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Abstract
carbohydrates (TCHO) in the seawater samples collected from the north of the Yap Trench in the western

The concentrations of dissolved monosaccharides (MCHO), polysaccharides (PCHO), and total

Pacific Ocean were measured by 2,4,6-tripyridine-s-triazine (TPTZ) spectrophotometry method. The results
show that the concentrations of MCHO, PCHO, and TCHO ranged from 4.6 to 22.1 umol C/L, 3.5 to
27.3 pmol C/L, and 13.8 to 36.3 umol C/L, respectively. In different sampling stations, the concentrations
of MCHO, PCHO, and TCHO with water depth showed complex variation patterns. In the study area, the
maximum concentrations of MCHO, PCHO, and TCHO occurred in the euphotic layer and the minimum
concentrations occurred in mesopelagic seawater layer. Generally, the concentrations of MCHO, PCHO, and
TCHO decreased with water depth from the euphotic layer to the hadal zone. The average value of PCHO/
TCHO was higher than the average value of MCHO/TCHO, indicating that PCHO was the main component
of TCHO in north of the Yap Trench.

Keyword: Yap Trench; abyss; hadal zone; monosaccharide; polysaccharide

1 INTRODUCTION

Carbohydrates are important components of marine
organic carbon (Hung et al., 2001; Wang et al., 2006,
2013). They are a relatively unstable component in
marine environment, which participate in the
circulation of marine food chains and play a key role
in the metabolism of plankton (Zhang and Fang,
1991). In the marine system, carbohydrates can be
converted to other essential biological components,
such as proteins, lipids, and nucleic acids (Myklestad
and Bersheim, 2007), and can also provide energy for
various organisms through different biochemical
processes such as respiration (Witter and Luther,
2002). The carbohydrates in seawater are mainly
derived from the photosynthesis of phytoplankton
(Kerhervé et al., 2002; Thornton, 2014), the excretion

of plankton (Burney et al., 1979), bacterial emission
(Kawasaki and Benner, 2006), and resuspension of
sediments (Arnosti and Holmer, 1999). The
exploration of distribution, source, and migration of
carbohydrates in the marine environment is significant
for studying the cycle of marine organic carbon.
Dissolved carbohydrates occupy a big fraction of
marine dissolved organic carbon, including dissolved
monosaccharides (MCHO) and polysaccharides
(PCHO). Dissolved carbohydrates have been studied
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Fig.1 Sampling stations map of research area
PHS: Philippine Sea Plate; PAC: Pacific Plate; CP: Caroline Plate; MT: Mariana Trench; YT: Yap Trench; PT: Palau Plate; CR: Caroline Ridge; YI: Yap Island.

Table 1 Sampling stations information

Station ~ Longitude Latitude Depth (m) No. of water samples
CTDO1 138.39°E  9.90°N 3000 15
CTDO02  138.45°E  9.87°N 6000 18
CTD03  138.48°E  9.83°N 5672 17
CTD04  138.47°E  9.46°N 2000 15
Divel09  138.39°E  9.90°N 4435 1
Divell0  138.43°E  9.87°N 5934 1
Divelll  138.51°E  9.86°N 6775 1
Divell2  138.50°E  9.86°N 6329 1
Divell3  138.65°E  9.87°N 6574 1

in the equatorial Pacific Ocean (Pakulski and Benner,
1994), the Arctic Ocean (Wang et al., 2006), the
Indian Ocean (Khodse et al., 2007), the Gulf of
Mexico (Hung et al., 2003), various rivers (Hung et
al., 2005), and other areas (Witter and Luther, 2002;
Myklestad and Bersheim, 2007) for more than 20
years, but little is known on the vertical variations of
concentrations of carbohydrates from the sea surface
to hadal zone in a trench area.

The Yap Trench is one of the deepest trenches in
the world. It is located at the junction of the Philippine
Plate, the Pacific Plate, and the Caroline Plate, like a
letter “J” in shape. The trench is 650 km long from
north to south with the deepest depth 8 527 m,
connecting the Mariana Trench in the north and the
Palau Trench in the southwest. The Yap Trench has a
typical abyssal and hadal environment. In last several
decades, the rock composition, water characteristics,

geological structure, and evolution of the Yap Trench
have been studied (Hawkins and Batiza, 1977,
Johnson and Toole, 1993; Sato et al., 1997; Fujiwara
et al., 2000; Guo et al., 2018), but few studies focus
on its biogeochemical characteristics. This is the first
study to investigate biogeochemical characteristics of
carbohydrates in the seawater of the Yap Trench,
including vertical variation of carbohydrates from sea
surface to hadal zone, their source and sink, and
controlling factors on their concentrations. This study
is of great significance for further understanding the
biogeochemical characteristics of carbohydrates in
the marine system and providing basic data for
studying dissolved organic carbon in the ocean.

