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Abstract

Background: The lateral movements of mass and energy across the terrestrial-aquatic interface are being increas-
ingly recognized for their importance in the carbon (C) balance of coastal/estuarine wetlands. We quantified the
lateral flux of detrital C in the Yangtze estuary where invasive Spartina alterniflora has substantially and extensively
altered the ecosystem structure and functions. Our overall objective was to close the C budget of estuarine wetlands
through field sampling, tower-based measurements, and modeling.

Methods: A lateral detrital C exchange evaluation platform was established in a case study of the Yangtze River Estu-
ary to investigate the effect of ecosystem structural changes on lateral detrital C transfer processes. This study esti-
mated the lateral detrital C exchange based on the gross primary production (GPP) by performing coupled modeling
and field sampling. Tower-based measurements and MODIS time series and CH, outgassing and biomass simultane-
ously measured the lateral detrital C flux to characterize the relative contributions of lateral (i.e,, detritus) C fluxes to
the annual marsh C budget.

Results: The C pools in the plants and soil of Spartina marshes were significantly higher than those of the native
community dominated by Phragmites australis. The GPP based on MODIS (GPPy,qps) was 472.6 g C m~? year~' and
accounted for 73.0% of the GPP estimated from eddy covariance towers (GPPg.) (646.9+£70.7 g C m—? year”). We also
detected a higher GPP, ;o5 during the pre-growing season, which exhibited a similar lateral detrital C flux magni-
tude. On average, 25.8% of the net primary production (NPP), which ranged from 0.21 to 0.30 kg C m— year‘w, was
exported during lateral exchange. The annual C loss as CH, was estimated to be 17.943.7 g C m~2year™', account-
ing for 2.8% of the GPP. The net positive detrital C flux (i.e., more detritus leaving the wetlands), which could exceed
0.16 kg C m~% day™', was related to daily tides. However, the observed lateral detrital C flux based on monthly sam-
pling was 73.5% higher than that based on daily sampling (i.e,, the sum of daily sampling), particularly in March and
October. In addition, spatiotemporal granularities were responsible for most of the uncertainty in the lateral detrital C
exchange.

Conclusion: This research demonstrated that an integrated framework incorporating modeling and field sampling
can quantitatively assess lateral detrital C transport processes across the terrestrial-aquatic interface in estuarine wet-
lands. However, we note some limitations in the application of the light-use efficiency model to tidal wetlands. Spar-
tina invasion can turn the lateral C balance from a C source (209.0 g C m~2 year™") of Phragmites-dominated marshes
into a small C sink (-31.0 g C m~? year™"). Sampling over a more extended period and continuous measurements
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are essential for determining the contribution of different lateral detrital C flux processes to closing the ecosystem C
budgets. The sampling spatiotemporal granularities can be key to assessing lateral detrital C transfer.

Keywords: Estuarine wetland, Carbon outwelling, Lateral carbon flux, Methane emission, Spartina alterniflora,

Phragmites australis

Introduction

Mass and energy exchanges across the terrestrial-aquatic
interface (e.g., riparian zones of streams, rivers, lakes,
and coastal areas) have been increasingly examined over
the last two decades, mainly through scientific investiga-
tions of the carbon (C) cycle and global change (Aufden-
kampe et al. 2011; Cole et al. 2007; Harishma et al. 2020;
Jenerette and Lal 2005; Tank et al. 2018). In land-sea
interfaces, the lateral transports of mass and energy, in
particular, have been recognized for their roles in eco-
system performances such as primary production (Agui-
los et al. 2020; Prasad et al. 2017; Rogers et al. 2019).
Additionally, accurate estimates of lateral C exchange
between tidal wetlands and adjacent estuarine waters
are extremely valuable for testing outwelling ecological
processes and developing adaptive management plans
for these sensitive areas (Bouchard 2007; Odum 2000).
Previous research has included measuring ecosystem
production in coastal wetlands in the Yangtze River Estu-
arine area, direct measurements from eddy-covariance
(EC) towers, and indirect estimates from remote sensing
imagery. However, the mechanisms and consequences of
uncertainty for estimating and observing lateral fluxes
depend on the spatial (e.g., plot to landscape) and tem-
poral (e.g., day—years) scales. These scale-dependent
dynamics make closing C budgets more challenging
(Duarte et al. 2017; Taillardat et al. 2019).

Regrettably, scientists have not yet reached a consistent
conclusion regarding the percentage of C transported by
tides, which possibly indicates site-specificity (Call et al.
2019; Huang et al. 2020). For example, at the landscape
scale, one study showed that 45% of salt marsh primary
production was transported into a nearby ocean by tidal
movements over a year (Teal 1962). Additionally, much
scientific interest has also focused on C outwelling at a
bimonthly scale, and 12% of aboveground detritus is
exported out of a low marsh (Palomo and Niell 2009).
Similarly, it has been reported that approximately 14% of
dead organic matter is washed away by tides at a monthly
scale (Bouchard et al.1998). However, other studies have
found that tides might remove only 1% of salt marsh
primary production in the form of litter on a daily scale
(Dankers et al. 1984). These differences in lateral flows
depend on the size of tides, the extent of the salt marsh,
and the level of ecosystem productivity (Duarte et al.
2014), which make it highly challenging to capture the

actual coastal detritus input/output processes (Holden
et al. 2012). This process is even more complicated when
hydrologic flow paths are structured through tidal creeks
that are highly variable over time and across coastal land-
scapes. A significant task is needed to integrate these
hydrologic movements with improved methods to quan-
tify, unify, and synthesize the available data (Gounand
et al. 2018). There appear to be at least two immediate
questions associated with the lack of C closure: How do
lateral fluxes deviate from the C budget (i.e., CO,, CH,)
through tidal activity? How much variation is due to the
daily and monthly tidal movements? In addition to high
temporal variations, spatial differences due to the veg-
etation type and structure, hydrological pathways (i.e.,
tidal creek), and landform can affect the lateral fluxes at
terrestrial-aquatic interfaces (Najjar et al. 2018). Current
estimates in the literature show substantial differences
and even contradictions depending on the study site
and season (Schindler and Smits 2017). In particular, the
unknown fractionation of CH, highlights the challenge
of accounting for elements that rapidly change in their C
form. Additionally, we previously found that tower-based
GPP (gross primary production) estimates are consist-
ently and significantly higher than those obtained using
MODIS (Moderate Resolution Imaging Spectrometer)
(Gao et al. 2018). GPP differences of 53.4—65.0% have
been found for the net ecosystem production (NEP, i.e.,
the balance between autotrophic and heterotrophic GPP)
and ecosystem respiration. A positive NEP means that
organic matter is either accumulated or exported (with
tidal waters) when measured using an EC tower (Yan
et al. 2008). These mismatches between the two estimates
call for independent field experiments for the direct
measurement of tide-induced lateral flows at different
temporal scales (Santos et al. 2019).

