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The contribution of unvegetated tidal flats to global net primary production is comparable
to that of some vegetated coastal habitats. However, compared to carbon flux
regulating factors in vegetated habitats, those in unvegetated tidal flats are not well
understood, particularly in terms of their cause-effect relationships. Maximum gross
primary production (GPPm), net primary production (NPP) and total respiration (TR)
during emersion at noon when the irradiance level was at the saturation level for
photosynthesis in nine unvegetated tidal flats across the Taiwan Strait in tropical and
subtropical regions were determined in winter and summer from 2011 to 2016 to
examine the direct and indirect relationships between sediment characteristics and
carbon fluxes by using structural equation models (SEM). Most of the GPPm and NPP
values were higher in winter than in summer. Conversely, the TR values were higher
in summer than in winter. The NPP values at some sites shifted to negative values
in summer, indicating the sites were carbon sources. The values of GPPm, TR and
NPP for the tidal flats all increased significantly with increasing sediment mud content.
The SEM results showed that the sediment mud content directly increased GPPm or
indirectly increased GPPm via a compositional shift in benthic microalgae. The sediment
mud content also directly increased TR or indirectly increased TR via increased organic
matter content. The contribution of benthic microalgal and macrofaunal biomass to TR
was relatively minor. This result suggests that primary production was stimulated mainly
by the organic matter content rather than by increased microalgal biomass. With the
integrated SEM framework, our results showed mechanistic evidence of how sediment
mud content acted as a critical factor regulating carbon fluxes in unvegetated tidal flats.

Keywords: benthic metabolism, gross primary production, net primary production, respiration,
microphytobenthos, structural equation model

INTRODUCTION

Unvegetated tidal flats (hereafter tidal flats) are the area inundated between the high- and low-tide
waterlines, including sandy and muddy sediments (Murray et al., 2012). Tidal flats encompass a
large proportion of the coastal zone. The global area of tidal flats has been estimated at 127,921 km2,
with most being distributed in Asia (44% of total; Murray et al., 2019). The estimated global area
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of tidal flats is only 16% of that of seagrass beds but is comparable
to that of mangroves and 2.3 times that of salt marshes (Davidson
and Finlayson, 2019). Although the daily rate of net primary
production (NPP) in tidal flats is at most 20% of that of vegetated
coastal habitats, the global NPP of tidal flats (11.04 Tg C yr−1),
obtained by multiplying the NPP by the global area, might reach
approximately 50% of that of salt marshes (Lin et al., 2020). The
carbon stock of tidal flats (78.07 Tg C) is nearly four times higher
than that of vegetated habitats (20.53 Tg C) along the coast of
China (Chen et al., 2020). Currently, anthropogenic activities,
such as land development (Koh and Khim, 2014; Chen et al.,
2016), oil spills (Junoy et al., 2005; Lee and Lin, 2013; Yu et al.,
2013) and heavy metal pollution (Rahman and Ishiga, 2012;
Zhang et al., 2013), tend to occur in tidal flats.

Benthic microalgae, also known as microphytobenthos, are
generally the major primary producers in tidal flats throughout
the year (McIntyre et al., 1996; Underwood and Kromkamp,
1999). These microalgae can contribute up to 65% of the
combined production of phytoplankton and benthic microalgae
in shallow-water ecosystems (McMinn et al., 2005; Sarker
et al., 2009). This production can provide food sources for
not only local benthic systems but also nearby pelagic systems.
Over 30% of benthic microalgae may be resuspended by the
turbulence of tidal currents and wind-generated waves (De
Jonge and Van Beuselom, 1992), part of which is exported
to nearby coastal ecosystems by tidal currents and further
subsidizes secondary production through the outwelling of
benthic microalgae (Guarini et al., 2008; Yoshino et al., 2012;
Savelli et al., 2019).

The production of benthic microalgae in tidal flats is
frequently higher in tropical regions than in temperate regions
(Cahoon, 1999). In temperate regions, tidal flats might be either
small carbon sinks or carbon sources during emersion (Brotas
and Catarino, 1995; Migné et al., 2004; Hubas and Davoult, 2006;
Spilmont et al., 2006; Otani and Endo, 2019). In subtropical
regions, tidal flats act as carbon sinks during emersion (Lee et al.,
2011). Lin et al. (2020) demonstrated a clear latitudinal gradient
in winter from 20◦N to 40◦N in which primary production and
respiration in tidal flats during emersion decreased by up to 104%
toward higher latitudes, but no clear trend was detected across the
latitudinal gradient in summer. It appears that the contribution
of NPP from tidal flats to the coastal carbon flux was greater in
tropical and subtropical regions than in temperate regions (Lin
et al., 2020). Along the latitudinal gradient, sediment temperature
is a main factor that regulates carbon fluxes in tidal flats (Lin et al.,
2020). The authors also indicated that sediment features might be
more prominent in regulating carbon fluxes in tidal flats at a local
scale. However, both direct and indirect relationships between
sediment characteristics and carbon fluxes in tidal flats are rarely
emphasized simultaneously.

There is still no comprehensive quantitative analysis
addressing the network of relationships between sediment
characteristics and carbon fluxes from benthic microalgae. Some
studies have reported no clear relationship between sediment
characteristics and the production of benthic microalgae (Davis
and Mclntire, 1983; Hubas et al., 2006). Others have suggested
a negative relationship between sediment mud content and

benthic production (Billerbeck et al., 2007; Lee et al., 2011).
However, some studies have noted that benthic production
was higher in sediments with higher mud content (Colijn and
de Jonge, 1984; Hubas et al., 2007; Davoult et al., 2009; Migné
et al., 2016; Haro et al., 2020). This inconsistency might be due
to different study scales. Most studies have measured only one
tidal flat with a limited number of sampling sites; few studies,
however, have measured different tidal flats representing a
gradient of sediment characteristics. For example, Pratt et al.
(2014) compiled data on gross primary production (GPP) and
sediment oxygen consumption from nine intertidal flats on the
North Island of New Zealand and found that both processes
decreased with increases in sediment mud content. However,
the range of sediment mud content was between 0 and 30%. It
is uncertain whether benthic metabolism would respond in the
same way to sediment with mud content > 30%. In this study,
because primary production of benthic microalgae mostly occurs
on the surface of tidal flats during daytime emersion (Lee et al.,
2011), we determined the carbon dioxide (CO2) fluxes in nine
tidal flats during emersion in tropical and subtropical regions
along a larger gradient of sediment mud content, between 0 and
90% in summer and winter, respectively. It was hypothesized
that the CO2 fluxes in tidal flats would decrease with increasing
sediment mud content. We further explored multiple hypotheses
about the direct and indirect relationships between CO2 fluxes
in tidal flats and sediment characteristics by using structural
equation models (SEM).

