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Internal solitary waves (ISWs) exert a significant influence on the deep-sea floor,

yet little research has been conducted on their impact on benthic organisms. The

objective of this study was to investigate the propagation characteristics of ISWs

on the Shenhu continental slope in the northern South China Sea, as well as their

mechanisms of influence on benthic activity. In-situ observation was performed

at the head of the Shenhu Canyon (water depth 655m) to determine the physical

characteristics of ISWs and the changes in benthic organisms. The study revealed

that the abundance and density of benthic organisms were positively correlated

with the time and intensity of ISWs. The abundance of benthic organisms

affected by ISWs is 3-5 times that without ISWs, and the density of benthic

organisms is 3-9 times. The impact induced by ISWs, including resuspension of

bottom sediments, formation of marine snow, changes in the bottom boundary

layer environment, and vertical transfer of seawater environmental factors,

played a crucial role in the impact on benthic activity. To our limited

knowledge, this is the first in-situ long-term observation study on the effects

of ISWs on deep-sea benthic organisms on the continental slope of the northern

South China Sea deeper than 600m, providing new insights for exploring the

environmental impact of ISWs on the deep-sea bottom boundary layer.

KEYWORDS
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1 Introduction

Internal solitary waves (ISWs) are a type of nonlinear internal

wave characterized by short periods, large amplitudes, and strong

flow velocities that remain relatively constant during propagation

(Bogucki and Redekopp, 1999; Helfrich et al., 2006; Alford et al.,

2015). They are widely distributed in various terrains such as large

lakes and marginal seas (Boegman and Stastna, 2019; Syamsudin

et al., 2019) and can cause interactions between seawater and the

seafloor, becoming a major driving force for perturbing the deep-

sea benthic environment (Holligan et al., 1985; Jia et al., 2019).

ISWs enhance material transport and vertical mixing processes on

the continental slope and shelf. From a biological perspective, ISWs

affect benthic biomass and activity on the continental slope and

shelf (van Haren, 2020).

The distribution and dynamics of benthic communities depend

on different hydrodynamic conditions (Shimeta et al., 2003). ISWs

induce shear stress and turbulence, which promote vertical mixing

and exchange of heat and nutrients, thereby increasing primary

productivity (Chen et al., 2016b; Zhang et al., 2019; Hung et al.,

2021). Marine snow, a major source of food for mobile organisms

(Trudnowska et al., 2021), can enhance the feeding and survival of

mobile organisms (MacKenzie, 2000; MacKenzie and Kiorboe,

2000). ISWs can affect overall biomass changes on a relatively

small spatial scale (Pineda, 1991; Broitman et al., 2008), and this

movement from deep to shallow waters can transport larvae and

organisms to their adult habitats, thus altering population density

(Roder et al., 2010). Flood et al. (2021) found that fish habitat

locations change with the vertical movement of the thermocline

induced by internal wave disturbances, and the time scale of fish

response to physical environmental changes corresponds to the

period of internal waves. Currently, the impact of ISWs on

biological activity is mainly reported in shallow water areas, and

their effects on deep water areas are unknown.

ISWs generated in the Luzon Strait of the South China Sea

propagate northwestward, with a significant amount of energy

dissipated on the continental slope and shelf (Cai et al., 2012; Fu

et al., 2012). Reid et al. (2019) observed that ISWs caused a four-fold

increase in instantaneous nitrate flux in the Dongsha Atoll in the

northern South China Sea compared to periods without ISWs. The

shoaling of ISWs transports nutrient-rich water to the shelf and

coast, increasing nutrient concentrations and biological

productivity, thereby improving the coral ecosystem of the

Dongsha Atoll (Reid et al., 2019; Hung et al., 2021). The

enhancement of biological activity by ISWs is not limited to

shallow waters on the continental shelf, as ISWs can cause

vertical mixing at depths of 600m and transfer nutrient-rich cold

water to promote biological productivity (Pan et al., 2012).

However, in situ observations of ISWs are mainly concentrated in

the Dongsha Sea, and observations of the impact of ISWs on the

marine environment and biological activity are lacking. The Shenhu

Canyon is located in the central Pearl River Mouth Basin, where

sediments and nutrients transported by the Pearl River greatly

enrich the benthic ecosystem of the canyon (Yin et al., 2019; Zhang

et al., 2022). There are many canyons and steep ridges on the

Shenhu continental slope (Su et al., 2020), and the interaction
Frontiers in Marine Science 02
between ISWs and steep terrain can increase the bottom flow

velocity and shear stress (Lamb, 2014; Tian et al., 2021b),

enhancing disturbances to the deep-sea benthic environment.