Based on these considerations, this study establishes
an integrated quantitative approach incorporating
both modeling and field sampling for assessing the lat-
eral detrital C exchange. To verify the effectiveness of
this integrated approach, we conducted a case study in
an estuarine wetland dominated by native Phragmites
australis (hereafter Phragmites) and invasive Spartina
alterniflora (hereafter Spartina). We hypothesized that
Spartina invasion is coupled with lateral exchanges and
thereby alters the ecosystem C cycle at various spatial and
temporal scales. The application of this framework to the
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case study allowed us to answer the following questions:
(i) What are the relative contributions of lateral (i.e.,
detritus) C fluxes to the annual budget? (ii) What is the
variability of lateral detrital C flux at daily, monthly, and
yearly scales? (iii) How does Spartina invasion influence
these? Sedimentation was thoroughly examined in our
earlier study (Gao et al. 2020). Thus, we focused on the
seasonal changes in lateral detrital C fluxes at multiple
temporal scales on the difference between the EC tower
technique (GPPyc) and remote sensing (GPPy;opys)-

Methods

Study area

Our study area is located in the estuary of the Yang-
tze River (31° 25’'—31° 38N, 121°50’—122°05’E), China,
which is one of the broadest river mouths in the world
(Fig. 1). At the time of our study, the dominant native
plants were Scirpus mariqueter and Phragmites, with
clear zonation of the plant communities in the vegeta-
tion area and Spartina has been an invasive plant in this
area since 2001 (Chung 2006; Yang et al. 2017). The soil
is classified as hydric, with mean (£ SD) C storage in the
top 0-20 cm of the sediment of 3.1440.05 kg C m™2
The hydrology of the marsh involves a well-developed
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creek system and the input of tidal water from the adja-
cent coast. Tides range from 4.6 m to 6.0 m above sea
level during exceptional spring tides. The tides are typi-
cally semidiurnal, and most wetlands are inundated by
seawater. Due to the well-developed creek system, the
flow rates of the tides are typically<1.0 m s™! but can
reach 2.0 m s™! in the main channels with a maximum of
2.45 m s~! (Yang 1999). The climate of the area is charac-
terized by substantial seasonal variation, an abundance of
precipitation (1957-2192 mm), and warm temperatures
(annual mean>15.0 °C) (Huang et al. 2019). The wind is
typically from SSE-SE in the summer, which generates a
northward longshore current, and NW-NE in the win-
ter, which produces a southward longshore current (Guo
et al. 2009). An EC tower was established near the study
area to measure meteorological parameters, such as solar
radiation, air temperature, humidity, wind direction, and
speed (Fig. 1).

Estimating lateral C exchange

Measurement of plant biomass and primary production

A 2-km transect was established along a main tidal creek
in September 2009 (Fig. 1). Six locations along the tran-
sect, spaced 300—500 m apart, were randomly selected

e East China Sea |

Note: ® Sampled biomass and soil
® Sampled detritus

Fig. 1 Locations of the sampled ecosystems in Dongtan, Chongming Island, the Yangtze Estuary, China. The detritus field measurement platform
was located at 31°31'N and 121°59'E at the mouth of a large creek in this wetland
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to measure the total C pools in the plants and soils. We
selected four replicate plots at each location, and each
plot was dominated by invaded Spartina marshes and
adjacent native Phragmites marshes (Fig. 1). The veg-
etation was identified during an a priori field survey. The
selection protocol for the six sampling sites was made
based on surveys of the landscape along a west—east
transect 100 m from the edge of the main tidal creek. At
each site, the proximity of the communities was selected
to minimize the spatial differences in the measurements
in the estuarine wetlands. The aboveground and below-
ground biomass at each site was harvested in September
2009 and 2010 according to the protocol first established
by Liao et al.(2007).

Four 0.5 x 0.5-m quadrats were randomly established
at each sampling location and time. The aboveground
biomass in the four quadrats was collected and sorted
into standing biomass and dead litter. We further sepa-
rated the standing and litter produced in the current year
and produced in the previous year according to the litter
color. All the biomass samples were immediately washed
with clean water, passed through a sieve with a mesh
size of 0.45 mm, and oven-dried to a constant weight at
50 °C before weighing. Due to difficulties in access and
sampling, the belowground biomass was sampled only to
a depth of 20 cm at the center of each quadrat at each
patch after harvesting the aboveground vegetation using
a large steel auger (inner diameter of 14.2 cm). The roots
and rhizomes were removed before the samples were
weighed. All samples were immediately washed with
water and passed through a sieve (0.45-mm mesh). All
the soil samples were oven-dried overnight at 80 °C to a
constant weight to determine the C concentrations. The
dry soil and plant biomass were ground using a Wiley
mill and passed through a 100-mesh sieve. The sieved
plant and soil samples were analyzed using a CN Ana-
lyzer (FlashEA 1112 Series, Thermo Inc., Italy) to deter-
mine the total C concentration.

In addition, a 0.3%x0.3-m PVC plate was installed after
the plants from an ~ 0.5x0.5 m area were harvested and
sampled in each community in September 2009. Sedi-
ment information (e.g., sediment thickness) was collected
monthly during a given phase (e.g., two neap/spring tidal
cycles per month), between September 2009 and Septem-
ber 2010. All sediments were collected from the top of
each PVC plate in September 2010. The C concentrations
of the sediment samples were measured using the CN
analyzer; the total C pools were calculated as 'sediments
into soil’ (kg C m~? year™!). Additionally, in each plot, two
pairs of 2 m long steel poles were used to measure the
vertical changes in the marsh and thus verify the sedi-
ment thickness measured based on the top of PVC plates,
to an accuracy of £1 mm. The aboveground net primary
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production (ANPP) was estimated by harvesting the peak
standing live biomass due to the low mortality during the
growing season. The belowground net primary produc-
tion (BNPP) was estimated using the method proposed
by Lomnicki et al. (1968).