2 MATERIAL AND METHOD
2.1 Sampling collection and treatment

Seawater samples were collected in the Yap Trench
(Fig.1). The information of four CTD stations and
five Dive stations is shown in Table 1.

In May 2016, the R/V Xiangyanghong 09 equipped
with the Jiaolong submersible conducted the No. 37
Cruise of the China Ocean Mineral Resources
Research and Development Association in the study
area. The seabird CTD sampler amounted in R/V
Xiangyanghong 09 collected seawater samples at
different water depths of the four CTD stations. The
Jiaolong submersible collected five seawater samples
at the sediment-seawater interface of the five Dive
stations. After sampling collection, 300-mL seawater
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samples were filtered through Whatman GF/F filters
(diameter 47 mm, pore size 0.7 pm, pre-combusted
for 5 h at 500°C). The filtered seawater was stored in
acid-cleaned glass bottles and immediately frozen at
-20°C freezer for analysis of dissolved carbohydrates.

2.2 Carbohydrates analysis

The concentration of MCHO was measured by the
2,4,6-tripyridyl-s-triazine (TPTZ) method (Myklestad
et al., 1997). Briefly, 1-mL filtered seawater sample
was mixed with 1 mL of 0.7 mmol/L potassium
ferrlcyanide solution in anacid cleaned perfluoroalkoxy
alkane tube, and then placed in water bath at 100°C for
10 m. After that, 1 mL of 2.0 mmol/L ferric chloride
solution and 2 mL of 2.5 mmol/L TPTZ solution were
added immediately and mixed well on a vortex mixer.
The absorbance was measured at 596 nm using UV-
visible spectrophotometer (UV-2550, Shimadzu Co.,
Japan). According to the glucose working curve (1-mL
glucose standard solution in concentration of 0.00,
0.40, 0.80, 1.20, 1.60, and 2.00 mg/L mixed with 1 mL
of basic potassium ferricyanide solution in 100°C
water bath for 10 min, then added 1 mL ferric chloride
solution and 2 mL TPTZ solution. The absorbance of
the final solution was measured at 596 nm), the
concentration of MCHO was determined. This method
was used to measure the total dissolved carbohydrate
concentration after acid hydrolysis of 4 mL of seawater
with HCl (0.4 mL, 1 mol/L) in a sealed ampule at
150°C for 1 h. The concentration of PCHO was the
difference between the concentrations of TCHO and
MCHO ([PCHOJ=[TCHO]-[MCHOY]). The coefficient
of variation for this method was 2%-10% and the
detection limit was 2.2 pmol/L.

3 RESULT

3.1 Vertical distribution characteristics of dissolved
carbohydrates in the Yap Trench

In the research area, among the four CTD stations,
the concentrations of MCHO, PCHO, and TCHO in
the seawater samples were in the ranges in pmol C/L
of 5.8-22.1, 3.5-27.3, and 13.8-36.3, respectively.
The maximum concentrations of MCHO, PCHO, and
TCHO appeared at 150 m depth (22.1 umol C/L) in
CTDO3 station, at 2m depth (27.3 umol C/L) in
CTDOL1 station, and at 2 m depth (36.3 pumol C/L) in
CTDO3 station, respectively. In addition, their
minimum concentrations appeared at 3 000 m depth
(5.8 umol C/L) in CTDO2 station, at 500 m depth
(3.5 umol C/L) in CTDO3 station and at 800 m depth
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(13.8 pmol C/L) in CTDO04 station, respectively. In
each station, the depths with the maximum and
minimum concentrations of MCHO, PCHO, and
TCHO are listed in Table 2. The vertical variations of
concentrations of MCHO, PCHO, and TCHO in the
seawater from the sea surface to the abyss in the four
CTD stations of the Yap Trench are shown in Fig.2.

In the four CTD stations, the concentrations of
MCHO showed complex variation trends with water
depth, especially in euphotic zone. From 200 to
1 000 m mesopelagic seawater, the concentrations
fluctuated around 10.0 pmol C/L. In 1 000—4 000 m
bathypelagic seawater, the MCHO remained relatively
stable. In 40006 000 m abyssal zone, the
concentrations of MCHO decreased slightly with
water depth, and then increased at the bottom layer.

The concentrations of PCHO varied intricately in
euphotic seawater of the four stations. In CTDO02
station, the concentrations of PCHO had a decreasing
trend with water depth, and the concentrations showed
fluctuation at other three stations. In 200—1 000 m
mesopelagic seawater, the concentrations of PCHO
decreased remarkably just below euphotic layer, and
then increased with water depth. In 1 000—4 000 m
bathypelagic seawater, the concentrations of PCHO
showed fluctuating decreasing trend in all four
stations. In abyssal seawater, the concentrations of
PCHO tended to decrease with water depth.