This study aimed to investigate the physical characteristics of

ISWs and changes in benthic biological activity on the Shenhu

continental slope in the northern South China Sea using long-term

in situ observations. We explored the environmental impact of

ISWs on the water column and deep-sea bottom boundary layer

and analyzed the relevant mechanisms of the impact of ISWs on

benthic biological activity.
2 Materials and methods

2.1 Geological setting

The Shenhu continental slope, located in the northern South

China Sea, is comprised of 17 submarine canyons oriented in NW-

SE direction (Ding et al., 2013; Chen et al., 2016a). The canyons’

heads are affected by large-amplitude internal solitary waves

(ISWs), which result in erosive turbidity currents (Yin et al.,

2019), as depicted in Figures 1A, B, Observation station SH1 is

situated at the head of the canyon at a depth of approximately

655m. Satellite data show the presence of numerous internal solitary

waves during the observation period (Figure 1C). During the cruise,

sediment samples were collected using a gravity corer, and the

sediment’s physical properties were determined in the laboratory.

As shown in Table 1, the sediment’s median particle size was

0.01 mm, and it exhibited high water content, high porosity, and

high saturation. The surface sediment in the Shenhu region

contained biogenic particles, such as foraminifera and algae, as

well as flocculent material (Kuang et al., 2019). The Shenhu

canyon’s topography results in more frequent and energetic

internal solitary waves due to refraction, reflection, and

interaction with the topography (Ma et al., 2016; Bai et al., 2019).

These strong and frequent hydrodynamic phenomena are likely to

affect changes in the seafloor environment (Zhu et al., 2023a; Zhu

et al., 2023b).

W is the water content, rs is the sediment natural density, n is

the porosity, S is the specific weight of the particle, Sr is the

sediment saturation, and D50 is the mean particle size.
2.2 Observation methods

The scientific research vessel “Dongfanghong 3” deployed a

deep-sea in-situ observation system for the bottom boundary layer

at observation station SH1. Continuous underwater observations

were conducted from August 20 to September 2, 2020. As shown in

Figures 2A, B, The observation system was equipped with a 75 kHz

acoustic Doppler current profiler (75k-ADCP), a Nortek Vector

Acoustic Doppler Velocimeter (ADV), RBR concerto3a Multi-

Channel Logger, and a deep-sea camera. Using the ship-borne

CTD profiling system, we measured the changes in environmental

parameters in the vertical direction of the water column for 24

hours from 5:00 pm on September 1 to 5:00 pm on September 2. We
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collected water samples and transformed the instrument’s observed

turbidity into suspended particulate matter concentration using

filtration experimental methods (Wang et al., 2022). The turbidity

and suspended particulate matter concentration conversion

equation was SPM=5.64×Turbidity+0.12.
2.3 Data analytics

2.3.1 Instrument data
Observations of the dynamics of ISWs were conducted using a

75k-ADCP (Huang et al., 2022). Profile data were recorded every 1
FIGURE 1

(A) Location of the Shenhu Canyon System and study area in the Northern South China Sea, (B) The multi-beam geomorphology shadow map was
modified from Ding et al. (2013), (C) Moderate-resolution Imaging Spectroradiometer (MODIS) image of the northern South China Sea on Aug 25,
2020, data source https://worldview.earthdata.nasa.gov.
TABLE 1 Physical characteristics of the surface sediments in the study
area.