Modeling of the estuarine C balance

The eddy-covariance method was applied to quantify
the half-hourly net ecosystem exchanges (NEE) of CO,
(Fcog) and CH, (Fyy,) (Fig. 1). Daily GPPp values during
the study period were calculated as the nighttime ecosys-
tem respiration (ER) minus the daytime NEE (Reichstein
et al. 2005). The processing of C flux and auxiliary micro-
meteorological variables involved several steps of stand-
ard quality checks and corrections. In brief, the raw data
spikes were filtered. The diagnostic signals from a sonic
anemometer (CSAT3, CSI), an open-path CO,/H,O
infrared gas analyzer (LI7500, LI-COR, Inc., Lincoln,
NE, USA), and an open-path CH, gas analyzer (LI7700,
LI-COR) were used to detect and filter out any periods
of instrument malfunction with a dynamic parameter
model. The turbulence data were sampled at a frequency
of 10 Hz and collected by a data logger (CR5000, Camp-
bell Scientific, Inc., USA). The measurement period for
Fcop and Feyyy was from January 2010 to December 2012.
However, the quality criteria led to gaps of different dura-
tions ((Detto et al. 2011). In addition, due to the quality
control procedure, the rejection rates varied greatly from
day to day in 2010. Therefore, to obtain reliable daily
averages, Fryy, was calculated for the 2011 growing sea-
son in our analysis.

The GEE of C in coastal wetlands can be calculated as:

GEE = GPP + l:lateral + FCH‘L + l:other (1)

where F,. .. is the lateral exchange of C between wet-
lands and the ocean through diffusion and tidal activities,
Fepa is the amount of CH, released from anaerobic soil,
and F,,, refers to unquantified exchanges of C in other
forms (Yan et al. 2008).

The half-hourly F.ny, and Fcyy, were calculated and
quality controlled using EddyPro software (v. 6.2.2) (LI-
COR) following the workflow described by Reichstein
et al.(2005) and Chu et al.(2014). The daily GPP- was
then aggregated into eight-day intervals and fit to the
Michaelis—Menten model.

NEE = R — &oPPFDGPP ax/ (0PPED + GPPpax)
(2)
where NEE is the net ecosystem exchange of CO,, R,
is the ER, g, is the maximum light-use efficiency, PPFD
is the photosynthetic photon flux density, and GPP,,, is
the maximum GPP. The uncertainties of seasonal Fq,,
Fonw and GEP (e.g., random, gap-filling, friction velocity
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(u.) sensitivity, and GEP/ER partitioning) were similar
to those described by Li et al. (2018). The energy bal-
ance closure was examined for both the annual and daily
integrals of energy fluxes/storage changes (Grachev et al.
2020).

We used the MODIS remote sensing data for land-
scape-level GPP (GPPyopis) based on the gap-filled
product MOD17A2HGEF version 6. The annual compos-
ite MODIS reflectance was based on the radiation-use
efficiency MODIS product (MOD15A2H). The leaf area
index (LAI) and the fraction of photosynthetically active
radiation (FPAR) were derived from the 8-day compos-
ite at a spatial resolution of 500 m (Running and Zhao
2019). The GPPy;5p;s estimation depends on vegetation
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characteristics (e.g., the LAI); consequently, this esti-
mation covers neither lateral C exchange nor non-CO,
forms (e.g., CH, release) (Couwenberg et al. 2011; Prince
and Goward 1995).

Sampling of lateral detrital C fluxes

We measured fluxes of macrodetritus (e.g., litter) in a
tidal creek during 2010. Six floating nets were placed at
the mouth of a 10-m-wide creek to catch floating mac-
rodetritus in the first 50 cm of the water column. Three
nets were used to quantify detritus during ebb tides,
and the other three were placed to catch detritus dur-
ing flood tides (Fig. 2). The nets were composed of 2-mm
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Fig. 2 Schematic diagram showing the design of nets for catching imported and exported detritus in coastal wetlands, the location of the nets,
and the layout of the nets. The nets used for exported detritus were only placed during ebbing tides, and the nets used for imported detritus were
only placed during flood tides to avoid disturbance. The nets were located in the same cross-sectional position of the creek, and we offset them in
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nylon mesh and were 1-m wide, 50-cm tall, and 5-m long
(Bouchard 2007; Gao et al. 2018).

Considerable differences were observed when differ-
ent sampling strategies were used to collect laterally
transported detritus at other study sites (Table 1). For
example, when integrating annual sums, the exported
detritus accounted for more of the NPP over a long time
scale (ca. monthly) than that over a short time scale (ca.
daily) (Table 1). Therefore, field sampling strategies over
multiple temporal and spatial scales for collecting later-
ally transported detritus are essential to minimize this
uncertainty.

Trapped macrodetritus was collected, kept cool, and
transported to the laboratory, where all samples were
preserved at 4 °C until further processing. The collected
plant materials, including both green (fresh) and yel-
low/dark (senescent) samples, were oven-dried at 65 °C
for 48 h to a constant weight. The sieved macrodetrital
C concentrations were analyzed using an automatic ele-
mental analyzer (FlashEA 1112 Series, Thermo Scientific
Inc., Italy). The amount of material trapped at each net
was multiplied by ten (ratio between the net width and
the creek width) to estimate the fluxes of floating mac-
rodetritus from the studied watershed according to the
analysis protocol described by Bouchard et al. (1998). The
positive sign conventions indicate detrital C flux leaving
the saltmarsh system, and negative sign conventions indi-
cate fluxes into the system. Hence, a net positive value
indicates a net C flux out of the marsh, and a net negative
value indicates a net C flux into the marsh.

Data processing and statistical analysis

The data were analyzed for variance between tides and by
season. To meet the assumptions for statistical analysis of
normality and homoscedasticity, the data sets were log-
transformed or cube root-transformed when necessary.
Unless specified, the significance level was set to 0.05,

Page 6 of 19

and Tukey tests were used to compare means. If signifi-
cant differences were found, the rank order was deter-
mined using Tukey’s studentized range. Differences in
production between tides were tested using two-tailed
t-tests. Differences in flood and ebb concentrations of
the various forms of C were compared by using repeated
measures evaluating the effects of flux direction and
the month of sampling. The linear relationship between
GPPyopis and GPPp, the relationship of lateral detritus
flux between daily and monthly sampled fluxes, and the
relationship between tidal elevation and lateral detritus
flux were estimated using the R language (R Develop-
ment Core Team, 2017, version 3.4.3). Linear regressions
were conducted using the 'Im’ function.

