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O C E A N O G R A P H Y

Seamounts generate efficient active transport loops to 
nourish the twilight ecosystem
Xinyang Wang1,2,3, Hongliang Li1,2*, Jingjing Zhang1,2, Jianfang Chen1,3,4*, Xiaohui Xie4, Wei Xie2,5, 
Kedong Yin2,5, Dongsheng Zhang1,2,3, Diana Ruiz-Pino6, Shuh-Ji Kao7

Seamounts are ecological oases nurturing abundant fisheries resources and epibenthic megafauna in the vast 
oligotrophic ocean. Despite their significance, the formation mechanisms underlying these seamount ecological 
oases remain uncertain. To shed light on this phenomenon, this study conducted interdisciplinary in situ observa-
tions focusing on a shallow seamount in the oligotrophic ocean. The findings show that the seamount’s topogra-
phy interferes with the oceanic current to generate lee waves, effectively enhancing the nutrient supply to the 
euphotic layer downstream of the seamount. This continuous supply enhances phytoplankton biomass and sub-
sequently the grazing and diurnal vertical migration of zooplankton, rapidly transporting the augmented phyto-
plankton biomass to the aphotic layer. Unlike the cyclonic eddies that move in the upper ocean, seamounts stand 
at fixed locations creating a more efficient and steady active transport loop. This active transport loop connects 
the euphotic and twilight zones, potentially conveying nourishment to benthic ecosystems to create stereoscopic 
oases in the oligotrophic ocean.

INTRODUCTION
Oligotrophic oceans with extremely low chlorophyll a (Chl-​a) (<0.1 mg 
m−3) (1) occupy more than 25% of the global ocean (2). They are re-
garded as ecological deserts (2, 3) due to the lack of essential nutrients 
required for phytoplankton growth in the euphotic zone. The meso-
pelagic and bathypelagic ecosystems, which depend on the detritus 
inputs originating from primary producers in the upper layers, expe-
rience food limitation because of low export of organic matter, par-
ticularly in oligotrophic oceans with the low primary production 
aggravated by low export efficiency (4). Amid these conditions, nearly 
half of the world’s seamounts (16,760 seamounts) are dispersed across 
oligotrophic oceans, potentially serving as hotspots for marine biodi-
versity and fisheries resources (5–9). Many seamounts function as eco-
logical oases and provide habitats for numerous endemic species, and 
the fishing catch tends to increase close to these seamounts (6, 10). 
Although the importance of seamounts is well recognized from dif-
ferent aspects, the underlying mechanisms for the formation of sea-
mount ecological oases, particularly regarding their nourishment 
sources, remain uncertain (7–9) and subject to considerable debate.

Seamounts rise sharply from the ocean floor, piercing the aphotic 
zone (depths below 1000 m), with 15.4% of seamounts reaching into 
the twilight zone (200 to 1000 m) and 5.0% of seamounts being shallow 
seamounts that extend into the euphotic zone (<200 m). As natural 
obstacles to the oceanic current, seamounts can modulate hydro-
logical characteristics at regional and global scales (11). The depth of 
the seamount’s summit stands out as the most crucial factor influenc-
ing the intensity of upper-layer physical and ecological responses, with 

shallow seamounts typically exhibiting more pronounced reactions 
(9, 12). Existing observations and numerical simulations have captured 
the changes in thermodynamic structures and mixing intensity in-
duced by seamounts (13–22) through processes such as lee waves. 
These changes substantially improve nutrient availability within the 
euphotic zone, consequently stimulating primary productivity (7), 
which has been confirmed by extensive field and satellite observations 
(12, 14, 23–27). In the mesopelagic and bathypelagic zones, seamounts 
also attract gatherings of migratory animals, such as tuna and sharks 
(28, 29), and host remarkably species-rich benthic ecosystems (30). 
A common consensus is that there is an intrinsic connection between 
the enhanced primary production and the formation of mesopelagic-
bathypelagic ecological oases (31, 32). The biological carbon pump, 
including the production of organic matter through phytoplankton 
photosynthesis, and subsequent export to deep layers through various 
pathways, may provide the main food and energy for communities 
in the twilight and aphotic zones (33–35). Hence, the intensity and 
quality of delivered organic matter can directly regulate the size, 
structure, and function of deeper communities (33, 36). However, 
how and by what this connection is built remains unclear because of 
the lack of comprehensive observations.