MATERIALS AND METHODS

Sampling Sites
Nine tidal flats in tropical and subtropical regions across the
Taiwan Strait (22.48◦N∼26.15◦N) were chosen as our sampling
sites in this study. Five of the sites were in the eastern Taiwan
Strait, and four of the sites were located in the western Taiwan
Strait (Figure 1 and Table 1). Measurements at each site were
conducted separately in summer and in winter. Due to labor
constraints and financial difficulties, all the measurements were
not necessarily conducted in the same year. The air temperature
ranges from 11.2 to 20.0◦C in winter and from 27.1 to 30.0◦C in
summer. The annual precipitation ranges from 908 to 1735 mm.
The climate data in the studied years were derived from the
local weather station at each sampling site and obtained from
the Observation Data Inquiry System of the Central Weather
Bureau, Taiwan1.

Carbon Flux Measurements
The carbon fluxes in the tidal flats were measured during
emersion at each sampling site by the benthic closed-chamber
method. This method, which was originally developed by
Migné et al. (2002) and modified by Lee et al. (2011), was
used to measure CO2 fluxes from the sediment through the
photosynthesis of benthic microalgae and through autotrophic
and heterotrophic respiration (i.e., total respiration) within the

1https://e-service.cwb.gov.tw/HistoryDataQuery
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FIGURE 1 | Sampling locations in the nine tidal flats. Five sites were located in the eastern Taiwan Strait, and four sites were in the western Taiwan Strait (A,B). The
location numbers and names are given in Table 1.

TABLE 1 | Locations, study years, and meteorological conditions in the tidal flats.

Site Latitude, longitude Studied years Air temperature (◦C) Annual precipitation (mm)

Winter Summer

#1 Siangshan (SS) 24.778◦N, 120.913◦E 2011∼2012 15.3 28.3 1664

#2 Houlong (HL) 24.614◦N, 120.752◦E 2014∼2016 15.7 28.7 1502

#3 Fangyuan (FY) 23.928◦N, 120.311◦E 2014∼2016 17.1 28.8 1160

#4 Haomeiliao (HML) 23.343◦N, 120.120◦E 2015∼2016 18.3 30.0 1735

#5 Gaoping (GP) 22.484◦N, 120.426◦E 2014∼2016 20.0 28.9 2108

#6 Nangan (NG) 26.153◦N, 119.937◦E 2014 11.2 27.1 908

#7 Beishan (BS) 24.485◦N, 118.303◦E 2011, 2013 13.4 27.6 1091

#8 Wujiang (WJ) 24.415◦N, 118.308◦E 2011, 2013 13.4 27.6 1091

#9 Oucuo (OC) 24.401◦N, 118.336◦E 2011, 2013 13.4 27.6 1091

The air temperature in winter and in summer and the annual precipitation were averaged when the study took place over more than one year.
The meteorological data are available at https://e-service.cwb.gov.tw/HistoryDataQuery.

chamber. Measurements were conducted in situ on sunny days
under ambient light conditions at noon (10:00 to 14:00) because
the irradiance level was at the saturation level for photosynthesis.
The respiration in subtropical tidal flats during nighttime was
50% lower than that during daytime (Lee et al., 2011). However,
the main purpose of this study was to examine the relationships
between sediment characteristics and carbon fluxes rather than
quantifying daily production in the tidal flats. Since the CO2
fluxes might be affected by tides (Spilmont et al., 2007), emersions
during spring tides were selected as the measurement times at all
sampling sites to enable cross-site comparisons.

During emersion, a benthic chamber, composed of a
semicircular transparent acrylic dome on the top and a stainless
steel ring (30 cm in diameter and 16 cm in height) at the
bottom, were pushed into the sediment of tidal flats to a depth
of 10 cm. The chamber encompassed 10.6 L of air over a
sediment area of 0.071 m2 within the dome. To make the
chamber airtight, gas leakage was always excluded prior to

each measurement. CO2 fluxes between the sediment and the
air were monitored by an infrared CO2 gas analyzer (LI-820,
LI-COR, Lincoln, NE, United States) and recorded by a data
logger (LI-1400, LI-COR) with a 30 s logging frequency for
10 min before the environmental conditions (i.e., air pressure,
temperature, and humidity) obviously increased within the
chamber compared to outside conditions. The CO2 fluxes (in mg
C m−2 h−1) were calculated by the slope of the linear regression
line between CO2 concentration (ppm) and recorded frequency
(30 s), assuming a molar volume of 24.5 L mol−1 at normal
temperature (25◦C) and pressure (1 atm) (NTP)and a molar
mass of 12 g C mol−1 CO2. To avoid any potential perturbation
during initial measurements, only CO2 fluxes during the last
8 min were regressed against time. The linear regressions
were acceptable when the determination coefficient was >0.80.
Photosynthetically active radiation (PAR, 400–700 nm, in µmol
quanta m−2 s−1) and sediment temperature were recorded
simultaneously outside the chamber with a quantum sensor

Frontiers in Marine Science | www.frontiersin.org 3 May 2021 | Volume 8 | Article 670180

https://e-service.cwb.gov.tw/HistoryDataQuery
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


fmars-08-670180 May 16, 2021 Time: 14:46 # 4

Lin et al. Carbon Fluxes in Tidal Flats

(LI-190SA, LI-COR) and a temperature sensor (LI-1400-101,
LI-COR) with the same data logger listed above.

On each measurement, three to five benthic chambers were
used. These benthic chambers were placed on the sediment
approximately 5 m apart to eliminate any potential interactions
between the sediment samples. We performed the measurements
on separate days to collect sufficient replicates in each season
for each site (Table 2). Prior to each measurement, the CO2
gas analyzers were calibrated with CO2-free gas and 500 ppm
CO2. The accuracy of the CO2 gas analyzer was <2.5% of
the measurement.