Results

Estimation of lateral C flux

The mean annual total plant C stock (aboveground plus
belowground to a depth of 20 cm) was 0.85 kg m~? in
Phragmites stands and 1.12 kg m™? in Spartina stands
(Table 2). The mean annual total plant C stock alloca-
tion to belowground biomass was 54.5% in Spartina
stands and 61.2% in Phragmites stands, resulting in
belowground plant C stocks of 0.52 and 0. 61 kg m™>

Table 2 Variation in the total C pools in the plants and C input
by NPP calculated using data collected in September 2010
(n =24, belowground biomass to a depth of 20 cm)

C pool and C input Phragmites Spartina

Phragmites
Total plant C stock (kg m™2) 0.85+0.04 1.1240.06
Belowground plant C stock (kg m~2) 0.52+0.03 0.61+0.04
Aboveground plant C stock (kg m=?) 0.334+0.02 05140.02
NPP (kg C m~? year™) 0644004 0.82+0.06
Sediments into soil (kg Cm~2year™") 0424005 0.6640.08
Sediment thickness (cm year™") 21+04 32406

Table 1 Comparison of different sampling strategies used to collect laterally exported detritus at different study sites

(ANPP =aboveground net primary production)

Reference Site Marsh type Sampling frequency Contribution
of ANPP (%)

Teal (1962) Sapelo Island, Georgia, USA Spartina alterniflora Yearly 45

Palomo and Niell (2009) Palmones River estuary, Spain Sarcocornia perennis ssp. Bimonthly 12

Wolff et al. (1979) Oosterschelde estuary, The Netherlands  Halimione portulacoides, Spartina townsen-  Monthly 10

dii, Puccinellia maritima

Bouchard etal. (1998)  Southern Normandy gulf, France Atriplex portulacoides Weekly 14

Dame et al. (1986) North Carolina marsh, USA Spartina alterniflora Daily <1

Dankers et al. (1984) Ems-Dollard estuary, The Netherlands Puccinellia maritima Daily 1
Hemminga etal. (1996) Westerschelde estuary, The Netherlands  Elymus pycnanthus, Scirpus maritimus, Daily <02

Phragmites australis, Puccinellia maritima
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in Phragmites and Spartina stands, respectively. The
C concentration in fresh shoots (0.35 g C g~') was sig-
nificantly higher than that in the standing litter (0.30 g C
g™) (p<0.01). The annual NPP (ANPP plus BNPP) was
0.82 kg C m™2 year™! in Spartina-dominated communi-
ties and 0.64 kg C m™~2 year™! in Phragmites-dominated
communities (Table 2). The total C release through lat-
eral flows ranged from 0.21 to 0.30 kg C m~? year™, and
the average was equal to 25.8% of NPP.

Both MODIS-predicted GPP (GPPyop;s) and tower-
observed GPP (GPPp.) exhibited an apparent seasonal
pattern corresponding to the growing seasonal changes
in vegetation, and most GPPp. values were higher than
the GPPyopis values with that exception of those at the
beginning of the growing season (i.e., March) (Fig. 3). In
addition to the difference (i.e., AGPP) between GPPp.
and GPPy,op;s the GPPyopis (472.6 g C m™2 year )
was 73.0% of GPPg. (646.94+70.7 g C m™2 year™ ') dur-
ing the 2010 growing season (Fig. 3a). These figures were
essentially consistent with the aboveground plant C
stock measured by harvesting the biomass at peak veg-
etation growth (Table 2). In contrast, we detected more
GPPyopis during the pre-growing season period, con-
sistent with the magnitude of the lateral detrital C flux
observed in the tidal creek in March (Fig. 4). Addition-
ally, the annual CH, emissions measured by conventional
eddy covariance techniques (March 23, 2011-December
31, 2011) were 17.9+3.7 g C m ™2 year’1 and exhibited
a distinct seasonal pattern. These results suggest that
the emission of C in non-CO, form (i.e., CH,) accounts
for 2.8% of the GPPg (Fig. 3) and allow us to calculate
the actual lateral C flux caused by tides in the following
section.

Observation of the lateral detrital C flux
A significant correlation was found between imported
and exported detritus flux on the daily and monthly
scales. In addition to the flux that resulted from tidal
activities, the C imported by tides could also contrib-
ute to the exported C. The daily detritus flux appeared
to exhibit a left-skewed distribution over the year, albeit
with several exceptions (Additional file 1: Fig. S1). On
average, the amount of detritus exported to the ocean
was higher than that imported to the land. The net
positive flux (i.e., more detritus leaving the wetlands)
appeared to be related to daily tides. Although nearly 90%
of the daily detritus flux values were between -0.16 and
0.16 kg C m2 day ™!, they could also exceed 0.16 kg C
m~2 day ! (Fig. S1).

The lateral flux based on monthly sampling (i.e., once
a month) was higher than that based on daily sampling
(i.e., the sum of daily sampling), particularly in March
and October (Fig. 4a). In addition, the daily sampling
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strategy resulted in a lower annual sum than the monthly
sampling strategy for both input and output. Further-
more, the monthly net value (output—input) based on
the daily sampling strategy was lower than that based on
the monthly sampling strategy (Fig. 4a), except in July.
The annual net flux obtained with the daily and monthly
sampling strategies was 1.13 kg C m ™2 year™! and 1.96 kg
C m~? year™!, respectively. This discrepancy implies that
42.3% of the annual total can be due to daily differences,
even though a high correlation (*=0.73, p<0.01) was
found between the estimates (Fig. 4b).

The relationship between lateral detritus fluxes and
tidal activity seemed statistically non-significant between
the two sampling methods (Fig. 5). However, when the
exceptional month of March was not considered, there
was a significant correlation (*=0.62, p <0.05) between
the monthly lateral detritus fluxes based on daily sam-
plings and the maximum tidal height (Fig. 5a). On the
other hand, a similar relationship was not detected in
monthly sampled data (Fig. 5b).