To uncover the formation mechanisms of seamount ecological oases, 
it is crucial to understand the dynamics of production processes and 
the export pathways of particulate organic matter along the flow 
course under the influence of topography. Therefore, this study 
selected a shallow seamount (Xianbei seamount with a summit of 
~208 m) in the oligotrophic central South China Sea (SCS) for compre-
hensive field observations, and the findings could potentially apply 
to other shallow seamounts in oligotrophic oceans. Through cross-
sectional and diurnal observations, this study unveiled the asymmetry 
in organic matter production and export between the upstream and 
downstream sides, primarily driven by lee waves and a zooplankton-
mediated active transport loop. These asymmetries provide direct 
evidence that the intense active transport loop can rapidly trans-
port enhanced primary production to the deep layer on the down-
stream side, ensuring a consistent food supply for deep ecosystems 
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and potentially contributing to the formation of stereoscopic oases 
around seamounts.

RESULTS AND DISCUSSION
Lee waves promote phytoplankton biomass downstream
The Xianbei seamount is a steep seamount (3800 m in height) with 
a shallow summit depth (208 m below the sea surface) that is influ-
enced by the southwest monsoon circulation (Fig. 1A). The current 
above 200 m was found to be northeasterly, with an average velocity 
of 0.26 m s−1 observed using lowered acoustic Doppler current pro-
filers (LADCP) (Fig. 1B). The surface water was warm and fresh, 
and the maximum salinity occurred at the subsurface layer (fig. S1), 
showing the characteristics of tropical open oceans with strong strati-
fication (Fig. 2A) (37). When the current passed over the summit, the 
depression and jump of isotherms were observed on the downstream 
side, presenting the typical characteristics of lee waves (18). The lee 
wave Froude number on the Xianbei seamount of  εs =

Nh

U
∼ 100≫ 1 

(N ∼ 10−2  s−1, U ∼ 0.26 m s−1, h ∼ 3800  m) indicated that the lee 
waves were highly nonlinear and prone to breaking, thereby en-
hancing turbulent mixing (38). In this condition, the topographic 
interference resulted in a dynamic physical environment down-
stream. The Thorpe scale method was used to estimate the turbulent 

dissipation rate ε and diapycnal diffusivity Kρ. The results indicated 
that the average ε and Kρ of the water column (above 300 m) at the 
time-series stations on the summit (ε: 5.15 × 10−8 W kg−1; Kρ: 
4.63 ×  10−5 m2  s−1) and the downstream slope (ε: 6.65 ×  10−8 
W kg−1; Kρ: 9.80 × 10−5 m2 s−1) were both roughly twice as high as 
that on the upstream slope of the seamount (ε: 2.74 × 10−8 W kg−1; 
Kρ: 2.43 × 10−5 m2 s−1). In particular, the intensified ε and Kρ values 
at 200 to 300 m on the downstream side may indicate enhanced 
mixing in the deep layer (Fig. 2, E and F). This enhanced mixing 
could be attributed to the fragmentation of the lee wave, which 
served as the primary source of turbulent energy on the downstream 
slope (18). Such a change in the dynamics corresponded to the oscil-
lations of the nitracline (see below), which could improve nutrient 
availability.