The measurements under ambient light conditions allowed us
to estimate the NPP, and the measurements performed in the
dark (100% shading) allowed the estimation of total respiration
(TR). The GPP describes the total uptake of CO2 by a tidal flat,
which was calculated by adding the NPP to the TR as shown
in Equation (1).

GPP = NPP + TR (1)

whenever the sum of NPP and TR was negative, the tidal flat
showed heterotrophic conditions; the GPP was then assumed to
be zero. Measurements were considered outliers and excluded for
further analysis when they fell outside the interquartile range (i.e.,
between Q1 – 1.5 × IQR and Q3 + 1.5 × IQR, where Q1 is the
first quartile, Q3 is the third quartile, and IQR is the difference
between Q1 and Q3, Lin et al., 2020). At each site in each season,
at least 10 random and non-repeating replicates of CO2 flux
measurements were obtained.

At each site for each measurement, the chambers were exposed
in situ to a series of five different irradiances (0, 30, 50, 70,
and 100% shading) by covering the chambers with screens with
different meshes or an opaque fabric to determine the CO2 flux
as a function of the incident irradiance (i.e., P-I curve) on the
sediment. This P-I curve can be described by the equation of
Jassby and Platt (1976):

GPP = GPPmtanh(αE/GPPm) (2)

where GPPm is the maximum GPP (in mg C m−2 h−1) in
the absence of photoinhibition under optimal irradiance, α

is the initial slope of the P-I curve, and E is the irradiance
measured as PAR (in µmol quanta m−2 s−1). P-I curves
were drawn in Sigmaplot (version 12.5; Systat Software Inc.,
San Jose, CA, United States) for non-linear regression fitting,
and the results were acceptable when the fit was significant
(p < 0.05) and the determination coefficient was larger than 0.80
(Supplementary Figure 1).

Environmental and Biological Variables
After each CO2 flux measurement, the top 5 cm of the sediment
inside each chamber was sampled by a cutoff syringe with
a 2.6 cm inner diameter for sediment characterization and
interstitial nutrient analyses. The sediment grain size, sorting
coefficient, and mud content were determined by the standard
wet-sieved method (Bale and Kenny, 2005) and the modified
pipette method (Hsieh and Chang, 1991). Fine materials, such

as clay and silt, referred to as mud (grain size < 63 µm). The
sediment organic matter content was measured by the loss-on-
ignition method (Bale and Kenny, 2005). Sediment interstitial
water from the top 5 cm layer was collected, filtered through
Whatman GF/C glass fiber filters, stored at 4◦C, and then brought
to the laboratory for nutrient analysis. A spectrophotometer
(U-5100, Hitachi, Tokyo, Japan) was used for the determination
of nitrite (Bendschneider and Robinson, 1952), nitrate (Jenkins
and Medsker, 1964), ammonia (Pai et al., 2001), and phosphate
(Murphy and Riley, 1962). The salinity of the interstitial water
was measured by a portable conductivity meter (ProfiLine Cond
3310, WTW, Weilheim, Germany).

After each CO2 flux measurement, the biomasses of benthic
microalgae and macrofauna inside the chamber were also
determined. The top 1 cm of the sediment, where most benthic
microalgae are located (Cadée and Hegeman, 1974), was sampled
by a cutoff syringe with a 1 cm inner diameter (six replicates
for each chamber). The sediment samples were then frozen
until they were brought to the laboratory. The chlorophyll
a, b, and c concentrations were measured by the acetone
method (Jeffrey and Humphrey, 1975). While the chlorophyll a
concentration can be a proxy for the total biomass of benthic
microalgae, the chlorophyll b and c concentrations indicate the
biomass of green algae and diatoms in tidal flats, respectively
(Golterman, 1975). For collecting macrofauna, the top 10 cm of
the sediment was sampled by a stainless steel ring corer with
a 10 cm inner diameter (one sample for each chamber). The
sediment samples were then strained with a 0.5 mm sieve and
preserved in 70% ethanol in the field. After being brought back
to the laboratory, the macrofauna samples were sorted, counted
and weighed by oven-drying (60◦C) to a constant weight and
then combusted at 500◦C for 4 h to determine the ash-free
dry weight (AFDW).

Data Analysis
Since our data failed in the normality test and did not meet the
assumptions for a one-way ANOVA, the Kruskal–Wallis test was
used to examine whether the sediment characteristics differed
among the nine study sites. When significant differences
(p < 0.05) were detected, Dunn’s multiple comparisons test
was further used to determine which means differed.

Structural equation models (SEM) were used to assess
the hypothesized direct and indirect effects of sediment
characteristics and the biomasses of benthic microalgae and
macrofauna on the primary production and respiration of
the tidal flats. To answer such fundamental questions, we
needed a mechanistic understanding of the relationships
among the potential factors and their relative importance. By
testing multivariate hypotheses and considering the direct and
indirect effects of multiple interacting variables, SEM is a
multivariate technique suitable to test networks of causal models
(Eisenhauer et al., 2015).

Since sediment mud content is closely related to other
sediment characteristics, such as grain size, organic matter
content, sorting coefficient and interstitial nutrient content,
sediment mud content was used as the proxy for the sediment
characteristics in the conceptual SEM (Figure 2).
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TABLE 2 | Sediment characteristics of the tidal flats.

Site Sediment

temperature (◦C)

Sediment

salinity

Sediment

organic

matter

content (%)

Sediment

grain size

(µm)

Sediment

mud

content (%)

Sediment

sorting

coefficient

Benthic chl a

concentration

(mg m−2)

Macrofaunal

biomass

(g AFDW m−2)

Interstitial DIN

concentration

(µM)

Interstitial DIP

concentration

(µM)

Winter Summer

#1 Siangshan

(SS; n = 44)

17.5 ∼ 34.7

26.2 ± 5.8

33.1 ∼ 38.5

36.0 ± 2.0

15.0∼ 45.5

32.3± 5.3ab

0.5 ∼ 1.6

0.9 ± 0.3cd

54.9 ∼ 208.2

112.2 ± 37.2de

(very fine sand)