Depth
(cm)

W
(%)

rs (g/
cm3)

n
(%)

S Sr
(%)

D50

(mm)

0-5 111.34 1.39 76 2.71 97 0.01

5-10 99.83 1.41 75 2.79 94 0.009

10-20 101.00 1.39 75 2.75 93 0.011

20-30 106.51 1.43 75 2.77 98 0.008
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minute, with unreasonable extreme points excluded, and vertically

interpolated every 8 meters. The Multi-Channel Logger collected

data every 10 seconds, recording changes in temperature, salinity,

dissolved oxygen, and turbidity in the bottom boundary layer (Dato

et al., 2021; Du et al., 2021; Kheili et al., 2021). The ADV had a

sampling frequency of 64Hz and was continuously sampled.
2.3.2 Images of benthic organisms
Video images captured by the deep-sea camera were taken every

3 minutes for 7 seconds. Each image was an RGB image stored in a

three-dimensional matrix with pixel values of “1080×1920” and

dimensions of 378×672 mm. Although some shadows and micro-

benthic organisms were not identified as biological species due to

fixed camera observation, they were used for statistical calculations

of biological abundance and density. Changes in biological

abundance (A) and density (D) were characterized using formula

(1).

A ¼ n
N
,D =

s
S

(1)

where n is the number of individuals per hour, N is the total

number of individuals in a certain time, s is the area occupied by the

organism, and S is the image area.
2.3.3 Calculation of shear stresses
In the bottom boundary layer, shear stress (tc) caused by

velocity was calculated using the Turbulent Kinetic Energy (TKE)

method, Covariance method (COV), and Logarithmic Velocity (RL)

method. The TKE method (Stapleton and Huntley, 1995; Zhang

et al., 2018), which does not require consideration of the height of

the ADV above the seabed, was used (Pope et al., 2006). Velocity

data in the three directions were averaged every minute, with the

total average value subtracted from all the velocity data, and

calculated the velocity fluctuations in the three directions were as

follows:

u0 = u − �u, v0 = v − �v,w0 = w − �w (2)
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shear stress tc was calculated by

tc = C1r ½ (u0)2 + (v0)2 + (w0)2 � =2 (3)

where C1 is the empirical coefficient, generally taking a value of

0.19-0.2 (Stapleton and Huntley, 1995), and r is the

seawater density.

The sediment in the study area was fine-grained cohesive

sediments, and we used the equation applicable to cohesive

sediments to determine the critical shear stress (tce) of the

bottom sediment (Shi et al., 2012).

tce = 0:05 + b
1

½(p=6)(1 + sW)�1=3 − 1

( )2

(4)

s = rs=r − 1 (5)

where b is a dimensionless coefficient, s is the specific weight of

the particle, W is the water content, and rs is the sediment particle

density. When the particle size of the bottom sediment is less than a

few tens of microns and the water content of the bottom sediment is

relatively high, b is 0.3 (Taki, 2000).
3 Results

3.1 The characteristics of
the hydrodynamics

Figure 3 shows the velocity profile for a total of 3 days from 8/21

00:00 to 8/24 12:00. The velocity profile (25-628 mab) observed by

75k-ADCP shows strong velocity at the study area, with a

maximum velocity exceeding 0.5 m/s in both the u and v

directions (Figures 3A, B). From an analysis of the entire water

column, the horizontal velocity exhibits a three-layer structure with

the same flow direction between the sea surface and the sea floor. In

addition, the horizontal current exhibits an obvious diurnal

variation cycle, showing internal tidal characteristics. The

maximum vertical velocity (w) exceeds 0.1 m/s and exhibits clear
FIGURE 2

(A) Field working diagram of the observation system, (B) Schematic illustration of the observation instrument.
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diel vertical migration characteristics, with organisms migrating to a

depth of around 400 m around 6:00 and returning to the surface

around 18:00. ISWs exists in the form of wave packets, with one

ISW packet arriving at the study area around 20:00 each day. The

current is northwest with a maximum velocity of 0.5 m/s at

the surface. In the bottom boundary layer deeper than 600 m,

The current is southeast with a maximum velocity of 0.2 m/s.

As shown in Figure 4, the profile of velocity indicates the ISWs-

2 includes five distinct ISWs of depression, which lasted for about 4

hours with each individual ISW lasting around 20 minutes.

Combining with Figure 3, ISW-1 contains four distinct ISWs of

depression with a duration of about 3 hours, and ISW-3 contains six

distinct ISWs of depression with a duration of around 5 hours.