The surface ocean surrounding Xianbei was reported to be 
nutrient-depleted in summer (39, 40), consistent with the observa-
tions in the present study. The observational transect in this work 
showed that the nitracline (represented by 0.5 μmol kg−1 isolines) 
generally coincided with the thermocline (D22, depth of 22°C iso-
therm) (Fig. 2, A and B), and the nitracline rose from approximately 
105 m deep at the reference station (A6) to 65 to 85 m deep around 
the summit and downstream (Fig. 2B and fig. S2). This isopycnic 
elevation allows more of the subsurface nitrate-rich water to rise 
into the interior of the euphotic zone, effectively increasing the 

Fig. 1. Geographical location and topography of Xianbei seamount. (A) The white box on the map represents the location of Xianbei seamount (116.45° to 117.00°E, 
16.42° to 16.80°N), and the solid lines delineate the prevailing circulation patterns observed from 14 to 24 September 2021. (B) A three-dimensional topographic map of 
Xianbei seamount and the upper 200-m current observed using LADCP is presented. The observation stations are indicated by blue inverted triangles on the map, with 
four pink-filled symbols representing the time-series stations. On the topographic plane, blue arrows depict the upper current, while the contours illustrate the isobaths 
with labels indicating their respective depths. The observation transect is approximately parallel to the direction of the current. The bottom topography of the Xianbei 
seamount is obtained from global bathymetry data with a 15–arc sec resolution (72).

D
ow

nloaded from
 https://w

w
w

.science.org on Septem
ber 10, 2024



Wang et al., Sci. Adv. 10, eadk6833 (2024)     26 June 2024

S c i e n c e  A d v a n c e s  |  R e s e ar  c h  A r t i c l e

3 of 10

nitrate availability at the summit and downstream side of the sea-
mount. The nitrate reservoir in the upper 100-m water column 
for the summit (O), downstream slope (A3) and downstream 
bottom (A2) were found to be 35.4 ± 15.6, 22.2 ± 15.9, and 33.4 ± 
12.8 mmol m−2, respectively, while the nitrate reservoir on the upstream 
slope (A4) was only 17.5 ± 11.1 mmol m−2. Besides, the average ni-
trate diffusive flux Fdiff around 75 to 100 m on the downstream slope 
(A3) and bottom (A2) were 0.32 ± 0.21 and 0.57 ± 0.47 mmol m−2 

d−1, respectively, which were higher than the value of 0.25 ± 0.18 mmol 
m−2 d−1 observed on the upstream slope (fig. S2). Obviously, the frag-
mentation of the lee wave increased the diapycnal diffusive nitrate 
across the base of the euphotic layer.

The vertical transect of Chl-​a exhibited characteristics that were 
typical for the oligotrophic ocean, featuring an extremely low Chl-​a 
concentration at the surface and a subsurface Chl-​a maximum (SCM) 
(Fig. 2C and Fig. 3, E to H) (41). The depth of the SCM (DCM) 

Fig. 2. Sectional distribution of the hydrographic, kinetic, and biochemical parameters of the parallel section in the upper 300 m. (A) Potential temperature θ (°C), 
(B) NO3

− (μmol L−1), (C) Chl-​a (mg m−3), (D) particle concentration (ind L−1), (E) turbulent kinetic energy dissipation rate ε (W kg−1), (F) diapycnal diffusivity Kρ (m2 s−1), 
(G) vertical shear square S2 (s−2), and (H) NO3

− flux Fdiff (mmol m−2 d−1). In each panel, the observation stations are represented by inverted triangles at the top, and the 
shades of black indicate the summit of the seamount. In (B) to (H), the nitracline is represented by the blue dashed lines. The vertical shear square S2 was calculated as 

