
period during which the marsh is flooded most deeply.

3.3. Tide-induced reduction of daytime CO, exchange

The monthly reduction of daytime CO, flux due to high tides in
2014 was greatest in March (38%), followed by April (35%) and May
(30%), while a lesser reduction was observed during the summer
months (June 7%, July 17% and August 15%) (Table 2). A similar
pattern occurred in 2015.

In a preliminary study, we reported that when the marsh was
flooded 0.2 m deep, CO, exchange started to decrease (Nahrawi, 2019).
This observation was from summer 2014 when a high tide occurred
during midday with high PAR and temperature, i.e., conditions re-
presenting the greatest potential for CO, reduction. The observed
flooding depth required to reduce NEE (less negative) was similar to
values reported by Kathilankal et al. (2008) and higher than the values
of 0.17 m and 0.05 m reported by Moffett et al. (2010) and Forbrich and
Giblin (2015) respectively. Kathilankal et al. (2008) studied a similar
ecosystem to the S. alterniflora marsh studied here, and thus a similar
pattern in the reduction of CO, flux during flooding can be expected.
These previous studies reported only one water level threshold when
NEE started to decrease (less negative). However, in the present study
we found that the effect of flooding was continuous rather than step-
wise. We also found that the effect of flooding on NEE varied season-
ally. The highest CO, flux reduction was observed during the early and
peak parts of the growing season (February, March, April and May),
with a lower effect during the summer in both years. Overall, our
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findings suggest that daytime CO, flux was reduced (less negative) 20-
60% by flooding during the peak growing season.

4. Conclusions

Net ecosystem exchange in salt marshes varies on multiple time
scales. Several variables such as photosynthetically active radiation,
temperature and tide height all interact with plant phenology over the
growing season to impact NEE on daily, monthly and annual scales. In
this manuscript, we emphasised the roles of both tide height and sea-
sonality, building on previous studies that have examined the roles of
PAR and temperature (Nahrawi, 2019).

One key finding was that increasing tidal flooding reduces NEE (less
negative); we also determined that this effect differs with the season.
Net ecosystem exchange was up to 63% greater during neap tides than
spring high tides, with the largest difference occurring early in the
growing season. Tidal flooding varies continuously, affecting the degree
to which plants are inundated versus emergent. The effect of flooding
was also continuous rather than stepwise. The total monthly reduction
in NEE due to tidal flooding was 7-38% and 1-64% for 2014 and 2015
respectively. The higher CO, flux reductions were observed during
early to peak growing season (February, March, April and May) and
lower reductions were observed during the summer of both years.
Overall, our findings suggest that the daytime CO, flux was reduced
(less negative) 20-60% during the peak growing season due to tidal
flooding.

Our results suggest that marshes will be most vulnerable to high sea
levels in the spring season. A more sophisticated understanding of the
temporal dynamics of sea level variation may thus allow a better un-
derstanding of temporal variation in plant productivity, and ultimately
of the prospects for marsh survival in areas with rapid sea level rise.
Further work should include a more comprehensive analysis of the total
carbon balance over a full daily cycle and should also address lateral
transport of carbon by the tides. In addition, there is a striking dis-
connect between the results reported here (tidal flooding reduces NEE
(less negative)) and the results of annual survey and harvest studies
(moderate tidal flooding improves plant productivity): the different
conclusions may be due to the differing temporal scales of the two types
of studies, but these contrasting results deserve more attention.
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Appendices

Tables A1 and A2, Figs. A1-A4.

Table A.1

Monthly parameters and values using the Landsberg model fitted to the daytime net ecosystem change of CO, (NEE) based on photosynthetic active radiation (PAR)
for different tide height to plant height ratio (hyge/hpiand) in 2014. Py, is the maximum rate of photosynthesis, a is apparent quantum yield and I, is the light
compensation point. na — no data available.