3.2 Concentrations of carbohydrates in the five
Dive stations

The concentrations of MCHO, PCHO, and TCHO
in seawater of the five Dive stations in the Yap Trench
are shown in Fig.3. Among the five stations, the
concentration of MCHO was the highest in Divel09,
up to 16.7 umol C/L, and reached the lowest in
Divell0, as low as 4.6 umol C/L. In the hadal zone of
Divell0, 111, 112, 113 stations, the concentrations of

Table 2 Depth of maximum and minimum concentrations
of MCHO, PCHO, and TCHO in the four CTD stations

Concentration (umol C/L) / depth (m)

CTDO1 CTD02 CTDO3 CTD04
MCHO maximum  21.7/100 20.9/125 22.1/150 20.4/10
PCHO maximum 27.3/2 23.0/300 19.9/2 21.9/100
TCHO maximum 36.0/75 30.5/300 36.3/2 35.8/100

MCHO minimum ~ 7.2/2000 5.8/3000 6.7/5000 7.3/800

PCHO minimum 9.3/100 6.5/2000 3.5/500 4.9/10

TCHO minimum 19.7/125 16.5/5000 16.1/800 13.8/800
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Fig.2 Vertical variations of the concentrations of MCHO, PCHO, and TCHO in the sea water from the sea surface to the
abyss in the four CTD stations of the Yap Trench and in 0-200 m euphotic zone
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Fig.3 Concentrations of MCHO, PCHO, and TCHO in five
Dive stations of Yap Trench

Concentration (pumol C/L)

MCHO ranged from 4.6 to 9.0 pmol C/L, close to the
average concentration of MCHO in the abyssal layer of
the four CTD stations. The concentration of PCHO was
the highest in Divell3 (in the eastern side of the
trench), up to 14.7 umol C/L, and the concentrations of
PCHO of the four stations in the western side of the
trench were similar, varied between 5.4 and 9.4 umol
C/L, which were slightly lower than the concentration
of PCHO in the abyssal layer. The concentrations of
TCHO in Divel09 and 113 were higher, between 20.0
and 25.0 umol C/L. The values were close to the
concentrations of TCHO in the abyssal seawater. The
concentration of TCHO in the other stations was lower
than the average concentration of TCHO in the abyssal
layer of the CTD stations.

4 DISCUSSION

4.1 Fundamental parameters of seawater of the
Yap Trench

The trend of salinity at the four stations in the study
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Fig.4 Vertical variation profiles of temperature (7), salinity (5), dissolved oxygen (DO), and chlorophyll a (chl @) in the four

CTD stations in Yap trench

area was relatively consistent (Fig.4). The salinity in
the surface was low, and then increased with water
depth. The halocline appeared at the depth range of
100-150 m. Below 200 m, the salinity was reduced
first and became stable gradually with water depth.
The surface water temperature of the four stations
was higher. As the water depth increased, the
temperature decreased rapidly (Fig.4). Below
2 000 m, the temperature was as low as 2°C and
remained relatively stable. The concentrations of
dissolved oxygen in the four stations showed similar
trend as salinity (Fig.4). The concentration of
dissolved oxygen in surface water was relatively high,
and the minimum oxygen zone appeared at
300—1 000 m depth. Below 2 000 m, the dissolved
oxygen content slightly with water depth increased.
The variation trends of salinity, temperature and
concentrations of dissolved oxygen with water depth
in the four stations had characteristics of ocean water.
In the euphotic layer, the CTD01-03 station had high
concentrations of chlorophyll @ (chl ) around 100 m

(Fig.4). Overall, CTD04 station had a lower chl a
concentrations than the other three stations. At 200 m
depth, the concentrations of chl a dropped significantly,
approaching zero.

4.2 Vertical variation of concentrations of dissolved
carbohydrates in the Yap Trench

The concentrations ranges of MCHO, PCHO, and
TCHO at the four stations of Yap Trench are shown in
Table 3. Previous studies have conducted extensive
research on dissolved carbohydrates in different
oceans, estuaries and bays. The results show that the
concentrations ranges of dissolved carbohydrates in
the surface of Yap Trench are similar to that of ocean
area, much lower than that in the estuaries and bays.
The concentrations of MCHO in the surface of the
Yap Trench were similar to that in the Indian Ocean
(Bhosle et al., 1998), but higher than that in the
equatorial Pacific, Atlantic Ocean (Pakulski and
Benner, 1994) and the Arctic Ocean (Wang et al.,
2006). The concentrations of PCHO in the surface of
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Table 3 Comparison of concentrations of dissolved carbohydrate among different marine environments

Area or zone

MCHO (umol C/L)

PCHO (pmol C/L)

TCHO (umol C/L)

Reference

Yap Trench euphotic (0-200 m)
Mesopelagic (200—1 000 m)
Bathypelagic (1 000—4 000 m)
Abyssopelagic (4 000-6 000 m)

Pacific Ocean

Atlantic Ocean

Indian Ocean
Arctic Ocean
Arabian Sea
Galveston Bay
Delaware estuary
Jiaozhou Bay
Gulf of Mexico Shelt
Surface
Bottom
Gulf of Mexico Basin
Surface