S2 =

(

�u

�z

)2

+

(

�v

�z

)2

 . At the top of the image, the labels “Reference,” “Upstream,” and “Downstream” indicate the reference station, the upstream side, and the downstream 

side of the seamount, respectively. In each panel, the black rhomboids represent the depth of the euphotic layer (Zeu). The Zeu is not displayed for stations for which pho-
tosynthetically active radiation (PAR) data are unavailable.
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downstream reflected shoaling consistent with the shoaling of the 
nitracline (Fig. 2, B and C). Both the depth-integrated Chl-​a (t test, 
P < 0.05) and the mean particle concentration (t test, P < 0.01) above 
the depth of the euphotic layer (Zeu) increased significantly relative 
to that of upstream (fig. S3). Although increased production has 
also been observed on other seamounts (23–25, 42–44), the highlight 

of this study lies in quantitatively assessing the nutrient supply in-
tensity based on nitrate reservoirs and diffusion fluxes. The tight 
correlation between the DCM and the nitracline (r = 0.73, P < 0.01), 
as well as the proximity of the lower boundary of the SCM layer to 
the nitracline (Fig. 2, B and C), also suggests a spatial coupling 
between the nutrient supply from the subsurface and the primary 

Fig. 3. Temporal variations of the PAR intensity (μmol photons m−2 s−1), Chl-​a (mg m−3), the copepod zooplankton biovolume (×102mm3 m−3), and the esti-
mated POC flux (mg C m−2d−1). (A to D) The panels in the first row respectively represent the diurnal variations in PAR at the upstream slope A4 (A), the summit O (B), 
the downstream slope A3 (C), and the downstream bottom A2 (D). (E to H) The diurnal variations of Chl-​a at stations A4 (E), O (F), A3 (G), and A2 (H). (I to L) The diurnal 
variations of the POC flux at the four time-series stations. (M to P) The diurnal variations of copepod biovolume at the four time-series stations. The figure exhibits four 
horizontal bars positioned at the top, signifying the diurnal variations. In (A) to (H), the dotted black lines correspond to the observation time, and the pink dashed lines 
indicate the Zeu. In (I) to (P), the gray and red symbols represent the observation results in 5-m bins, while the black (red) solid lines represent the five-point running aver-
age during nighttime (daytime). The shaded area in (I) to (P) represents the difference between daytime and nighttime, with red indicating higher values during daytime 
compared to nighttime, and gray indicating the opposite, where nighttime values are higher than daytime values. In addition, in each panel, the time refers to the local 
time (UTC +08:00).
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productivity above the Zeu. All the above features and correlations 
indicate that seamounts enhance the availability of nutrients down-
stream to increase the phytoplankton biomass and production.

Enhanced zooplankton migration and feeding 
on phytoplankton
This work found that the intense dynamic physical processes down-
stream stimulated not only the primary production but also the zoo-
plankton feeding on phytoplankton. First, except for the summit, 
the SCM was at the lowest level of the day around dawn for all four 
time-series stations (Fig. 3, E to H). This phenomenon implied noc-
turnal feeding by zooplankton. In addition, the diurnal variability in 
the depth-integrated Chl-​a above the Zeu (A2: 10.46 ± 4.16 mg m−2; 
A3: 10.03 ± 2.40 mg m−2) and the SCM (A2: 0.45 ± 0.15 mg m−3; 
A3: 0.41 ± 0.08 mg m−3) were more pronounced downstream rela-
tive to that upstream (depth-integrated Chl-​a: 7.88 ± 1.40 mg m−2; 
SCM: 0.36 ± 0.06 mg m−3) (fig. S3). The particle concentrations also 
showed similar diurnal variations (fig. S4). It was highly likely that 
these differences in diurnal variations were caused by the variances 
in feeding intensity.