7.7 ∼ 48.2

21.5± 10.6cd

0.50 ∼ 1.26

1.04± 0.16b

44.6 ∼ 163.3

84.7 ± 29.9bc

0.00 ∼ 62.35

6.19 ± 13.23 ac

5.6 ∼ 322.2

138.1 ± 75.3c

0.50 ∼ 8.80

2.45 ± 1.48b

#2 Houlong

(HL; n = 31)

15.3 ∼ 22.2

18.7 ± 2.7

29.8 ∼ 34.7

32.5 ± 1.6

17.8∼ 37.2

30.5± 4.4ab

0.9 ∼ 2.7

1.6 ± 0.6ab

28.7 ∼ 341.5

190.2 ± 89.3bcd

(fine sand)

0.1 ∼ 64.1

11.4± 18.0cde

0.46 ∼ 2.06

0.97± 0.49bc

1.0 ∼ 118.1

22.7 ± 27.0e

0.00˜6.83

0.95 ± 1.92de

15.8 ∼ 375.7

124.0 ± 110.9cd

0.07 ∼ 3.17

1.60 ± 0.68bc

#3 Fangyuan

(FY; n = 24)

19.0 ∼ 29.2

23.1 ± 3.7

34.5 ∼ 36.4

35.3 ± 0.6

13.1∼ 35.3

25.1± 7.0b

1.5 ∼ 2.7

2.0 ± 0.3a

35.6 ∼ 101.1

57.7 ± 21.0f

(silt)

30.6 ∼ 87.6

66.7± 17.7ab

0.82 ∼ 1.49

1.18± 0.19b

23.8 ∼ 97.0

52.8± 17.2cde

0.00 ∼ 112.81

16.93 ± 33.03 a

112.0 ∼ 433.4

239.1 ± 110.6ac

1.85 ∼ 66.54

11.06 ± 14.98a

#4 Haomeiliao

(HML; n = 20)

22.8 ∼ 29.0

25.7 ± 2.8

34.8 ∼ 40.9

36.3 ± 1.7

30.8∼ 36.0

33.9± 1.3a

0.8 ∼ 2.1

1.2 ± 0.4bc

39.3 ∼ 133.0

81.2 ± 29.8ef

(very fine sand)

2.8 ∼ 73.6

33.3± 21.3bc

0.43 ∼ 1.22

0.93± 0.21b

5.1 ∼ 72.5

29.8 ± 20.0de

0.00 ∼ 66.90

14.40 ± 20.44 a

50.4 ∼ 217.0

149.5 ± 78.0bcde

0.52 ∼ 1.02

0.83 ± 0.20bcd

#5 Gaoping

(GP; n = 39)

21.9 ∼ 31.5

27.6 ± 3.2

27.6 ∼ 35.9

33.1 ± 2.6

2.1 ∼ 30.1

14.5± 8.0c

0.8 ∼ 2.3

1.5 ± 0.3ab

10.2 ∼ 339.2

59.0 ± 68.6f

(silt)

2.7 ∼ 99.9

76.9± 24.3a

0.60 ∼ 1.76

1.11± 0.34b

1.0 ∼ 244.0

70.7± 58.3bcd

0 ∼ 6.19

0.88 ± 1.46 bcd

2.0 ∼ 3942.4

512.0 ± 969.4c

0.05 ∼ 3.63

0.84 ± 0.66d

#6 Nangan

(NG; n = 24)

13.4 ∼ 18.8

16.0 ± 1.6

27.8 ∼ 34.4

31.2 ± 2.3

12.5∼ 41.4

30.0± 5.1b

0.6 ∼ 3.4

1.4 ± 0.7bc

126.2 ∼ 567.8

258.7 ± 96.9abc

(medium sand)

0.6 ∼ 27.9

9.7 ± 8.1de

0.77 ∼ 2.23

1.53± 0.42a

35.9 ∼ 219.3

107.9± 43.1ab

0 ∼ 76.41

14.07 ± 20.64 a

171.1 ∼ 21915.9

4789.6 ± 6084.1
ab

0.51 ∼ 36.54

5.31 ± 9.45b

#7 Beishan

(BS; n = 34)

16.2 ∼ 34.2

22.7 ± 5.9

34.7 ∼ 47.4

40.6 ± 3.6

30.0∼ 35.3

32.6± 1.8ab

0.5 ∼ 3.2

1.6 ± 0.6ab

55.3 ∼ 395.9

166.7 ± 99.4cd

(fine sand)

9.7 ∼ 57.2

29.4± 12.0c

1.69 ∼ 3.08

2.05± 0.30a

77.2 ∼ 385.6

146.8 ± 66.4a

0 ∼ 44.87

8.96±12.63a

11.1 ∼ 157.4

49.7 ± 37.6df

0.29 ∼ 10.42

3.59 ± 2.79abc

#8 Wujiang

(WJ; n = 25)

16.7 ∼ 26.3

22.2 ± 3.4

34.7 ∼ 46.9

40.5 ± 4.3

25.0∼ 35.0

31.0± 2.2ab

0.2 ∼ 2.0

0.5 ± 0.5de

323.8 ∼ 720.3

552.1 ± 97.1a

(coarse sand)

0.0 ∼ 3.5

1.0 ± 1.0ef

0.79 ∼ 1.44

1.02± 0.15b

80.2 ∼ 380.3

177.5 ± 80.4a

0 ∼ 3.76

0.90 ± 0.99c

27.2 ∼ 550.7

127.0 ± 135.6cdf

0.18 ∼ 23.17

4.19 ± 5.08ab

#9 Oucuo

(OC; n = 22)

12.0 ∼ 26.3

23.1 ± 5.4

32.2 ∼ 46.7

39.1 ± 4.9

15.6∼ 35.0

29.2± 4.0b

0.2 ∼ 0.4

0.3 ± 0.1e

207.8 ∼ 678.3

319.6 ± 122.4ab

(medium sand)

0.0 ∼ 0.3

0.09 ± 0.07f

0.33 ∼ 0.99

0.66± 0.23c

7.2 ∼ 42.2

20.6 ± 10.5e

0 ∼ 26.54

2.44 ± 6.10ce

4.8 ∼ 47.4

22.9 ± 13.0ef

0.37 ∼ 3.71

1.52 ± 0.86bcd

Data are presented as the range and mean ± SD.
For each variable, different letters after the data (mean ± SD) indicate significant differences among sites.
chl a, chlorophyll a; AFDW, ash-free dry weight; DIN, dissolved inorganic nitrogen (NO2 + NO3 + NH4); DIP, dissolved inorganic phosphorus (PO4).
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FIGURE 2 | Conceptual structural equation model (SEM) depicting how
sediment mud content affects benthic microalgal biomass and macrofaunal
biomass and how both of these factors control maximum gross primary
production (GPPm) and total respiration (TR) in tidal flats. (1) Fine-grained
sediments (e.g., mud) provide more binding sites for organic matter
flocculation than coarse-grained sediments (e.g., sand); (2) Sediment organic
matter is the food sources for benthic microalgae and macrofauna;
(3) Macrofauna feed on benthic microalgae in the sediment; (4) Benthic
microalgae contribute most of the GPP in the sediment; (5) Both benthic
microalgae and macrofauna contribute to the TR in the sediment.