Bottom

6.8-20.9 (12.94.2)
7.1-12.6 (14.849.2)
5.8-16.8 (9.9+2.8)
5.9-10.9 (8.01.7)
0.8-7.8
2293
4.0-11
0.6-12
24-156
0.4-8.6
12-21
13-62
24-31
2.9-65.9

9.0-27
5.0-17

4.0-13
n.d—13

4.9-27.7 (13.845.7)
3.5-13.7(13.146.2)
6.5-27.9 (13.5+5.0)
7.7-16.9 (11.1£2.9)
2.6-258
32-25.4
2.0-16
0.6-21.6
21.0-41.4
0.5-13.6
25-66.6
10-42.0
0.2-35.9
03-2102

4.0-18
n.d—10

19.6-36.3 (26.7+5.3)
13.8-33.4 (22.6£6.1)
8.6-34.0 (23.4+5.4)
16.5-27.9 (19.2+3.9)
52-275
6.4-27.7
7.0-21
3.4-282
27.0-47.4
13-18.9
42-78.6
23-96.7
43-672
10.8-276.1

18-61
6.0-30

10.0-28
n.d—17

This study

Pakulski and Benner, 1994
Pakulski and Benner, 1994
Hung et al., 2003
Myklestad and Bersheim, 2007
Bhosle et al., 1998
Wang et al., 2006
Bhosle et al., 1998
Hung et al., 2001
Witter and Luther, 2002
Zhang et al., 2013

Lin and Guo, 2015

Note: all values are from surface waters unless specified (n.d. denotes concentrations below the detection limit).

the trench were similar to those in the Pacific and
Atlantic (Pakulski and Benner, 1994), but higher than
those in the Arctic Ocean (Wang et al., 2006). Overall,
the concentration ranges of dissolved carbohydrates
in the surface water of the Yap Trench were consistent
with the concentration ranges of dissolved carbohydrates
in the ocean. Pakulski and Benner (1994) reported
that the concentration of dissolved carbohydrates in
the equatorial Pacific Ocean and the Gulf of Mexico
varied insignificant with water depth, which was
inconsistent with the results of this study. Our results
showed that the concentrations of dissolved
carbohydrates had decreased trend with water depth.

4.2.1 Variations of average concentrations of carbohydrates
in different water layers of four CTD stations

The average concentrations of MCHO, PCHO, and
TCHO in the euphotic, mesopelagic, bathypelagic
and abyssal layers of the four CTD stations in Yap
Trench are listed in Table 4. Among the four stations,
the concentrations of dissolved carbohydrates are
roughly the same. In general, the variation of
concentrations of MCHO gradually decreased from
the euphotic layer to the abyssal layer (Pakulski and

Benner, 1994), but in CTD03 and CTDO04 stations, the
concentration of MCHO in the bathypelagic layer
was higher than those in the mesopelagic layer. This
may be attributed to the conversion of particulate
carbohydrates to MCHO. On the other hand, the
reproduction of organic matter around 2 000 m might
also provide source of MCHO. The concentration of
PCHO in bathypelagic layer of CTDO1 and CTDO02
stations was higher than those in mesopelagic layer.
However, the opposite trend appeared in CTDO03 and
CTDO04 stations. The concentration of TCHO reached
the highest in the euphotic layer in all four stations.
High primary production may attribute to the high
concentration of the TCHO in the euphotic layer. In
CTDO1 and CTDO02 stations, the concentration of
TCHO decreased with water depth. In CTDO03 and
CTDO04 stations, the concentration of TCHO in the
bathypelagic layer was higher than those in the
mesopelagic layer. This result is consistent with the
concentration variation trends of PCHO.

4.2.2 Variations in concentrations of carbohydrates in
the euphotic layer of Yap Trench

Generally, in the four CTD stations of the Yap
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Table 4 The average concentrations of MCHO, PCHO, and TCHO in each water layer of four CTD stations
Item Layer CTDO1 CTDO02 CTDO03 CTD04
Euphotic 0-200 13.144.41 12.7+4.51 13.6+4.19 12.3+3.47
Mesopelagic 200—1 000 9.9+1.46 8.6£1.37 9.8+1.79 9.5+1.83
MCHO (pmol C/L)
Bathypelagic 1 000—4 000 8.7+1.05 9.3+3.22 12.242.73 8.9+0.91
Abyssopelagic 4 000-6 000 - 7.3£1.38 8.8+1.72 -
Euphotic 0-200 17.9+£5.42 11.1+£2.87 10.9+£5.12 15.3+5.43
Mesopelagic 200—1 000 19.8+1.86 14.44+5.47 8.1+3.63 9.94+5.45
PCHO (pmol C/L)
Bathypelagic 1 0004 000 19.142.62 11.342.89 12.345.07 12.4+5.08
Abyssopelagic 4 000-6 000 - 10.0£1.68 12.3+£3.34 -
Euphotic 0-200 31.0+£5.04 23.843.37 24.5+£5.03 27.5+4.43
Mesopelagic 200—1 000 29.8+£2.23 23.0£5.00 18.0+£2.27 19.445.73
TCHO (pmol C/L)
Bathypelagic 1 000—4 000 27.7£1.60 20.6+2.18 24.5+7.12 21.3+4.82
Abyssopelagic 4 000—-6 000 - 17.3+0.90 21.0+4.86 -

Note: “~’denotes data not available.