Figures 4A, B indicates that the horizontal velocity profile presents
Frontiers in Marine Science 05
an obvious two-layered structure in which the dividing depth is

approximately 130 m. In the upper layer, the zonal current is

westward and the meridional current is northward, the horizontal

velocity caused by ISWs can reach up to 0.6 m/s. In the lower layer,

the zonal current is eastward and the meridional current is

southward, and the horizontal velocity caused by ISWs exceeds

0.2 m/s. Figure 4C shows that there are strong upwelling and

downwelling flows before and after the arrival of each ISW, with

the highest flow velocity reaching 0.1 m/s, and such flow can act on

the seafloor. It is worth noting that the time scales of the

downwelling and upwelling flows are not consistent. For example,

the time scale of the downwelling flow of the first ISW is 12 minutes,

while the time scale of the upwelling flow is 10 minutes, and the

strength of the downwelling flow is higher than the upwelling flow.
FIGURE 4

The velocity results when the ISWs-2 passed. (A) zonal velocity u, (B) meridional velocity v, (C) vertical velocity w.
FIGURE 3

Velocity profiles measured by 75 k-ADCP. (A) zonal velocity u, (B) meridional velocity v, (C) vertical velocity w.(ISWs-1, ISWs-2, and ISWs-3 indicate
ISW packets. The black line indicates the time scale for the ISW packet).
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This asymmetry enhances the transport of heat and energy in the

water column, which has an important impact on the marine

ecological environment (Chen et al., 2019; Hu et al., 2023).
3.2 Benthic organism activity

Video images captured by the deep-sea camera demonstrate

there are a variety of benthic organisms in the study area (Figure 5).

A total of 6,320 video sequences were captured, and 890 of them

contained biological specimens. According to the method of Li

(2017), The analysis identified 23 different species of benthic

organisms from six phyla, including Cnidaria, Arthropoda,

Chordata, Nematoda, Mollusca, and Annelida.

Figure 6 shows the changes in benthic abundance and density

for 3 days from 8/21 00:00 to 8/24 12:00. Because the undersea

camera is fixed to the observation system, there were many times

when no identifiable benthic organisms were captured, so the

abundance and density of the organisms were 0 at such times.

The abundance and density of benthic organisms showed three

peak stages. The first peak occurred around 1:00-2:30 on August 22,

the maximum values of abundance and density are 0.043 and 0.78,

respectively. The second peak occurred from around 22:00 on

August 22 to 2:00 on August 23, the maximum values of
Frontiers in Marine Science 06
abundance and density are 0.044 and 1.2, respectively. The third

peak occurred from around 22:00 on August 23 to 2:30 on August

24, the maximum values of abundance and density are 0.053 and

1.3, respectively. Combined with Figure 4, we can find that the

increase in abundance and density of benthic organisms is closely

related to the passage of ISWs, and the abundance and density of

benthic organisms are positively correlated with the strength and

period of ISWs. The abundance of benthic organisms affected by

ISWs is 3-5 times that without ISWs, and the density of benthic

organisms is 3-9 times.
4 Discussions

4.1 Sediment resuspension and marine
snow formation induced by ISWs

The resuspension of sediment inevitably leads to an increase in

suspended particulate matter in the water column. In some canyon

trench terrains, the increase in organic matter sedimentation has led

to a doubling of oxygen consumption by organisms (Muacho et al.,

2013). In-situ observation results indicated that the suspended

particulate matter in the bottom boundary layer was mainly

marine snow (Figures 7A, B), which are sticky particles with a
FIGURE 5

Some of the mega-benthic organisms captured by underwater cameras.
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negative charge (Alldredge et al., 2002; Taucher et al., 2018). These

particles can combine with sediment particles, mainly composed of

diatoms, animal feces or debris, and mineral particles (Möller et al.,

2012). Bottom water samples were collected using a CTD, and the

suspended particle composition was mainly analyzed in the

laboratory using a microscope, which revealed that diatoms and

organic particles are the main components of flocculent particles

(Figures 7C, D). The accumulation of marine snow in persistent,

density-discontinuous nepheloid layer leads to environmental

zoning in the water column area, which affects the distribution

and interaction of planktonic organisms and the intensity of

biological processes in the water column, and helps to maintain

species diversity (Alldredge et al., 2002; Turner, 2015). Marine snow

is the primary carrier of the biological carbon pump and has a
Frontiers in Marine Science 07
significant impact on the settlement and feeding of planktonic

organisms (Trudnowska et al., 2021). Therefore, the presence of

suspended particles such as marine snow has become an important

mechanism affecting biological activity.