Since sediment characteristics can also affect the composition
of benthic microalgae, an alternative conceptual SEM was
constructed to assess the potential effects of benthic microalgal
composition on the CO2 fluxes in the tidal flats. We used
a composite variable that represented a combination of the
chlorophyll a, b, and c concentrations to replace the chlorophyll a
concentration (the total biomass of benthic microalgae) only for
SEM analysis. The composite variable originated from the total
combined influence of the measured variables (Grace and Bollen,
2008) and was the sum of all variables involved, depending on
the different weights the variables were expected to have. The
weights of each variable were derived from the coefficients of
the multiple regression of GPPm with the chlorophyll a, b, and
c concentrations of benthic microalgae.

Piecewise SEM was used to test the validity of the conceptual
models (Lefcheck, 2016); this approach allowed the fitting of
generalized linear mixed models with a hierarchical design
(Figure 2). We used Shipley’s test of direct separation (d-test)
to assess the overall fit of the models. The model was acceptable
when the p-value of the chi-square test of Fisher’s C statistic
was higher than the significance level (p > 0.05). Fisher’s C
test was related to all the unspecified paths of the conceptual
models. When one or more of these unspecified paths presented
significant importance, the model did not have a good fit, as
the p-value of the chi-square test of Fisher’s C statistic was
lower than 0.05. Therefore, these missing paths included required
information and needed to be added to the conceptual model.
We fitted our conceptual model as a generalized linear model
with a Tweedie distribution (Tweedie, 1984) because our data
were distributed from zero to positive values. The piecewise
SEM was performed by using the ‘psem’ function from the R
package ‘piecewiseSEM’ (Lefcheck, 2016). The standardized path
coefficients were determined using the bootstrap method from

the R package ‘semEff’ (Murphy, 2020). All above statistical
analyses were performed with the statistical software R version
4.0.4 (R Core Team, 2021).

RESULTS

Sediment Granulometry
Based on the grain size data, the sediments at the nine tidal flats
were classified into five categories: coarse sand (#8 WJ), medium
sand (#6 NG, #9 OC), fine sand (#2 HL, #7 BS), very fine sand
(#1 SS, #4 HML) and silt (#3 FY, #5 GP) sediment. The median
grain size averaged between 57.7 and 552.1 µm, and the mud
content averaged from 0.1 to 76.9% (Table 2). The increases
in sediment mud content were also concomitant with changes
in the sorting coefficient and the interstitial dissolved inorganic
nitrogen (DIN) concentration (Table 3).

Benthic Microalgal and Macrofaunal
Biomass
The benthic chlorophyll a concentration ranged from 12.5 to
221.3 mg m−2, with an average concentration of 78.8 mg
m−2 for all the samples analyzed (Figure 3A). Of the sites,
#8 WJ in summer (221.3 ± 96.2 mg m−2) and #7 BS in
winter (168.8 ± 77.4 mg m−2) had the highest observed benthic
chlorophyll a concentrations. The lowest values of the benthic
chlorophyll a concentration were observed at #9 OC in both
summer and winter (28.8± 8.9 mg m−2, 12.5± 2.9 mg m−2).

The macrofauna in the top 10 cm of the sediment of the tidal
flats were mainly bivalves, decapods, gastropods, amphipods, and
polychetes (Supplementary Table 1). The macrofaunal biomass
in terms of ash-free dry weight (g AFDW m−2) varied among
the nine study sites, ranging from 0.1 to 28.6 g AFDW m−2.
The macrofaunal biomass showed the highest values at #4
HML (27.7 ± 22.0 g AFDW m−2) in summer and at #6 NG
(20.4 ± 27.0 g AFDW m−2) in winter but the lowest values
at #5 GP (0.1 ± 0.3 g AFDW m−2) in summer and at #9 OC
(0.5± 0.5 g AFDW m−2) in winter (Figure 3B). The macrofaunal
density also varied among the nine study sites, ranging from
0.01 to 0.63 ind. m−2. The highest values of macrofaunal density
appeared at #7 BS (0.34± 0.40 ind. m−2) in summer and at #1 SS
(0.48± 0.41 ind. m−2) in winter, while the lowest values appeared
at #2 HL (0.01± 0.02, 0.01± 0.01 ind. m−2) in both summer and
winter (Figure 3C).

Benthic Carbon Dioxide Fluxes
During emersion, GPPm showed a clear seasonal pattern with
higher values in winter and lower values in summer at most of
the study sites except for #8 WJ and #9 OC (Figure 4A). Of the
sites, #5 GP had the highest values of GPPm in both summer and
winter (76.5± 21.2 and 89.7± 41.7 mg C m−2 h−1, respectively).
The lowest values of GPPm were observed at #3 FY in summer
(1.2 ± 1.1 mg C m−2 h−1) and at #9 OC in winter (4.4 ± 3.5 mg
C m−2 h−1). GPPm was positively correlated with benthic
chlorophyll a concentration, sorting coefficient and mud content
but negatively correlated with interstitial dissolved inorganic
phosphorus (DIP) concentration (Table 3).
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TABLE 3 | Spearman rank correlation coefficients between (A) environmental variables and (B) environmental variables and carbon fluxes in the tidal flats.