Trench, the maximum value of TCHO appeared in the
euphotic layer (0-200 m). This result was consistent
with data of Pakulski and Benner (1994). They found
the maximum concentration of the TCHO in the
equatorial Pacific appeared at the depth of 19 m, and
Hung et al. (2003) detected that maximum
concentration of TCHO in the Gulf of Mexico
occurred between 0 and 100 m. These high values of
concentration of TCHO indicated the effect of
phytoplankton on the distribution of marine
carbohydrates. Phytoplankton photosynthesis
initiated energy flow and material flow in marine
ecosystems (Huang et al., 2006). Dissolved
carbohydrates in the ocean were direct products of
phytoplankton photosynthesis (Benner et al., 1997),
and biomass of phytoplankton affected the distribution
of concentrations of carbohydrates to some extent
(Kerhervé et al., 2002; Thornton, 2014). The
concentration of chl a in seawater is an important
indicator of phytoplankton biomass, and its
distribution reflects the abundance and variation of
phytoplankton in water (Walsh et al., 1988). In the
0-200 m euphotic layer of the Yap Trench, chl a
increased from sea surface to 100 m, and then
decreased with water depth. The maximum appeared
at 100 m depth. The concentration of chl a below
200 m was lower than the detection limit. The euphotic
layers of the four stations exhibited maximum
concentrations of dissolved carbohydrates, indicating
the production and release of phytoplankton might be
the most important source of dissolved carbohydrates
in seawater (Pakulski and Benner, 1994). However,
there was no significant correlation between

concentration of dissolved carbohydrates and chl a in
this study, demonstrating that phytoplankton biomass
in the euphotic layer of the northern of the Yap Trench
was not the only factor controlling concentrations of
carbohydrate in seawater. Hayakawa (2004) and
Wang et al. (2006) also considered that concentrations
of dissolved carbohydrates were affected by various
factors. Previous studies also showed that the
relationship between dissolved carbohydrates and chl
a in different sea areas were very complicated. For
example, Hung et al. (2001) reported concentrations
of TCHO (R=0.76; P<0.002) and chl a had significant
positive linear relationship in the estuary of Galveston
Bay. In the Gerlache Strait, chl a was significantly
negatively correlated with PCHO (R=-0.64; P<0.05)
and MCHO (R=-0.74; P<0.05) (Pakulski and Benner,
1994). In fact, carbohydrates production by
photosynthesis of phytoplankton in the euphotic layer
and carbohydrate consumption by respiration of
marine organisms (Walsh, 1965), caused the complex
vertical variations of the concentrations of MCHO,
PCHO and TCHO in the euphotic seawater. Dissolved
carbohydrates were consumed by photodegradation
in the euphotic layer. For example, PCHO in the
Adriatic Sea was cleaved into MCHO by glycosidic
bonds under light conditions, and then MCHO formed
smaller molecules by photolysis (Kovac et al, 1998).
To a certain extent, the complex changes in the
concentrations of MCHO, PCHO and TCHO in the
euphotic layers of the four CTD stations in the study
area were a combination of various processes,
including photosynthesis, respiration and
photodegradation.
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Table S The percentage changes in concentrations of
MCHO, PCHO and TCHO between different
water layer of the four CTD stations in Yap Trench

MCHO CTDO1 CTDO02 CTDO03 CTD04
Al -24% -32% -28% -22%
B1 -13% 7% 24% -6%
Cl1 - -21% -28% -

PCHO CTDO1 CTDO02 CTDO03 CTDO04
A2 10% 29% -25% -35%
B2 -3% -21% 5% 25%
C2 - -11% 0% -

TCHO CTDO1 CTDO02 CTDO3 CTD04
A3 -4% -4% -27% -29%
B3 -7% -11% 36% 10%
C3 - -16% -14% -

Al, A2, A3 were the percentages of variation between euphotic and
mesopelagic layers; B1, B2, B3 were the percentages of variation between
mesopelagic and bathypelagic layers; C1, C2, C3 were the percentages of
variation between bathypelagic and abyssopelagic; “—” means no data.