In the continental slope region of the deep sea, large-

amplitude ISWs of depression can cause sediment resuspension

through shear stress (Lamb, 1997; Boegman and Stastna, 2019; Jia

et al., 2019). Figure 8A depicts the changes in the velocity of the

bottom boundary layer during the passage of ISWs-2, as recorded

by ADV. For each ISW of depression, the u and v velocities are

almost symmetrical, with an average velocity of 0.1 m/s. The v-

direction velocity is relatively higher, with a maximum velocity of

0.22 m/s. The variation in the w-direction velocity is not

significant. The incipient flow velocity of deep-sea marine snow
FIGURE 6

Changes in benthic abundance and density over time.
B

C

D

A

FIGURE 7

(A, B) marine snow particles captured by underwater cameras, (C, D) show suspended particles observed under a microscope.
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particles ranges between 0.06-0.08 m/s, while a velocity of

approximately 0.1-0.2 m/s can suspend most clayey sands

(Camenen, 2009; Gardner et al., 2017). Therefore, ISWs can

cause large-scale suspension and transport of marine snow at a

depth of around 655 m. The maximum bottom shear stress

generated by ISWs is 1.48 Pa, while the critical bed shear stress

of the seafloor sediment is 0.2 Pa (Figure 8B). The bottom shear

stress produced by ISWs surpasses the critical bed shear stress of

sediment, which is the condition for sediment erosion and

resuspension (Quaresma et al., 2007; Valipour et al., 2017).

Figure 8C illustrates that the average suspended particulate

matter concentration caused by the ISWs is 4.1 mg/l, which is

2-3 times higher than the background concentration.
4.2 Implications of shoaling on ISWs

During the propagation of ISWs from the deep sea to the

continental slope and shelf regions, they play a crucial role in

transporting materials and delivering heat (or cold) energy and

nutrients to the benthic communities (Pan et al., 2012; Li et al.,

2018; Navarro et al., 2018). Additionally, ISWs can cause small-

scale physical changes in the benthic environment (Leichter et al.,

2003; Hung et al., 2021) In addition, ISWs can lead to the

accumulation of surface organic films, phytoplankton, and

zooplankton (Macı ́as et al., 2010), which can alter benthic

organism activity. To estimate nitrate concentration (NO−
3 ), a

linear fit between nitrate concentration and water temperature is

used (Reid et al., 2019). Although this method does not consider

biotransformation of the nutrient field, such as uptake or

remineralization, it can reflect trends in nutrient changes. In this

study, the passage of ISWs resulted in a change in bottom

temperature of approximately 0.2 °C (Figure 9A) and a change in

nitrate (NO−
3 ) concentration of 0.18 mM (Figure 9D). The bottom
Frontiers in Marine Science 08
temperature and dissolved oxygen concentration decreased and

then increased (Figures 9A, C), while salinity and nitrate

concentration increased and then decreased (Figures 9B, D),

indicating that ISWs can bring nutrient-rich cold water to the

continental slope, thus impacting benthic organism activity.
4.3 The vertical structure of the water
column affected by ISWs

ISWs play a crucial role in enhancing vertical mixing and

modifying the thermocline structure (Wang et al., 2001; Wang

et al., 2007). ISWs of depression can transfer dissolved substances

(CO2 and O2) and water containing biological particles from the

upper layer to the benthic system, affecting benthic biological

activity (Pan et al., 2012; Muacho et al., 2013). In this study, to

understand the impact of ISWs on the water column environment

in the study area, we conducted continuous CTD observations from

17:30 on September 1, 2020 to 17:30 on September 2, 2020, tracking

the environmental impact of a single internal solitary wave on the

water column (Figure 10). Similar observations have been made by

Hung et al. (2021) with a water depth of 200 m on the

Dongsha shoal.