Temp Light Chl a AFDW Density Sorting Mud DIN DIP

(A) Environmental variable

Light 0.08

Chl a 0.08 –0.16*

AFDW 0.12 –0.13* 0.28***

Density 0.05 –0.09 0.45*** 0.62***

Sorting –0.02 –0.03 0.45*** 0.20** 0.13*

Mud 0.02 0.01 0.01 –0.02 –0.01 0.32***

DIN 0.00 –0.25*** 0.25*** 0.15* 0.13 0.14 0.19*

DIP 0.09 0.05 0.19** 0.06 –0.01 0.16* –0.08 0.10

(B) Carbon flux

GPPm 0.00 –0.02 0.24*** –0.11 0.06 0.21** 0.32*** –0.09 –0.26***

TR 0.36 –0.05 0.22*** 0.10 0.19** 0.29*** 0.56*** 0.29*** –0.01

NPP –0.10 0.05 0.14* –0.19** –0.03 0.18** 0.29*** –0.14* –0.32***

Temp, sediment temperature; Light, irradiance; Chl a, benthic chlorophyll a concentration; AFDW, macrofaunal biomass in terms of ash-free dry weight; Density,
macrofaunal density; Sorting, sediment sorting coefficient; Mud, sediment mud content; DIN, interstitial dissolved inorganic nitrogen (NO2 + NO3 + NH4) concentration;
DIP, interstitial dissolved inorganic phosphorus (PO4) concentration; GPPm, maximum gross primary production; TR, total respiration; NPP, net primary production.
*p < 0.05, **p < 0.01, ***p < 0.001.

Total respiration (TR) had an opposite seasonal pattern
to that of GPPm at most of the study sites, with higher
values in summer and lower values in winter except at #5 GP
(Figure 4B). The highest values of TR occurred at #6 NG in
summer (17.5 ± 14.2 mg C m−2 h−1) and at #5 GP in winter
(15.3± 7.5 mg C m−2 h−1). The lowest values of TR occurred at
#8 WJ in summer (1.5± 0.4 mg C m−2 h−1) and #2 HL in winter
(1.0 ± 0.4 mg C m−2 h−1). TR was positively correlated with
benthic chlorophyll a concentration, sorting coefficient, mud
content, and interstitial DIN concentration (Table 3).

The seasonal pattern of NPP was similar to that of GPPm
(Figure 4C). The highest values of NPP appeared at #5 GP in
both summer and winter (59.1 ± 26.2 and 68.1 ± 37.0 mg C
m−2 h−1, respectively). The lowest values of NPP appeared at
#3 FY in summer (–17.9 ± 6.4 mg C m−2 h−1) and at #9 OC in
winter (1.8± 3.2 mg C m−2 h−1). Notably, the NPP values for the
tidal flats at #1 SS, #3 FY, and #6 NG during emersion shifted to
negative values in summer, indicating that these sites functioned
as carbon sources. The NPP values were positively correlated
with benthic chlorophyll a concentration, macrofaunal biomass,
sorting coefficient and mud content but negatively correlated
with interstitial DIN and DIP concentrations.

All values of GPPm, TR and NPP for the tidal flats
during emersion increased significantly with increasing sediment
mud content (Figure 5). Significant linear increases in GPPm
(y = 0.586x + 5.574, r2 = 0.386, p < 0.01) and NPP
(y = 0.398x + 3.201, r2 = 0.251, p = 0.034) were apparent when the
sediment mud content ranged from 0 to 90%. However, there was
high variability in the muddier sediments (Figures 5A,C). The
TR (y = 0.126x + 2.212, r2 = 0.400, p < 0.01) curve was similar to
the curves of GPPm and NPP (Figure 5B).

SEM Models
Based on the resulting correlations (Table 3), the piecewise
SEM fit the observed data well (Fisher’s C statistic = 8.95,
p = 0.062) and revealed that the sediment mud content affected

primary production and respiration in tidal flats both directly
and indirectly (Figure 6A). The sediment mud content directly
increased the organic matter content [0.436, 95% confidence
interval (CI): 0.356–0.504, p < 0.001]. The sediment mud
content also directly increased GPPm (0.233, 95% CI: 0.154–
0.368, p < 0.001) but had an indirect, weak and negative effect
on GPPm via benthic microalgal biomass (–0.180 × 0.117). The
sediment mud content also showed a direct and positive effect
on TR (0.273, 95% CI: 0.119–0.389, p < 0.001) and indirectly
increased TR (0.436 × 0.175) via the organic matter content.
Benthic microalgal biomass showed a direct and positive effect
on TR. However, there was no direct or indirect effect on TR via
benthic macrofaunal biomass.

The alternative SEM replaced with microalgal composition
(Figure 6B) also fit the observed data well (Fisher’s C = 15.52,
p = 0.114). The pathways by which sediment mud content
influenced TR remained unchanged. In addition to a direct effect
on GPPm (0.208, 95% CI: 0.124–0.347, p < 0.001), the sediment
mud content showed an indirect effect on GPPm (0.381 × 0.053)
via a compositional shift in benthic microalgae.

DISCUSSION

Despite the spatial variation in the sediment characteristics, the
CO2 fluxes in the tidal flats during emersion in the tropical
and subtropical regions increased with increasing sediment mud
content. Our results showed clear positive linear gradients in
GPPm, TR, and NPP from sandy to muddy sediments (Figure 5).
The SEM further revealed the possible causal pathways by which
sediment mud content directly increased GPPm or indirectly
increased GPPm via a benthic microalgal compositional shift
(Figure 6). The SEM also revealed that sediment mud content
directly increased TR or indirectly increased TR via organic
matter content (Figure 6). With the integrated SEM framework,
our results showed mechanistic evidence of how sediment
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FIGURE 3 | Benthic chlorophyll a concentration (A), macrofaunal biomass
(B), and macrofaunal density (C) in summer (shown in dark gray) and winter
(shown in light gray) in the tidal flats. The site numbers are listed in Table 1.

mud content acted as a critical factor regulating carbon
fluxes in tidal flats.