Discussion

C budget of estuarine wetlands

The outwelling hypothesis states that salt marshes pro-
duce more organic matter than can be utilized within the
system and that this excess material is exported to coastal
waters (Das et al. 2011). The lateral C fluxes described in
this manuscript have rarely been studied in concert with
and in the context of the vertical flux of C (i.e., both Fr,
and Fcyy,). To better understand the relative importance
of land—water C fluxes, we must move toward research
that fully integrates the C budget across terrestrial eco-
systems and coastal waters. The estimates of C fluxes
were not only based on biomass and primary produc-
tion but also based on tower-based measurements (Fq,,
Fepa) and MODIS time series direct measurements of the
lateral detrital C flux. Most importantly, the hydrologi-
cal processes dominated by tidal activity can significantly
affect the magnitude, direction, and dynamics of lateral
fluxes. Our previous findings indicate the occurrence of a
bidirectional C process, such as detritus at a daily scale, is
non-significant (Gao et al. 2018). Our study also suggests
that the net detrital C export exhibited a bimodal sea-
sonal pattern over a year in a typical coastal salt marsh of
the Yangtze River estuary. Unfortunately, previous stud-
ies on the lateral flows of C were conducted periodically
for CO, only. Without the inclusion of methane (CH,)
(Li et al. 2018), we were prevented from reaching a mass
balance of marsh C. This case study illustrates that an
integrated framework incorporating modeling and field
sampling can quantitatively assess lateral detrital C trans-
port processes across the terrestrial-aquatic interface in
estuarine wetlands.
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Our current and previous studies in the same tidal wet-  outwelling hypothesis. On an annual basis, the vertical
land (Gao et al. 2018; Guo et al. 2009; Li et al. 2018; Yan  C budget (Fg, and F¢;y,) revealed that the marsh repre-
et al. 2008) provide rich knowledge and data for the total ~ sents a significant C sink of 629.0 g C m ™~ year™! (Fig. 6),
C budget of this coastal wetland in the context of the which is inconsistent with the lateral C accumulation
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trend. An analysis of the lateral C flux revealed that the
net hydrologic C fluxes varied considerably within the
ecosystem between the two communities. Moreover,
Fcoy largely compensated for Fpy,, the lateral detrital C

flux, and the input sediments into the soil and led to near
neutral net hydrologic C fluxes in the Phragmites-domi-
nated area (Fig. 6a). However, the lateral C balance tran-
sitioned from indicating that the Phragmites-dominated
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communities were a C source (209.0 g C m™? year?),
which suggested that Spartina-dominated communi-
ties are a C sink (-31.0 g C m ™2 year™'), and 51% of NEE
originated from lateral movement (Fig. 6b). Our previous

studies indicated that invasive Spartina obtained extra
subsidies during hydrologic processes in transporting
C among ecosystems (Gao et al. 2020). Presumably, the
shorter, denser stems of Spartina might have a much
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better chance of accelerating sedimentation than the
meter-high stems of the native Phragmites. It is also pos-
sible that the shorter, denser vegetative cover of Spar-
tina tends to slow tidal flow down to a greater extent and
captures finer sediment grain size during relatively faster
and more turbulent flow conditions (Gao et al. 2016).
These two components may be responsible for differ-
ences in sediment dynamics between invasive Spartina
and natural Phragmites at high flow rates. Nevertheless,
the results of closing C budget calculations obtained
through this coupled framework are still subject to some
uncertainties arising from several sources. Therefore, this
scenario needs to be adequately analyzed by continuously
measuring the surface sediment composition of the litter
mass of the two species.

Overall, our findings highlight the importance of clos-
ing the C budget of estuarine wetlands in the context
of a terrestrial-aquatic continuum. The C loss via CH,
emissions may not be compensated by the net uptake
of CO,, showing the significance of hydrologic flows in
leaching C from coastal wetlands. Most importantly,
robust regional and global modeling/upscaling requires
an accurate estimation of terrestrial GPP in various com-
munities (Yuan et al. 2014). The GPP estimates of differ-
ent communities have varied widely depending on the
model used. However, the selection of different C mod-
els (e.g., linear or quadratic) may exert a significant effect
on estimation and interpretation (e.g., Law et al. 2000
and Xiao et al. 2004) (Table 3). Our earlier study found
that the predicted GPP from the light-use efficiency
model (GPPyop;s) underestimated GPP relative to that
observed from eddy flux tower measurements (GPPg).
This study improved the accuracy of the GPP estimates
by 8.0-19.6% (i.e., from 53.4—65.0% to 73.0%) with an

Table 3 Comparison of light-use efficiency models for gross
primary production (GPP)

Model FAPAR &, gy  Reference

TURC fINDVI) &, 0.24  Ruimy et al. (1994)

GLO-PEM fINDVI) g, xTxSMxVPD  0.14 Prince and Goward
(1995)

MODIS-PSN  f(LAI) gy X TxVPD 0.22  Running et al. (2004),
Running and Zhao
(2019)

3-PG fILAI) gy xTxSMxVPD 048 Law et al. (2000)

VPM fEV)  exTxSMxWxP 048 Xiao etal. (2004)

GPP=¢,x FAPARx PAR or GPP=¢,x FAPAR,, x PAR. The scalars for light-use
efficiency (&5) include temperature (7), soil moisture (SM), water vapor pressure
deficit (VPD), canopy water content (W), and leaf phenology (P). FAPAR fraction
of absorbed photosynthetically active radiation, NDVI normalized difference
vegetation index, LAl leaf area index, EVI enhanced vegetation index, &,
maximum light-use efficiency