4.2.3 Variation in concentration of carbohydrate from
mesopelagic to abyssal layer of Yap Trench

Below the euphotic layer, without light, the process
of photosynthesis for synthesizing carbohydrates no
longer existed. The concentrations of dissolved
carbohydrates in seawater were mainly controlled by
the following processes: respiration, consumption of
monosaccharides by degradation, hydrolysis of
polysaccharides to  form  monosaccharides,
aggregation of polysaccharides to form particle
matter, dissolution and release from particle
phytoplankton caused by death and sinking of
phytoplankton from euphotic layer and etc.

In the mesopelagic (200—1 000 m) layer, the
concentrations of MCHO, PCHO, and TCHO in the
whole study area were smaller than those in the
euphotic layer, and the minimum concentration of
TCHO in CTDO03 and CTDO04 stations appeared in the
800 m water depth. In the mesopelagic layer of the
Yap Trench, with the depth increasing, the
concentration of dissolved oxygen (Fig.4) decreased
dramatically, reaching minimum value in 500—1 000 m
at all four stations. With consumption of dissolved
oxygen, a large amount of organic matter was oxidized
in that layer. The percentage changes of concentration
of MCHO between different water layers in the four
stations are shown in Table 5. The percentage
reduction of concentrations of MCHO from euphotic
to mesopelagic layers was very significant, indicating

that a large fraction of MCHO was consumed. The
consumption of MCHO was much faster higher than
its production from the release of polysaccharide
hydrolysis. This consumption was strongly related to
the degradation of monosaccharides by microbial
respiration. Inthe mesopelagic layer, the concentrations
of PCHO in CTDO1 and CTDO02 stations increased,
while its concentrations in CTD03 and CTDO04
stations decreased, indicating that both the release of
particulate carbohydrates into the seawater and the
hydrolysis of polysaccharides in the seawater
occurred, and then the variation of concentration of
PCHO in the mesopelagic layers of different stations
in the trench presented different trends. Bhosle et al.
(1998) found a significant negative correlation
between concentrations of dissolved carbohydrates
and dissolved oxygen in the Arabian Sea. In the
Sargasso Sea, Walsh and Douglass (1966) observed
that the saturation of dissolved oxygen decrease
39.4% from 350 to 1 000 m depth, while concentrations
of dissolved carbohydrate increased from 15 to
27.5 ymol/L C/L, and concentration of dissolved
oxygen was negatively correlated with concentration
of dissolved carbohydrate. In our study, the increasing
concentration of PCHO and decreasing concentration
of dissolve oxygen in the mesopelagic layer indicated
that the decomposition of particulate carbohydrate by
bacteria might be the source of PCHO in CTD03-04
station. Previous studies have shown that microbial
growth, diagenetic transformation and mineralization
processes existed in the oxygen minimum zone
(Wishner et al., 1995). These microbial processes in
the mesopelagic layers might lead to the production
of PCHO, which increased the concentration of
PCHO in seawater. The significant negative
correlation between PCHO and MCHO (Bhosle et al,
1998), further declared that PCHO could be
hydrolyzed into MCHO. Hydrolysis of PCHO became
an important removal process of polysaccharides in
seawater. The strength of the biotransformation
processes was different among the four stations,
causing different variation trends in concentrations of
PCHO from euphotic to mesopelagic layers of the
stations. In addition to the process of monosaccharide
degradation and polysaccharide hydrolysis, dissolved
carbohydrates could also undergo the conversion to
particulate carbohydrates in seawater. Zhang and Liu
(2004) found that carbohydrates were mainly in
undissolved state in the 300—1 000 m seawater, and
most dissolved carbohydrates were adsorbed on the
surface of natural debris and migrated out of seawater
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with sedimentation. The combined effects of these
processes led to a decrease of the concentration of
TCHO in the mesopelagic layer of the northern of the
Yap Trench.