The Underwater Version Profiler 5 (UVP)–obtained particle im-
ages were processed using automated identification and manual 
verification methods to obtain the quantity and size information for 
copepods zooplankton (see Materials and Methods). Subsequently, 
the abundance and biovolume of copepods were calculated (Fig. 3, I 
to L, and figs. S4 and S5). The diurnal vertical migration (DVM) 
behavior enabled migrating zooplankton to feed on the phytoplankton 
of the euphotic zone. During the nighttime, the copepod biovolume 
above 200 m was higher relative to that during the daytime (Fig. 3 
and fig. S4). Such a temporal pattern explained the low Chl-​a around 
dawn. These nocturnal feeding patterns allowed the growth and re-
accumulation of phytoplankton during the daytime. In addition, the 
copepod biovolume was notably higher downstream, resulting in 
more intense DVM behavior being observed at the downstream sta-
tions as the daytime and nighttime profiles were separately integrated 
(Fig. 3). The biovolume involved in diurnal migration was estimated 
on the basis of the difference of zooplankton biovolume in the upper 
water column. The estimated migrating zooplankton biovolume on 
the downstream side was 1.5 (A2, 2.14 cm3 m−2) and 2.0 (A3, 2.82 cm3 
m−2) times greater than that on the upstream side (A4, 1.39 cm3 m−2), 
respectively, constituting 67.3% (A2) and 70.3% (A3) of the total 
biovolume during the nighttime. In comparison, only 52.5% of zoo-
plankton on the upstream side exhibited diurnal migration. Spatial 
variations in diurnal zooplankton migration were also supported by 
evidence from the acoustic backscatter intensity of 300 kHz LADCP 
(the size range of scatters >1 mm was consistent with the size range 
of copepods identified using UVP; fig. S6) for the upper 600-m water 
column. Under the circumstance of an abundant nutrient supply to 
the euphotic layer downstream of the seamount, the interplay of the 
diurnal cycle between zooplankton and phytoplankton creates a fac-
tory that efficiently reproduces and consumes solar energy–based 
organics.

Active transport loop facilitates efficient organic 
matter export
In addition to satisfying their own nutritional needs, zooplankton 
can transport organic matter to the depth during diurnal migration 
and excrete in the depth in a process known as the active export flux, 
which can enhance the efficiency of the biological carbon pump (45, 

46). The estimated flux of particulate organic carbon (POC) calcu-
lated using the carbon-based particle size approach in the epipelagic 
and mesopelagic layers exhibited diurnal variations and downstream 
enhancement similar to those of copepods (Fig. 3, I to P). The average 
POC flux above 200 m downstream during the daytime decreased 
by 6.9 mg C m−2 d−1 (A2) and 7.2 mg C m−2 d−1(A3) compared to 
nighttime, which were values 2.9 and 3.0 times greater, respectively, 
than those of the upstream (A5: 2.4 mg C m−2 d−1). In contrast, the 
average POC flux in the 400- to 600-m water column during the 
daytime exhibited increases of 3.0 mg C m−2 d−1(A2) and 2.6 mg C 
m−2 d−1(A3), which were 2.3 and 2.0 times higher than that of up-
stream station (A5: 1.3 mg C m−2 d−1), respectively. The almost 
identical diurnal variations of POC flux and copepod biovolume in-
dicate that the feeding and delivery effects of migrators dominate the 
diurnal variations of the POC flux.

Observing the active export flux poses substantial challenges. With 
the assumption that the passive POC sinking flux driven by gravity 
was consistent, this study evaluated the active POC flux derived from 
the migrating zooplankton based on the integral of the day-night 
POC flux difference between 400 and 600 m (Fig. 3, M to P), which 
could be ingested at the epipelagic layer and carried downward to 
the mesopelagic layer to be excreted in the form of fecal pellets by 
migrants (47, 48). It was estimated that active transport contributed 
an additional 24% (A2) and 20% (A3) of the fresh POC flux on the 
downstream side. The time-series observations offered valuable direct 
evidence regarding the DVM of zooplankton and the crucial role 
of particle delivery, illustrating the feeding process in the epipelagic 
layers and excretion in the mesopelagic layers. These findings suggest 
that under the delivery effect of migrators, more POC accumulates 
in the mesopelagic zone on the downstream side rather than being 
retained inside the euphotic zone as it is upstream. The active POC 
flux bypassing the microbial degradation and intense remineraliza-
tion processes could be much fresher than the negative POC flux, 
which exhibits a slow sinking rate and high degradation degree (46, 49).