updated version of the MODIS data (Fig. 3). In turn, the
difference between GPPp~ and GPPyqps (AGPP) was
generally compatible with our estimates based on bio-
mass and primary production (Fig. 6). In this study, the
effect of the annual CH, release was successfully quan-
tified as a variable predicting the difference between the
two GPP estimates, according to Eq. (1), which allowed
us to calculate the actual lateral C movement. This find-
ing means that C lost as CH, altogether led to~2.8% of
the C uptake via Fn, on a C balance (Fig. 3b). The CH,
emissions observed in this study may only slightly off-
set the discrepancy in our marsh C budget, aside from
uncertainties originating from both GPP- and GPPy;qpg
(Mitra et al. 2020). However, we note some limitations
in our research approach regarding the application of
the light-use efficiency model method to tidal wetlands.
These simplifications and the weakness of the light-use
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efficiency model in tidal wetlands could introduce some
uncertainties in the GPP simulation results and eventu-
ally influence the C transfer flux calculations (Table 3).
However, the issues related to the uncertainties (e.g.,
analytical, instrumental, and methodological) and chal-
lenges made a direct comparison of these reports to our
annual estimated hydrologic C questionable. First, all of
the measured C fluxes in the lateral C budget (e.g., detri-
tus, POC, DOC, and DIC) have very different sources
and magnitudes of uncertainty. This input uncertainty
resulted in significant uncertainty in closing the marsh C
budget when solving lateral C flows. Furthermore, wet-
land C cycling and annual C budgets may vary drastically
among different communities. It should be noted that
Spartina invasion also affected F, and GPP and led to
an enhanced CO, uptake rate. Second, among all of the
sampling locations matching the footprint and the catch-
ment, the sampling frequency adopted in integrating
the vertical and lateral components should have a minor
influence on the interpretation of our marsh C budget.
Third, there are knowledge gaps in the adequate quan-
tification of C loss during the nongrowing season. Even
though we have carefully examined and estimated the
different sources of the uncertainties, unknown uncer-
tainties remain that cannot be assessed based on our cur-
rent design (e.g., energy balance closure) (Cui and Chui
2019). Furthermore, this includes some C fluxes and/or
storage changes that were unaccounted for and not quan-
tified in our budgets, such as the belowground biomass
below a depth of 20 cm and C within the water column.
Despite this data gap, the general framework and meth-
odology presented here are applicable and suitable for
other, sizeable watersheds with more complicated land-
sea interactions. According to Eq. (1), the mismatch
between GPPy;opis and GPPp- potentially indicates
that the lateral C flux (i.e., detritus in hydrologic flow
paths) caused by tides accounted for 24.2% of the GPPg
(646.9 g C m~2 year™!), which was compatible with the
25.8% obtained based on biomass and primary produc-
tion. However, C assimilated through photosynthesis that
eventually entered the soil could have increased the sedi-
ments at a regional scale. The CH, flux is also an essential
component of the wetland C budget (Parker et al. 2018).
The sediment records obtained by our team from the
same tidal wetland also suggest that the marsh accumu-
lated a considerable amount of C (Gao et al. 2020), which
implies that an unknown portion of the deposited C orig-
inated from allochthonous C sources. Thus, we revealed
the importance of including lateral detrital C fluxes in
wetland C budgets, particularly for those characterized
by bidirectional C processes (i.e., simultaneous lateral C
exchanges and sediment deposition). Furthermore, the
coastal wetland C cycling and annual C budgets may
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vary between years. Therefore, multiple-year datasets
are necessary to further determine the extent to which
these C fluxes (i.e., Frp, lateral C exchanges, and sedi-
ment deposition) and their budgets contribute to the
difference between GPP- and GPPy,ops at the annual
scale. Moreover, the light-use efficiency model itself con-
tains empirical formulas and complicated parameters to
enable simplification. Thus, we suggest that future appli-
cations incorporate simplifying assumptions and omit-
ted calculations into the presented framework for other
larger-scale basins.

Temporal and spatial lateral C fluxes across landscapes

A significant challenge related to the outwelling hypothe-
sis has been understanding how detritus-derived organic
matter can represent the lateral fluxes determined by
tidal activity. The present study suggests that the direct
measurements involved in the daily sampling strategy are
rarely successful, particularly during storm tides when
the salt marsh is entirely covered by water. In practice,
it is impossible to perform direct measurements during
storm tides because these events occur at time scales
much longer than the daily tidal time scale, on which the
daily sampling strategy is biased (Winter et al. 1996). In
addition, accessibility and the significant time and staft-
ing commitments needed for collecting samples and lab-
oratory testing were significant constraints in this study,
and these factors will likely persist in future applications.

Consequently, relatively few direct measurements have
been conducted during storm tides in coastal/estuarine
wetlands because acquiring ground data in these eco-
systems is highly costly in terms of both time and labor
due to access difficulties (Wolff et al. 1979). Overall, the
mismatch in temporal resolution also poses difficulties
in comparing the annual lateral detrital C budget. None-
theless, our limited efforts (especially considering that
our daily measurements were not extremely continu-
ous) reveal that detritus-derived organic matter may not
be exported in high amounts, as expected (Hunsinger
et al. 2010).

Our previous study found that monthly lateral green
(fresh) detrital C was highly correlated with the height
of tides in the daily sampling strategy, but a similar rela-
tionship was not observed for yellow/dark (senescent)
detritus (Gao et al. 2018). In this study, however, distin-
guishing green detritus from yellow/dark detritus seemed
hard to achieve, particularly with the monthly sampling
strategy, because the green detritus turns yellow/dark
after a long time (ca. a month). When pooling both types
of detritus together, the lateral detrital C flux was not sig-
nificantly correlated with tidal elevation (Fig. 5), except
for the exceptional month of March, which was not
considered in the daily sampling strategy (Fig. 5a). This
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finding is actually comparable with our previous results
(Gao et al. 2018), which suggested that it is necessary to
sort different types of detritus when linking lateral detri-
tal C flux to the seasonal patterns of tidal events. Export-
able green detritus remains relatively stable in any given
period, whereas the amount of exportable yellow/dark
detritus fluctuates due to the process of accumulation
and decomposition. Moreover, increased sampling over
a longer time (ca. an entire season) would benefit future
studies using this proposed framework. Automatic sam-
pling instruments also could be adopted in future stud-
ies to ensure higher sampling rates with shorter space
distances between each site to better capture the spatial-
temporal variability.

In contrast, it is possible that the departure or re-entry
of that trapped macrodetritus was prevented because
the macrodetritus collected on a short time scale was
removed from the nets immediately after the tides (Dame
et al. 1986). However, it is also possible that trapped
macrodetritus may depart from the floating nets and be
recaptured by the nets with a change in the tide level
(Dankers et al. 1984; Lehman et al. 2015). The ecosystem
does not stop at the tidal limit. It comprises the whole
primary creek catchment, including the creek and its
tidal wetlands, the estuarine wetlands, and the seagrass
in the coastal waters. Very little is known about the quan-
tity and proportion of recaptured macrodetritus, but
this component could be critical to estimating the lateral
matter budget (Evans and Thomas 2016). Instead, the
proportion of recaptured macrodetritus has to be deter-
mined indirectly using appropriate methods. Thus, the
collection of time-series measurements in this study that
can capture short-duration events such as storms may
support the argument that a simpler monthly time scale
can better reflect the actual situation of net litter flux.
Moreover, the tidewater could not inundate the saltmarsh
but only carried off the macrodetritus in the tidal creeks.
This information could indicate that a marsh functions as
an importer or exporter of detritus in association with
different temporal sampling scales. These measurements
will also contribute to a greater understanding of the
variation in lateral detrital C fluxes between average and
storm conditions, which was assumed to be linear in this
study.