Below mesopelagic layer of the trench, the
concentration of dissolved oxygen in seawater
gradually increased. In the bathypelagic layer of the
trench, the concentrations of MCHO in the seawater
from CTDO02 and CTDO3 stations increased with
water depth, and the concentrations of MCHO in the
seawater from CTDOI and CTDO04 stations decreased
with water depth. However, the percentage changes
between the mesopelagic and the bathypelagic layers
were significantly lower than that between the
euphotic to the mesopelagic layers. These variations
showed that the consumption of monosaccharide was
weakened in the bathypelagic layer by respiration and
degradation, and the hydrolysis of polysaccharide
becomes an important source of MCHO. In CTDO1
and CTDO2 stations, the concentrations of PCHO and
TCHO in abyssal layer were lower than those in the
mesopelagic layer, while the opposite trend appeared
in CTDO03 and CTDO04 stations. The increase of PCHO
and TCHO indicated that the particulate
polysaccharide would further become dissolved
polysaccharides with the increasing seawater depth.
If the hydrolysis processes of dissolved
polysaccharides weakened, the concentrations of
TCHO and PCHO in the seawater would increase.
Otherwise, the concentrations of TCHO and PCHO
would decrease. In this study, the concentrations of
PCHO and TCHO in CTD03 and CTDO04 stations
were higher in the bathypelagic layer than those in the
mesopelagic layer, indicating that the low temperature
of bathypelagic layer limited the activities of marine
organisms, reduced the energy consumption, and
increased the concentrations of carbohydrates and
dissolved oxygen in the layer. On the other hand, the
funnel-shaped Yap Trench could promote the
migration of particulate organic matter into the
bathypelagic layer. Previous studies on the
decomposition process of particulate organic matter
showed that particulate carbohydrates were
preferentially decomposed by bacteria and dissolved
in seawater, and then increased their concentrations
(Wang and Ji, 1995). In addition, Liu et al. (2018)
reported that below 3000 m water depth, turbulent
mixing process in the north of the Yap Trench was
detected. The deep current in the Yap Trench was a
branch of the deep-water current of the Southern
Ocean circulation in the North Pacific Ocean (Johnson
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and Toole, 1993). Therefore, these two stations were
affected by the seawater from Antarctic deep water
with higher concentration of dissolved carbohydrate,
and then, increasing the concentration of carbohydrates
in the bathypelagic layer of the two stations. The
variation of the concentration of carbohydrates in
bathypelagic layer of Yap Trench was the combined
result of transport and mixing of sea currents, funnel
effect of the trench, microbial activity etc.

In the abyssal layer (4 000—6 000 m), the dissolved
oxygen concentration continued to increase, and the
concentrations of MCHO, PCHO, and TCHO showed
significant decrease trends compared with the
concentration in the bathypelagic layer. These results
indicated that as the carbohydrate was continuously
consumed from the euphotic to the abyssal seawater,
the amount of particulate carbohydrate reduced
continuously, and the dissolved polysaccharides from
releasing of the particle polysaccharides also
decreased. The hydrolysis process of the
polysaccharides and the respiration of microorganisms
kept consuming dissolved polysaccharides and
monosaccharides, making decreasing trends of the
concentration of TCHO in abyssal layers. However,
in seawater from sediment-seawater interface, the
concentrations of dissolved TCHO increased slightly
in CTD02 and CTDO3 stations. This increase might
ascribe to the release of carbohydrates from
resuspended sediment into seawater by vertical
mixing (Arnosti and Holmer, 1999). Increasing
concentrations of dissolved carbohydrate in sediment-
seawater interface were also observed by Witter and
Luther (2002) in the Delaware estuary of the United
States, which was caused by vertical mixing of
seawater.

4.2.4 Variation of concentrations of dissolved
carbohydrate in the seawater-sediment interface of
the Yap Trench

The five Dive stations were located at the sediment-
seawater interface of the Yap Trench. The average
concentrations of MCHO, PCHO, and TCHO in the
five Dive stations were 8.72, 9.39, and 18.11 pmol
C/L, respectively, similar as the concentration of
dissolved carbohydrate at the 6 000 m water depth in
CTD02-03 station. The concentrations of MCHO and
PCHO in the seawater from Divel09 and Divell3
stations were significantly different. MCHO was the
dominant carbohydrate in Divel09 and PCHO the
dominant carbohydrate in Divell3. This difference
might be related to the depth of these two stations.
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Fig.5 Vertical variation of MCHO/TCHO and PCHO/TCHO ratios in four CTD stations

The depths of Divel09 and Divell3 are 4 435 and
6 574 m, respectively. Particulate organic matter
sinking from euphotic layer is the source of dissolved
organic matter in the seawater at sediment-seawater
interface of the trench. As an important fraction of
dissolved organic matter, the concentrations of
MCHO was controlled by the processes of vertical
transport, degradation and mineralization of the
particulate organic matter (Guo et al., 2018). Thus, it
is reasonable that concentrations of MCHO at two
different depths were significant. Glud et al. (2013)
studied microbial activities in the hadal zone of the
Mariana Trench (11 000 m) and the nearby 6 000 m
layer. Their results show that the microbial oxygen
consumption in the hadal zone was twice as high as
that of the abyssal water, indicating high microbial
activities in trench area (He et al., 2018). High
microbial activity could rapidly consume MCHO and

decompose deposited particulate organic matter to
release carbohydrate into the nearby seawater through
the resuspension process, causing lower concentration
of MCHO and higher concentration of PCHO in hadal
zone. The Divell3 station was located on the eastern
of the trench. The horizontal transport of organic
matter along the slope by gravity flow and gravity
(Ichino et al., 2015), combining with the activities of
microorganisms and the resuspension of sediments,
resulted in high concentrations of PCHO and TCHO
in this station.