The augmentation of the surface net primary production typically 
contributes to the intensified export of organic carbon to the deep 
ocean (50), in which the active export facilitated by the DVM of 
zooplankton plays a pivotal role. Recent reports also suggest a high-
er proportion of active flux in the high-productivity regions of the 
tropical and subtropical Atlantic oceans (45). Despite persistent 
skepticism regarding whether the transiently enhanced primary pro-
duction can be transferred to higher trophic levels in seamount eco-
systems (51, 52), the present investigation has unveiled that the synergy 
between the seamount-induced enhancement of primary production 
and the intense DVM of zooplankton can constitute an efficient ac-
tive transport loop. The pivotal propulsion driving this active trans-
port loop arises from the migrating zooplankton, while the enhanced 
primary production serves as the principal cargo (Fig. 4). Through 
the combined effects of a continuous supply of primary production 
and regular diel vertical migration in seamounts, this loop perpetually 
and rhythmically transports a substantial amount of organic matter 
into the deep ecosystems. Compared to the oligotrophic SCS basin 
where the Xianbei seamount is located, the POC flux at 500-m depth 
in the seamount region is approximately 2.6 times higher than that 
of the basin (Fig. 5c and fig. S7). Moreover, the observations in the 
present study also indicated that the active transport loop driven by 
lee waves and DVM exhibited spatial asymmetry, specifically in terms 
of the different responses between the upstream and downstream 
sides of the seamount (Fig. 4).
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Seamounts create stereoscopic oases in the 
oligotrophic ocean
Satellite Chl-​a observations showed that approximately 45% of sea-
mounts with summits shallower than 100 m and 23% of seamounts 
shallower than 500 m in the western Pacific Ocean exhibited long-
term, significant Chl-​a enhancement (12). For the oligotrophic ocean, 
the productivity-enhanced seamount areas, similar to islands (53, 54), 
scatter surface ecological oases across a two-dimensional perspective. 
The observations in the present study reveal that the enhanced pri-
mary production in the euphotic zone serves as the initial segment 
(organic pool) of the active transport loop, which is performed by 
zooplankton collecting nutrition from the epipelagic layers during 
the nighttime and transporting nutrition downward to nourish the 
twilight ecosystems during the daytime. This creates a fixed hotspot 
delivering food supported by solar energy to deep ecosystems, po-
tentially aggregating predators in the mesopelagic zone and benthic 
organisms in the bathypelagic system (7, 9). Under the continuous 
action of the active transport loop at a fixed location, the surface 
oases extend spatially from the euphotic zone downward into the 
mesopelagic-benthic zone via the daily traffic channel of zooplankton, 
thus creating three-dimensional stereoscopic ecological oases for the 
upper 600 m on the vertical scale and more than 30 km on the hori-
zontal scale.

To more intuitively assess the high POC flux, we provided a com-
parative example between a typical oligotrophic region, the NPSG 
region (North Pacific Subtropical Gyre), and the Xianbei seamount. 
The NPSG region is one of the typical oligotrophic regions with a 
high seamount density, and, according to statistics, the NPSG region 
harbors 2910 seamounts. Among these, 211 seamounts have summit 
depths equivalent to or shallower than the Xianbei seamount in the 

present study (Fig. 5). As a shallow seamount, the Xianbei seamount 
exhibited a POC flux at 500-m depth over 2.8 to 5.1 times higher 
than that of the NPSG region (Fig. 5C). Assuming that shallow sea-
mounts can generate POC flux similar to that of the Xianbei seamount, 
it was estimated that a mere 0.74% of the area (see Materials and 
Methods) occupied by shallow seamounts might contribute up to 
2.1 to 3.8% of the total POC flux in the NPSG region. Their locally 
sustained and intense organic matter export could provide the food 
supply necessary for seamounts to function as important ecological 
oases within the oligotrophic ocean. Recent field observations have 
also revealed that obvious seamount effects exist in some deep-sea 
seamounts (55), prompting further exploration into these potentially 
overlooked ecological hotspots within the vast deep ocean.