Figures 10A, B, and C show that a single ISW arrived around

19:10 on September 1st, with a maximum velocity in the u and v

directions of 0.3 m/s and a vertical velocity w of no more than

0.05 m/s. The duration of its action was approximately 20 minutes,

and compared with the other observed ISWs, the energy of this

single ISW was relatively weak. However, this single ISW still can

force the surface water to move downward, causing vertical mixing

outside of the thermocline, with a maximum displacement distance

of 50 m (Figure 10D). The ISW of depression discovered by Huang

et al. (2016) caused the maximum temperature to increase by over

6°C at the trough at a depth of 300m, and even at 1000 m depth, the
A

B

C

FIGURE 8

(A) Velocity characteristics of ISWs in the submarine boundary layer, (B) The bed shear stresses (tc)due to ISWs and the critical shear stress for
erosion of the bottom sediment (tce), (C) Suspended particulate matter (SPM).
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temperature increase exceeded 0.5°C, which is likely to have a

significant impact on benthic biological activity. Figure 10E shows

an increase in turbidity at depths of 70 m, 300 m, and 600 m,

indicating the presence of surface, middle, and bottom nepheloid

layers (Masunaga et al., 2015). ISWs elevate the thickness of the

surface nepheloid layer and increased the concentration of the

middle and bottom nepheloid layers.
4.4 Mechanisms of ISW impact on benthic
organism activity

We summarize three main mechanisms of benthic organism

activity affected by ISWs (Figure 11): (1) In steep terrain or

shallow water, ISWs mainly break and form local vortices

(Bogucki and Redekopp, 1999; Puig et al., 2001), resuspending a

large amount of sediment and continuously migrating these

suspended sediments to the deep sea, forming nepheloid layer

(Zhang et al., 2019; Tian et al., 2021a). During migration,

suspended sediment particles aggregate to form marine snow

and other flocs that settle to the seafloor. In the deep-sea

bottom boundary layer, ISWs cause sediment resuspension

through large bottom shear forces, with marine snow being the

dominant suspended particle type that serves as a food source for

benthic organisms on the continental slope. This represents an

important mechanism for impacting benthic organism activity.

(2) During the propagation of ISWs from the open ocean to the
Frontiers in Marine Science 09
continental slope, the transport of nutrient-rich cold water to

benthic communities on the seafloor impacts benthic organism

activity. Strong hydrodynamics also transport some larvae and

organisms to the continental slope and shelf (Roder et al., 2010),

thereby affecting changes in benthic organism abundance. (3) In

the vertical direction, ISWs can enhance the vertical mixing of

seawater, alter thermocline structure, and impact the habitat of

upper-level organisms (Flood et al., 2021). Additionally, ISWs

transfer heat and bioparticles from the upper layer to the benthic

system, thereby affecting benthic organism activity.
5 Conclusions

In this study, we investigated the impact of ISWs on the deep-

sea bottom boundary layer environment and benthic organisms

through in-situ long-term observations for the first time on the

continental slope of the northern South China. The results are

summarized as follows:
(1) ISWs of depression with a period of one day were observed

in the Shenhu continental slope, arriving at the study area

around 19:00 to 21:00 each day. ISWs consisted of 5-6

individual wave groups in a wave packet form, with a

maximum horizontal velocity exceeding 0.5m/s and

vertical velocity exceeding 0.1m/s. ISWs induced velocity

changes exceeding 0.2m/s in the bottom boundary layer.
A B

DC

FIGURE 9

The variability of bottom environmental elements when the ISWs passed. (A) temperature, (B) salinity, (C) dissolved oxygen, (D) nitrate (NO3
−).
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(2) The abundance and density of benthic organisms were

positively correlated with the duration and intensity of

ISWs. The abundance of benthic organisms affected by

ISWs was found to be 3-5 times higher than that in the

absence of ISWs, while the density was 3-9 times higher.

(3) ISWs generated significant shear stress in the bottom

boundary layer at a depth of 655m, causing sediment

resuspension on the Shenhu continental slope and

increasing the aggregation and transport of marine snow
tiers in Marine Science 10
and other nutrients. This provided a food source for benthic

organisms. The shoaling effect of ISWs on the continental

slope also introduced cold nutrient-rich water, larvae, and

organisms, which affected changes in benthic biomass. In the

vertical direction, ISWs were found to move temperature,

salinity, dissolved oxygen, and nutrients of surface water

toward deeper layers, thereby influencing the position of

benthic organisms in the water column. These factors

collectively influenced changes in benthic organism activity.
FIGURE 11

Schematic diagram of the impact of ISWs on deep-sea benthic organisms.
B

C

D

E

A

FIGURE 10

Impact of single ISW on the vertical structure of the water column. (A–C) velocity profiles single ISW passage measured by 75 k-ADCP, (D) Temperature
variation, (E) Turbidity variation (black boxes indicate the time scale for a single ISW).
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