4.3 The ratios of MCHO/TCHO and PCHO/
TCHO in Yap Trench

The vertical variation profiles of MCHO/TCHO
and PCHO/TCHO at four stations with water depth
were shown in Fig.5. The MCHO/TCHO and PCHO/
TCHO range of the seawater sample in CTDO01 station
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were 0.23-0.7 and 0.3-0.76, respectively, with
average values of 0.31 and 0.69, respectively. In
general, the PCHO/TCHO values were higher than
MCHO/TCHO in the seawater samples from all depth
in this station, indicating that PCHO was the main
component of TCHO in CTDO1 station. This result is
consistent with the results about the vertical
distributions of concentrations of carbohydrates in the
Atlantic Ocean, the Delaware River estuary (Witter
and Luther, 2002), and the East China Sea (He et al.,
2015). At 100 m depth, the MCHO/TCHO value
increased to 0.7, while the PCHO/TCHO value
decreased to 0.3. The increase of the MCHO/TCHO
ratio further indicated degradation of PCHO into
MCHO (Kovac et al., 1998).

Overall, in CTDO02 and CTDO3 stations, the ratios
of MCHO/TCHO and PCHO/TCHO were similar,
but their variations with water depth were more
complicated. In euphotic zone of CTDO2 station, the
average values of MCHO/TCHO were smaller than
the average value of PCHO/TCHO, indicating that
PCHO was the major component of TCHO in this
station. PCHO was considered as a direct product of
phytoplankton (Myklestad and Bersheim, 2007). In
spring, phytoplankton synthesis released PCHO into
seawater, and then PCHO became major fraction of
TCHO. In the water depth of 200—4 000 m, the overall
MCHO/TCHO was higher than the PCHO/TCHO,
indicating that MCHO contributed more to TCHO in
the mesopelagic and bathypelagic layers. In abyssal
layer, at 4 000-5 000 m depth the ratio of PCHO/
TCHO was higher than the ratio of MCHO/TCHO,
indicating that PCHO was the main dissolved
carbohydrates in the abyssal seawater. Near the
bottom layer, the ratio of MCHO/TCHO increased
significantly, probably due to the higher activity of
benthic microbes (Glud et al., 2013) hydrolyzed
PCHO to MCHO released into interface seawater by
sediment resuspension.

The vertical variations of ratios of MCHO and
PCHO to TCHO with water depth were not consistent
at the four stations. In the 63 seawater samples from
the four CTD stations, the PCHO/TCHO values in 36
samples were higher than 0.50. Overall, the average
values of MCHO/TCHO and PCHO/TCHO were
0.47 and 0.53, respectively. From the average of
PCHO/TCHO and MCHO/TCHO, PCHO was the
major form of dissolved carbohydrates in the north
region of the Yap Trench.
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4.4 Relationship between dissolved carbohydrates
and salinity

In the study area, the concentration of dissolved
carbohydrates decreased dramatically at 100 m depth
in CTDO1, 03 and 04 stations, and a concentration
thermocline of dissolved carbohydrates appeared.
From Fig.4, a halocline of the Yap Trench occurred at
water depth of 100-200 m, and the maximum salinity
appeared in 115 m water depth. The salinity remained
constant below 200 m water depth in all stations. Liu
et al. (2018) also proved that thermocline and
halocline were present at the depths from 100 m to
200 m, where the steep vertical gradients of potential
temperature and salinity existed. The water depth of
the concentration thermocline of carbohydrate and
halocline were similar, indicating that changes in
salinity might affect the concentrations of dissolved
carbohydrates in seawater of the trench. Correlation
analysis was conducted on the concentration of
dissolved carbohydrate and salinity in euphotic zone
of'the Yap Trench. The results showed that correlations
between concentrations of MCHO and PCHO and
salinity were insignificant, while concentration of
TCHO and salinity had linear negative correlation
(R=-0.78, P<0.02) in the euphotic zone. The results
were consistent with the studies of Zhang et al. (2013)
in the Jiaozhou Bay and Song et al. (2017) in the East
China Sea, indicating that physical mixing of seawater
in the euphotic layer of the trench was another
important factor controlling the concentration of
TCHO in the seawater.

5 CONCLUSION

In the present study, the vertical variations of
concentrations of dissolved carbohydrates were
investigated in the northern region of the Yap Trench.
Overall, the concentrations of the dissolved
carbohydrates decreased gradually with water depth.
As a whole, PCHO was the major form of dissolved
carbohydrates in the Yap Trench. Concentrations of
dissolved carbohydrates were mainly affected by
photosynthesis and respiration of plankton in the
euphotic layer. Dissolved oxygen in the mesopelagic
layer was one of key factors controlling the
concentration of dissolved carbohydrate. In the
bathypelagic layer, the mixing of water mass and the
funnel effect of the trench affected the concentrations
of dissolved carbohydrate significantly. At the bottom
of the abyssal layer and the seawater-sediment
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interface, the concentrations of dissolved carbohydrate
were influenced by resuspension of sediment. In the
euphotic layer, the concentrations of TCHO were
obviously correlated with salinity, suggesting that
physical mixing of seawater was also an important
factor controlling the concentrations of dissolved
carbohydrates.
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