Month Niide/Npant Prnax a Leomp R? n
Feb >1 na na na 0.30 22
0.75-1 na na na 0.23 7
0.5-0.75 -2.99 0.0019 139.17 0.50 11
0.25-0.5 -4.72 0.0001 128.20 0.61 33
0-0.25 -6.44 0.0004 104.01 0.44 54
no flood -4.31 0.0008 100.71 0.52 455
Mar >1 na na na 0.06 28
0.75-1 -1.41 0.0309 69.76 0.53 16
0.5-0.75 -1.51 0.0130 67.13 0.52 21
0.25-0.5 na na na 0.24 50
0-0.25 -5.81 0.0003 66.25 0.59 77
no flood -9.67 0.0009 66.07 0.48 512
Apr 0.75-1 na na na 0.36 13
0.5-0.75 -2.54 0.0048 135.56 0.45 39
0.25-0.5 -3.92 0.0038 126.38 0.39 53
0-0.25 -6.56 0.0014 101.09 0.60 84
no flood -8.42 0.0010 94.46 0.68 566
May 0.25-0.5 -4.48 0.0025 156.08 0.71 41
0-0.25 -6.77 0.0019 148.95 0.57 154
no flood -10.11 0.0009 120.02 0.72 629
Jun 0.5-0.75 na na na 0.29 8
0.25-0.5 -8.09 0.0017 147.78 0.57 58
0-0.25 -11.53 0.0008 132.55 0.67 136
no flood -11.56 0.0009 76.52 0.68 617
July 0.5-0.75 na na na 0.20 14
0.25-0.5 -5.69 0.0018 173.69 0.73 61
0-0.25 -8.41 0.0011 148.22 0.71 127
no flood -8.21 0.0012 54.26 0.78 642
Aug 0.75-1 na na na 0.31 23
0.5-0.75 -5.72 0.0012 143.75 0.53 37
0.25-0.5 -5.76 0.0021 144.82 0.55 82
0-0.25 -5.85 0.0020 87.38 0.52 137
no flood -7.27 0.0015 62.67 0.70 517
Sep >1 na na na 0.13 31
0.75-1 -3.80 0.0051 145.53 0.54 42
0.5-0.75 -5.19 0.0026 125.42 0.70 62
0.25-0.5 -6.77 0.0017 138.44 0.77 67
0-0.25 -7.62 0.0015 125.50 0.79 84
no flood -10.82 0.0011 160.12 0.81 409
Oct >1 -0.95 0.0036 283.81 0.64 10
0.75-1 -5.54 0.0005 256.31 0.46 17
0.5-0.75 na na na 0.34 61
0.25-0.5 -4.71 0.0014 205.14 0.54 66
0-0.25 -7.08 0.0009 287.18 0.61 88
no flood -5.59 0.0014 237.06 0.74 432
Nov >1 na na na 0.26 31
0.75-1 na na na 0.28 27
0.5-0.75 -1.56 0.0023 157.34 0.47 33
0.25-0.5 -2.11 0.0032 169.34 0.49 52
0-0.25 -2.10 0.0035 210.18 0.48 54
no flood -3.94 0.0011 220.75 0.53 403
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Table A.2

Monthly parameters and values using the Landsberg model fitted to the daytime net ecosystem change of CO, (NEE) based on photosynthetic active radiation (PAR)
for different tide height to plant height ratio (hyge/hplant) in 2015. Pyq, is the maximum rate of photosynthesis, a is apparent quantum yield and I, is the light
compensation point. na — no data available.

Month Hiide/Nprant Pinax a Leomp R? n
Jan >1 -1.26 0.0013 279.24 0.37 21
0.75-1 -1.70 0.0010 225.81 0.69 13
0.5-0.75 -1.11 0.0012 153.75 0.28 16
0.25-0.5 -1.03 0.0075 122.98 0.30 27
0-0.25 -1.82 0.0034 92.67 0.41 70
no flood -3.00 0.0018 87.64 0.56 429
Feb >1 -0.37 0.0042 219.28 0.48 9
0.75-1 -0.59 0.0109 111.84 0.29 14
0.5-0.75 -1.18 0.0026 107.30 0.32 28
0.25-0.5 -1.91 0.0024 62.39 0.39 30
0-0.25 -2.42 0.0025 90.77 0.51 57
no flood -2.69 0.0026 53.25 0.55 419
Mar >1 na na na 0.03 19
0.75-1 na na na 0.25 9
0.5-0.75 -0.97 0.0052 151.12 0.62 11
0.25-0.5 -2.21 0.0046 139.29 0.51 30
0-0.25 -4.99 0.0018 148.22 0.67 52
no flood -6.97 0.0014 125.36 0.67 556
Apr 0.5-0.75 na na na 0.26 13
0.25-0.5 -3.19 0.0053 173.72 0.41 42
0-0.25 -5.86 0.0030 147.95 0.54 78
no flood -7.28 0.0021 122.50 0.61 565
May >1 na na na 0.30 2
0.75-1 -1.46 0.0271 212.06 0.91 2
0.5-0.75 -5.70 0.0016 194.67 0.72 13
0.25-0.5 -6.14 0.0020 119.34 0.68 70
0-0.25 -7.26 0.0019 128.97 0.58 122
no flood -10.32 0.0012 76.58 0.69 597
Jun 0.5-0.75 -2.08 0.0121 222.93 0.86 1
0.25-0.5 -6.72 0.0021 263.69 0.63 25
0-0.25 -8.47 0.0018 171.87 0.66 87
no flood -7.32 0.0019 141.38 0.69 658
Jul 0.75-1 -4.70 0.0024 297.37 0.99 4
0.5-0.75 -8.61 0.0015 309.96 0.99 14
0.25-0.5 -8.24 0.0014 310.25 0.95 38
0-0.25 -7.94 0.0016 284.90 0.92 920
no flood -7.49 0.0018 290.13 0.93 633
Aug 0.75-1 na na na 0.35 3
0.5-0.75 -6.57 0.0009 271.10 0.67 26
0.25-0.5 -6.62 0.0013 264.54 0.68 50
0-0.25 -6.19 0.0018 189.97 0.79 98
no flood -6.71 0.0016 219.91 0.77 573
Sep >1 na na na 0.22 23
0.75-1 na na na 0.26 11
0.5-0.75 -4.16 0.0013 221.42 0.57 20
0.25-0.5 -3.46 0.0020 152.16 0.49 56
0-0.25 -4.33 0.0020 189.09 0.75 81
no flood -6.02 0.0016 145.77 0.75 478

Fig. A.1. Eddy-covariance system installed in the Sapelo Island salt marsh ecosystem.
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