In oligotrophic oceans, processes such as eddies can trigger nutrient 
replenishment and enhanced primary production (56, 57). However, 
eddies are less likely to form oases due to their mobility and short 
lifespan (58). Islands, as another type of oasis, can also substantially in-
crease the phytoplankton biomass and marine food resources through 
numerous similar physical processes shared with seamounts (53). 
However, a notable distinction between seamounts and islands lies 
in the fact that islands protrude above the sea surface, whereas sea-
mounts remain submerged. This distinction potentially results in 
differences in the nearshore ecosystems around islands and seamounts. 
For example, the exposed land on islands provides more suitable 
habitats for seabirds, and seabird guano can subsidize nutrients for 
nearshore biological communities (59). The stereoscopic ecological 
oases formed by seamounts and islands provide irreplaceable eco-
logical connectivity (60), fisheries resources (5, 10), and marine 
migration corridors (61) in oligotrophic oceans. The findings of the 
present study on seamounts can also offer crucial reference value for 

Fig. 4. Schematic illustrations of an efficient active transport loop for organic carbon. The interaction between the flow and the steep topography of the seamount 
leads to the formation of a lee wave (indicated by the blue line), which is typically characterized by thermocline/nitracline jumps on the downstream side of the seamount. 
The turbulent mixing (indicated by black dotted lines) is intensified on the downstream side, primarily due to the breaking of the lee wave, which in turn enhances the 
pulsed injection of nutrients into the euphotic layer. Compared with the reference stations and the upstream side, the increased nutrient injection contributes to the 
growth of phytoplankton and the accumulation of POC on the downstream side. Furthermore, the diel vertical migration on the downstream side is more intense, leading 
to pronounced feeding and transport effects on POC. These processes collectively form the efficient active transport loop associated with seamounts. Consequently, the 
enhanced primary production downstream can be actively exported to the twilight zone by the DVM in a diurnal cycle, which will supply more and fresher food sources 
for the mesopelagic and benthic biotic community.

D
ow

nloaded from
 https://w

w
w

.science.org on Septem
ber 10, 2024



Wang et al., Sci. Adv. 10, eadk6833 (2024)     26 June 2024

S c i e n c e  A d v a n c e s  |  R e s e ar  c h  A r t i c l e

7 of 10

exploring the more complex mechanisms driving the formation of 
island oases.

MATERIALS AND METHODS
Study area characteristics and observation scheme
Xianbei seamount is located in the central SCS basin, surrounded by 
a flat ocean floor with a depth of about 4000 m. The seamount is an 
isolated and steep shallow seamount with a summit elevation of 208 m, 
and the average bottom topography slope is greater than 15°, as 
shown in fig. S8. The transverse section of the seamount is roughly 
elliptical, with a long axis of about 60 km and a short axis of 40 km. 
Field observations were conducted onboard the R/V ShenKuo from 
14 to 24 September 2021, and a section parallel to the flow direction 
was designed to conduct comprehensive field observations (Fig. 1). 
This section could be divided into upstream and downstream sides 

according to the current direction and the position of the summit. 
Four time-series stations were set longitudinally from upstream to 
downstream. The four time-series stations stretched about 25 hours 
with an interval of 4 hours, located at the upstream slope (A4), summit 
(O), downstream slope (A3), and downstream bottom (A2) (Fig. 1). 
A station (A6) farther upstream was considered as the reference station 
outside the seamount.