Despite the critical role of sediment mud content in regulating
carbon fluxes, prior studies showed inconsistent relationships
between benthic chlorophyll a concentration and sediment mud
content. Both Cahoon et al. (1999) and Cahoon and Safi (2002)
reported negative relationships between the proportion of very
fine sediments and benthic microalgal biomass in tidal flats in the
US and on the North Island of New Zealand. However, both Lee
et al. (2011) and Pratt et al. (2015) showed an opposite trend, i.e.,
that benthic microalgal biomass was positively correlated with
sediment mud content. In this study, there was no significant
correlation between the benthic chlorophyll a concentration
and sediment mud content. In fact, the benthic chlorophyll a
concentration was higher in the sandy sediments at the NG, BS,
and WJ sites than at the other sites; in addition, the sediments

FIGURE 4 | Carbon flux (A: GPPm = maximum gross primary production; B:
TR = total respiration; C: NPP = net primary production) in summer (shown in
dark gray) and winter (shown in light gray) in the tidal flats during emersion.
The site numbers are listed in Table 1.

of these three sites were categorized as medium, fine and coarse
sand, respectively. The median grain size at these sampling sites
ranged from 166.7 to 552.1 µm, and all the mud content values
were lower than 30%. The SEM showed that in comparison
to the muddy sediments, the sandy sediments supported more
microalgal biomass in the tidal flats.

The greater microalgal biomass in the sandy sediments
than in the muddy sediments can be attributed to the thicker
photic zone in the sandy sediments. The photic zone in
muddy sediments is shallow (<600 µm; Cartaxana et al.,
2011, 2006), and benthic microalgae are required to move
up and down with diurnal and tidal cycles to maintain
photosynthesis. In comparison to algal cells at deeper depths,
algal cells that must remain near the sediment surface might
be more susceptible to resuspension by tides and waves and
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FIGURE 5 | Relationships between carbon flux (A: GPPm, maximum gross
primary production; B: TR, total respiration; C: NPP, net primary production)
and sediment mud content in the tidal flats. The dark gray points indicate
measurements taken in summer, and the light gray points indicate
measurements taken in winter. Data are presented as the mean ± SD.

epifaunal grazing. However, the photic depth can extend to
3 mm in sandy sediments (Cartaxana et al., 2006, 2011).
Since light can penetrate deeper into coarse sediments, benthic
microalgae can be distributed more evenly throughout the
thicker photic layer. The other possibility for this outcome
is that the composition of benthic microalgae in the muddy
sediments was different from that in the sandy sediments
(Du et al., 2009). In muddy sediments, the benthic microalgal
community is generally dominated by epipelic benthic diatoms
that exhibit endogenous vertical migratory rhythms coupled
with diurnal and tidal cycles (Consalvey et al., 2004; Haubois
et al., 2005). They often aggregate as a dense and highly
productive biofilm at the surface of sediment during low tide

FIGURE 6 | (A) Final piecewise structural equation model (SEM) (Fisher’s C
statistic = 8.95, df = 4, P = 0.062) depicting the direct and indirect effects of
sediment mud content on GPPm and TR through benthic microalgal biomass
and macrofaunal biomass in tidal flats. (B) Final piecewise structural equation
model (SEM) (Fisher’s C statistic = 15.52, df = 10, P = 0.114) depicting the
direct and indirect effects of sediment mud content on GPPm and TR through
benthic microalgal composition and macrofaunal biomass in the tidal flats.
Only significant paths are depicted. Black lines represent positive paths, and
gray lines represent negative paths. The standardized coefficients of significant
paths and the conditional R2 values of the response variables are shown.

in the daytime (Cartaxana et al., 2011). In sandy sediments,
the benthic microalgae community composition is generally
dominated by epipsammic benthic diatoms that attach to sand
particles across the deeper photic layer and do not exhibit
migratory patterns (Consalvey et al., 2004). The algal cells near
the sediment surface might also be more susceptible than algal
cells at deeper depths to grazing by macrofauna. Other factors,
such as interstitial space volume, grazing pressure, nutrient
fluxes, and light penetration, may confound the relationship
between benthic microalgal biomass and sediment granulometry;
any combination of these factors might lead to lower or higher
benthic microalgal biomass in tidal flats, which might mask the
relationship with sediment mud content.
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Hydrodynamics might also affect the response of benthic
microalgal biomass to sandy sediments. Dalu et al. (2020)
conducted a microcosm experiment and found that the benthic
chlorophyll a concentration was the highest in sediments with
coarser particle sizes ranging from 125 to 500 µm, which was
comparable to our results. However, the sediment grain sizes at
#2 HL and #9 OC both fell into this range, but the chlorophyll
a concentration at these sites was low (Table 2). Compared with
those at the #6 NG and #7 BS sites, significantly lower sediment
sorting coefficients at #2 HL and #9 OC were also observed. The
sediment sorting coefficient was used to assess the distribution
of the grain sizes in sediments. Well-sorted sediment indicates
that the distribution of grain sizes is even; these sediments
might be fully winnowed by waves and tidal currents. Contrary
to muddy sediment, where benthic microalgae normally form
dense biofilms embedded within a matrix comprised of carbon
exudates (commonly known as EPS) that protect them from
erosion, such high-energy forces can resuspend or remove not
only small particles but also benthic microalgal cells inhabiting
the sandy sediment.

Sediment mud content can also influence the density of
macrofauna in tidal flats. Pratt et al. (2014) studied nine estuaries
on the North Island of New Zealand and found that the
densities of a suspension feeder (Austrovenus stutchburyi) and a
deposit feeder (Macomona liliana) decreased significantly with
increasing sediment mud content, although the gradient of the
mud content ranged only between 0 and 30%. Other studies
have indicated that the effects of sediment mud content on
macrofaunal abundance were species-dependent (Thrush et al.,
2003; Ellis et al., 2006; Anderson, 2008). For example, the
relationships between the density of polychetes and sediment
mud content can be classified into three types: an increasing
curve (Scolecolepides benhami), a decreasing curve (Aonides
oxycephala) and a Gaussian response curve (Heteromastus
filiformis; Thrush et al., 2003). In this study, benthic macrofaunal
biomass was high either in muddy sediments (FY and HML) or in
sandy sediments (NG) and did not show a significant correlation
with sediment mud content (Table 3). The macrofaunal
community mainly contained bivalves, decapods, gastropods,
amphipods, and polychetes, which might have masked the
individual response of each taxon to the sediment mud content.
However, the SEM showed that in total, in comparison to
the muddy sediments, the sandy sediments supported more
macrofaunal biomass in the tidal flats.