The storm conditions were neglected due to the dif-
ficulty of obtaining data under extreme weather con-
ditions, such as severe storms. However, most daily
transport may occur during these extreme events (Zhao
et al. 2009). Thus, our results demonstrate that evalua-
tions of the lateral transport of detritus involving the sum
of daily measurements might be less reliable than conclu-
sions about transport based on a monthly scale. Further-
more, other studies propose that for marshes at a higher
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elevation, the export of macrodetritus is dominated by
occasional storm tides. As a result, the net export could
be six times higher than the largest import (Wolanski
2016).

Consequently, we propose that understanding and
modeling the stability of detritus moved by storm tides
is a process of great interest in the study of lateral matter
flux (Rahaman et al. 2013). The role of lateral C flux over
time is another ecological aspect lacking clear and con-
sistent evidence. However, performing independent cali-
bration for storm processes to improve the hydrological
simulation process may dramatically decrease the uncer-
tainty of the model simulations.

Implications for hydrologic C fluxes
We propose that the exploration of methodological
advances and adequate research frameworks that can
be used to evaluate cross-ecosystem C flows is urgently
needed, particularly in terms of the continuous measure-
ment of hydrologic C fluxes (Fig. 7). Most studies explor-
ing land-to-water C flux have focused on hydrologic C
flux measurements (i.e., DOC, POC, and DIC) (Fagher-
azzi et al. 2013). Understanding the mechanism through
which the C pool moves from land to water is central
to determining the fate of this C and its impact on the
function of recipient aquatic ecosystems (Abdul-Aziz
et al. 2018). For example, C that is laterally transported
as POC and/or DOC, rather than as detritus, may only be
available for microbial uptake and geological mineraliza-
tion. When the different sources of hydrologic C fluxes
were estimated, there remained uncounted (or unknown)
uncertainties that could not be assessed based on our
current design, such as the temporal dynamics in tidal C
contents (Fig. 7). For example, the eddy flux tower data
used for the light-use efficiency model calibration and
validation for the whole watershed may also introduce
uncertainty. When extended to other coastal/estuarine
wetlands, this uncertainty could be reduced by using
more observation station data at the calibration step.
Similarly, plant-related detritus can also be transformed
into microbial food webs along a possible continuum via
interaction with mineral incorporation and plant-soil-
microbe feedbacks and become available for eventual
sequestration in the adjacent ocean (Swain et al. 2015).
Indeed, our study showed that the hydrologic processes
transported 2.89 x 10° —4.13x10° g C year™! in the
form of detritus from the coastal wetland into the East
China Sea, and 13.78 km? was quantified in this inter-
tidal zone (Zhao et al. 2008). On average, the C inflow
was equivalent to a net lateral flux of up to 4.56 x 10° g
C m™2 year! to the catchment in the watershed from
the nearby aquatic ecosystem in the form of hydrologic
C fluxes.
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However, compared with numerous studies directly
measuring the hydrologic C flux in the estuarine area
of the Yangtze River (e.g., Wu et al. 2015; Wang et al.
2012), hydrologic C fluxes obtained using our mass bal-
ance estimation are approximately three orders of mag-
nitude lower. While we have carefully examined different
sources of uncertainties (e.g., methodological) in hydro-
logic C fluxes, there are two components that account
for the significant quantitative difference. First, our
interpretation of lateral transport (i.e., allochthonous
C) reveals the significance of a bidirectional C process
(e.g., the inputs/outputs of different lateral hydrologic C
forms) in the terrestrial-aquatic continuum. Most of the
work with hydrological C fluxes has focused on the flow
rates and concentrations of total suspended matter. More
importantly, these kinds of estimation efforts emphasize
a transfer of materials out of the basin; i.e., aquatic eco-
systems (e.g., rivers, wetlands, and lakes) merely convey
terrestrial C to the ocean. However, in a salt marsh at
the land—water interface, hydrologic C transported out
of the marsh may remain in seawater not far from the
marsh and might be transferred into the marsh during
flooding and out during ebbing several times. Thus, the
net result was clearly lower than one-way flow estima-
tion. Second, there remain uncertainties that cannot be
compared based on our current framework, such as the
difference in the watershed between the two estimation
methods. For example, the major hydrologic C sources
for directly measured studies are the entire watershed of
the Yangtze River. In contrast, this mass balance method
is applied to evaluate the contribution of hydrologic C

laterally transported from the source in this 13.78-km?
intertidal zone. It appears that this evaluation is incon-
sistent with previous observed values, but we believe
that the next step is to establish explicit cross-ecosystem
C budgets, including the calculation of essential quanti-
ties (e.g., bidirectional lateral DOC and POC transport)
(Ganju et al. 2019). However, although this may lead to
difficulties when applying this method to more compli-
cated and larger catchments, the insights gained in this
analysis demonstrate the advantages of quantifying the
impact of tidal activities on lateral detrital C transfer.
This study also set the stage for a new research agenda
to extend the outwelling hypothesis (Loreau et al. 2003).
Despite the large variability among landscapes and over
time, global estimates of the emissions and storage of C
species associated with coastal and estuarine discharge to
the ocean can be used to effectively constrain the mag-
nitude of the global flux of C from terrestrial to aquatic
ecosystems (Fig. 7). Many empirical examples support-
ing the outwelling hypothesis are systems with land-
scape boundaries between them (Dinsmore et al. 2010).
The quantification of catchment features is also useful,
particularly when considering regional cross-ecosystem
material pools and the regional energy balance (Soininen
et al. 2015). For example, when integrating vertical and
lateral components, it should be noted that discrepancies
among different communities in terms of the sediment
reveal the uncertainties and challenges involved in esti-
mating hydrologic C flows (Fig. 7). If 10% of the sediment
originates from hydrologic C inflows (DOC+POC), the
hydrologic C fluxes would increase by approximately
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42—-66 g C m~? year !. Even a small change in the C
burial rate could translate to considerable changes in
the magnitude and direction of hydrologic C flux. New
methods combining isotopic data on temporal trophic
cascades to estimate cross-ecosystem C flows would
similarly round out our knowledge of spatial flows (Sippo
et al. 2019). However, the source areas of sediment iden-
tified based on radioactivity dating at such short-term
and local scales are challenging to define and estimate.
Therefore, a much longer observational period and mul-
tiple approaches are needed to establish an overall C bal-
ance; in summary, challenges remain in the integration
of these vertical and lateral components into a spatially
and temporally comparable framework (Fig. 7). In addi-
tion, the integrated framework can be supplemented to
make precise forecasts for the process of lateral detrital C
transfer with the ultimate aim of proposing optimization
management measures for sustainable carbon-neutral
development.

As our understanding of lateral C flux through hydro-
logic processes in marine surface waters improves (e.g.,
Tranvik et al.(2009) and Drake et al.(2018)), estimates of
C flux across the terrestrial-aquatic interface continue
to be revised, potentially upward. Based on a recent
assessment performed by Drake et al. (2018), an annual
C export of 5.1 Pg year ! along a land-to-water path was
identified, which is much more than twice the 1.9-Pg
estimate presented a decade before by Cole et al. (2007).
This broad-scale, global estimate can still obscure the fact
that the mechanism through which terrestrial C is trans-
ported to aquatic ecosystems varies enormously across
landscapes and time due to knowledge gaps and substan-
tial uncertainties in the quantification of lateral C export.
However, due to the regional variation in aquatic ecosys-
tem function, hydrologic lateral C exchanges may serve
as essential regulators in regional and global C cycling
(Coch et al. 2018). To date, C cycling and perturbations
caused by climate change, broad-scale changes in biogeo-
chemical cycles, and extreme tidal storms remain under-
studied. Macrodetritus can be reliably trapped only when
the tidal height is more than 1.0 m and can rarely be
trapped when the elevation is less than 0.8 m (Gao et al.
2018). Overall, the possibility of incorporating all salient
factors (e.g., storms) in the case study in addition to land-
sea interactions should be explored in future analyses.

With regard to the seasonal pattern, the exceptional
month of March marked not only the end of the export
of yellow/dark detritus (senescent detritus) but also the
beginning of the export of green detritus (fresh detri-
tus). Plant litter is mainly produced in the winter when
the aboveground parts of the plants die, and this mate-
rial commonly accumulates in wetlands. This mortality
pattern implies that, regardless of the cause, the pattern
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accounts for the massive amount of plant litter biomass
that can be exported due to a single storm (Osburn et al.
2019). For example, when March was not considered,
the monthly sum of detritus calculated according to the
daily sampling strategy was positively correlated with
the tide height (Fig. 5a). After over-marsh tides, a large
part of the detritus was transported by ebb tide within
a short period after high tide. Therefore, the conclusion
that significant annual exports occurred during several
storm tides appears warranted. The variability in cross-
ecosystem C flows could be more strongly related to the
catchment characteristics of the region and the amount
of tidal water that acts as a driver than local within-creek
elevations (Sousa et al. 2017). Therefore, we emphasize
that the quantification of contingencies and the size of
tidal waters at larger spatial and temporal scales may be
more appropriate and more feasible for identifying cross-
ecosystem frameworks than measuring snapshot C fluxes
based on water samples (Gounand et al. 2017). These
steps will make significant additional contributions to the
comprehensive understanding of the outwelling hypothe-
sis in different C forms (e.g., DIC, DOC, POC) under the
influence of natural factors.

The cross-ecosystem perspective provides a robust
theoretical framework for addressing the outwelling
hypothesis (Gravel et al. 2010). We further suggest that
the cross-ecosystem framework could be the basis for
a new field of integrated spatial ecosystem ecology that
promises novel fundamental insights into the dynamics
of ecosystems from the local to the global scale for pre-
dicting the consequences of altering the fundamental
processes of cross-ecosystem C flows (Maxwell and Silva
2020). However, the estimate of yearly lateral transport
according to the sampled tides was not very accurate in
terms of annual flux. Because the lateral transport dur-
ing several storm tides could not be quantified due to
the sampling schedule, tidal water sometimes remained
in the marsh for more than one daily tide. Additionally,
during one storm tide, 50—100 times as much tidal water
remained in the marsh as during a normal tide (Dhillon
and Inamdar 2014; Ridd et al. 1988). Therefore, inaccura-
cies in the estimates of storm tides could result in signifi-
cant variations in the yearly budget estimates. Hence, we
note some limitations in our research approach associ-
ated with the appropriate time frame for detecting excep-
tional cases (Chen et al. 2018).

Further research, particularly on the transport and spe-
ciation involved in land-to-water C flux and the total C
budget, is fundamentally important to establish a com-
prehensive regional C budget and enhance our under-
standing of these processes (Figs. 6 and 7) (Mfilinge
et al. 2005). Furthermore, remote sensing and long-term
records of C stocks and fluxes should be employed to
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examine how these co-occurring factors have simulta-
neously affected terrestrial-aquatic C flux over decadal
time and regional scales. Overall, measurements of verti-
cal CO, and CH, fluxes made in concert with estimates
of lateral DOC and POC production and detrital C flux
will significantly enhance our understanding of this issue.
A better understanding is essential given that changes in
discharge across the terrestrial-aquatic interface appear
to exert dramatically different impacts on hydrologic lat-
eral C export (Alongi 2014). However, the projected POC
remained inconsistent along the aquatic continuum and
provided a valuable opportunity to examine the response
of marsh C cycling and the C budget. Thus, the net con-
tribution of these hydrologic C fluxes was then calculated
according to the residuals of the two large and opposite
fluxes (flooding and ebbing). Our report suggests that
monitoring efforts that appropriately capture the lat-
eral flux dynamics of all C species over multiple tempo-
ral and spatial scales and incorporate hydrologic regime
shifts are a clear priority for future research. In parallel,
the theoretical framework must account for the respec-
tive spatiotemporal scales of the quantitative information
regarding the frequency at which these naturally cross-
ecosystem C flows occur in both donor and recipient
ecosystems to appropriately describe the flows linking
ecosystems of different sizes (Sitters et al. 2015).

Conclusions

By coupled modeling and field sampling, this study esti-
mated the lateral detrital C exchange based on GPP with
tower-based measurements and MODIS time series and
CH, outgassing and based on biomass and simultane-
ously measured the lateral detrital C flux to character-
ize the relative contributions of lateral (i.e., detritus) C
fluxes to the annual marsh C budget. In conjunction
with those obtained in other studies, our findings sug-
gest that the lateral C flux (i.e., detritus in hydrologic flow
paths) caused by tides accounted for 24.2% of the GPPy,
which is compatible with the value of 25.8% based on
biomass and primary production. However, the direct
measurement of lateral detrital C flux in the tidal creek
indicated that the value obtained from the monthly sam-
pling strategy was approximately double that obtained
with the daily sampling strategy when the detritus flux
was relatively large, particularly in March and October.
Nonetheless, our limited efforts reveal that CH, emis-
sions altogether led to as little as ~2.8% of the C uptake
via Fg, on a C balance basis and thus allow us to infer
the significance of hydrologic flows in leaching C from
coastal wetlands.
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