The primary production (GPPm and NPP) was higher in
winter than in summer at most of the studied sites except at
#8 WJ and #9 OC, while the total respiration (TR) in the tidal
flats was higher in summer than in winter at most of the studied
sites except at #5 GP. Temperature has been reported to be
a major driver of the seasonal variation in the CO2 fluxes in
subtropical tidal flats (Lee et al., 2011). Higher temperatures
generally stimulate metabolic processes and photosynthesis rates.
Lin et al. (2020) further indicated that the effects of temperature
on the CO2 fluxes in tidal flats were non-linear, showing a
quadratic relationship with an optimal temperature at which the
CO2 fluxes were highest. In this study, the sediment temperatures
in summer ranged from 31.2◦C to 40.6◦C, which far exceeded

the optimal temperatures (28.7◦C for GPPm, 26.6◦C for NPP; Lin
et al., 2020) for primary production. Higher temperatures might
also result in photoinhibition in benthic microalgae (Laviale et al.,
2015). These temperatures can explain the decreases in GPPm
and NPP in summer. In contrast, the sediment temperature in
winter ranged from 16.0◦C to 27.6◦C, which was within the
range of optimal temperatures (45◦C; Lin et al., 2020) for benthic
respiration in tidal flats. This scenario might be the reason that
the TR in the tidal flats still increased in summer at most of
the study sites.

Hydrodynamics may affect the primary production and
respiration in tidal flats during immersion in different ways.
Wind- or tide-induced disturbances may increase water turbidity
in tidal flats. Increased water turbidity can decrease light
availability on the sediment and then reduce the photosynthesis
of benthic microalgae (Migné et al., 2009). Drylie et al.
(2018) measured GPP in three unvegetated sandflats in Kaipara
Harbour, New Zealand and found that the submerged GPP was
significantly lower than the emerged GPP due to light limitation.
However, respiration was generally higher under immersed
condition than under emerged condition due to the elevated
activity of infauna during inundation (Migné et al., 2009). Lee
et al. (2011) further demonstrated that turbid water increased
respiration during immersion in subtropical tidal flats. It is clear
that the CO2 fluxes in tidal flats located in the shallow waters
along the coast of marginal seas are prone to disturbances caused
by wind or tide.

In the SEM, the direct effect of the sediment mud content
on GPPm was stronger than the indirect effect via benthic
chlorophyll a content. This result suggests that in comparison to
microalgal biomass, the sediment mud content had a more direct
influence on GPPm. Compared to those in sandy sediments, the
reduced interstitial volumes in muddy sediments might have
allowed more water retention among grain particles (Watermann
et al., 1999; Lee et al., 2011), which might have resulted in the
accumulation of regenerated nutrients and organic matter that
stimulated the growth of benthic microalgae in the sediments
(Ehrenhauss et al., 2004). However, in the alternative SEM
replaced with the composition of benthic microalgae, there
was a weak and indirect effect of sediment mud content
on GPPm via the composition shift of benthic microalgae.
In this study, the chlorophyll c concentration as a proxy of
diatom biomass in the tidal flats decreased with increasing
sediment mud content (y = –0.188x + 12.478, r2 = 0.189,
p < 0.001), whereas the chlorophyll b concentration as a
proxy of green algal biomass remained unchanged. Sediment
granulometry has been reported to shift the composition of
the benthic microalgal community in tidal flats (Underwood
and Barnett, 2006). Some epipelic diatoms with large and
long valves occur in finer sediments, whereas small species
of diatoms inhabit coarser sediments (Du et al., 2009). In
western Taiwan, Shiu (2009) found that the density of benthic
diatoms with larger biovolumes was negatively correlated
with sediment grain size. Although the biomass of diatoms
decreased in muddy sediments, the diatom community may
have shifted to diatoms with large biovolumes. Since diatoms
with large biovolumes generally have higher photosynthetic rates
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(Taguchi, 1976; Geider et al., 1986), the GPPm is expected to
increase with increasing mud content in the sediments.

The SEM showed a significant indirect effect of sediment
mud content on TR via organic matter content. However, the
contribution of benthic microalgal and macrofaunal biomass to
TR was relatively minor. This result is not surprising because
in comparison to macrofauna and meiofauna, the bacterial
community in tidal flats generally plays a more vital role in
benthic respiration and contributes much more to the total
respiration (Piepenburg et al., 1995; Hubas et al., 2006). Bacterial
respiration can account for 67–88% of the annual benthic
respiration in shallow waters (Piepenburg et al., 1995; Hubas
et al., 2007). Moreover, the dynamics of bacterial communities
are strongly regulated by granulometry (Hubas et al., 2006). Our
results further suggest that the sediment mud content influenced
the TR in the tidal flats not by increasing the biomasses of benthic
microalgae and macrofauna but by influencing the metabolism of
the bacterial community.

CONCLUSION

In the nine studied tidal flats in tropical and subtropical regions
during emersion at noon, GPPm and NPP had higher values
in winter than in summer due to the sediment temperature in
summer deviating from the optimal temperature. In contrast,
TR had higher values in summer than in winter because the
sediment temperature in summer was still within the optimal
temperature range. All the values of GPPm, TR, and NPP
increased significantly with increasing sediment mud content.
The SEM further showed mechanistic evidence of how sediment
mud content can be a critical factor regulating carbon fluxes in
tidal flats. The sediment mud content directly increased GPPm
or indirectly increased GPPm via a compositional shift in benthic
microalgae. The sediment mud content also directly increased TR
or indirectly increased TR via increased organic matter content.
Considering the large proportion of unvegetated tidal flats in
coastal zones, any anthropogenic activity or natural forcing that
eventually leads to a change in sediment mud content will likely
substantially change the carbon sequestration capacity in those
coastal ecosystems.
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Supplementary Figure 1 | Photosynthesis-irradiance (P-I) curves during
emersion in summer and winter in the tidal flats. Different symbols represent
different samplings in each season at each site. P-I curves with determination
coefficients larger than 0.80 are shown. No P-I curve at FY in summer is shown
because the GPP values under different light irradiances were zero.

Supplementary Table 1 | Density of each group of macrofauna in the tidal flats.
Data are presented as the range and mean ± SD. Zero represents no occurrence
of each taxon in the tidal flats. Only samplings with macrofauna were averaged.

Supplementary Table 2 | CO2 fluxes (in mg C m−2 h−1) measured in the tidal
flats. Data are presented as the range, mean ± SD and 95% confidence interval.
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