The temperature, salinity, depth, fluorescence, and nitrate were 
measured using a Seabird 911 plus CTD sensor (frequency, 24 Hz) 
equipped with a fluorometer and Seabird Deep-Suna (1 Hz). The 
photosynthetically active radiation (PAR) was measured with a PAR 
sensor. The current and particle size spectrum were derived from an 
RDI 300 kHz LADCP and UVP5 (maximum frequency, 20 Hz), re-
spectively. These instruments were mounted to the CTD rosette and 
deployed synchronously at a lowering speed of ~0.35 m s−1. The ther-
mocline depth was defined as the depth of the 22°C isotherm. The 

Fig. 5. Distribution of seamounts and summit elevation distribution in the NPSG. (A) Spatial distribution of the seamounts in the NPSG region. The background color 
represents the surface nitrate concentration from the World Ocean Atlas 2018, and the solid black line indicates the range of NPSG based on the surface Chl-​a concentra-
tion <0.1 mg m−3 (2). Black dots represent all seamounts in the NPSG region, and pink dots represent seamounts with summit depths shallower than 208 m. (B) The number 
and proportion of seamounts with different summit depths in the NPSG region. Red bars represent the number of seamounts at different depths, while blue bars represent the 
total area of different seamounts. The number of seamounts with summit depths shallower than 208 m accounts for 7.2% of the seamount count in this region, covering only 
0.74% of the NPSG area. (C) Comparison of the POC flux at 500-m depth between the Xianbei seamount (SM), the South China Sea (SCS) basin, and the NPSG region. Here, the 
POC fluxes in the NPSG region were obtained on the basis of available UVP data (labeled as “a”) (73) and aggregated direct observations by sediment traps (labeled as “b”) (74, 
75). The POC flux in the SCS basin was 5.39 ± 1.20 mg C m−2 d–1, which is also observed by the sediment trap at 500-m depth (fig. S7). The shallow seamount exhibits a POC flux 
2.8 to 5.1 times (due to different observation instruments) higher than that of the NPSG region, and all shallow seamounts might contribute up to 2.1 to 3.8% of the total POC 
flux in the NPSG region. The statistics on seamount distribution, quantification, and area are based on the publicly available global seamount database (71).
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nitracline depth was derived as the depth of the isoline of 0.5 μmol 
kg−1, and the depth with 1% of the surface PAR was defined as the 
depth of the euphotic layer (Zeu).

Turbulent mixing and diffusive nitrate flux
The Thorpe-scale method was used to evaluate the strength of the 
mixing with reference to the mature data processing procedure (62). 
Before applying the Thorpe-scale method for calculation, the original 
CTD data underwent preprocessing through a standardized proce-
dure. This involved using Seabird processing software to perform tasks 
such as minimizing thermal lag, removing salinity spiking, identifying 
occasionally reversed signs, eliminating extremely abnormal data 
points, and averaging at regular depth intervals. The Thorpe scale LT 
is a measure of the vertical length scale of density overturns gener-
ated by turbulence in a stratified water column for a potential den-
sity profile. The LT is calculated as

where the d’ is the Thorpe displacement representing the vertical 
distance from the current depth of a water parcel after turbulent 
overturning (df) to the original depth where the same water parcel 
should be in a stable stratified water column (di) (63).

The turbulence dissipation rate ε can be estimated on the basis of 
the Thorpe scale and the stratification as follows

where a = 0.8 is a constant of proportionality (64) and N is the 
buoyancy frequency, calculated as N2 =

g

ρ
×

�ρ

�z
 , where g is the gravity 

and ρ0 is the constant reference density. Then, the diapycnal diffu-
sivity Kρ can be calculated as follows

where Γ is the mixing efficiency and is typically taken to be 0.2 (65). 
Last, according to Fick’s law, the vertical nitrate gradient �c

�z
 and the 

diapycnal diffusivity Kρ were multiplied to estimate the vertical tur-
bulent nitrate flux Fdiff. The equation is as follows

where the �c
�z

 is positive downward and the Fdiff is positive upward.

Copepod zooplankton abundance and biovolume
The UVP5 HD allows for the in  situ quantifications of all objects 
>100 μm, including both nonliving particles and living organisms 
(i.e., zooplankton), with high vertical resolution (66). The size and 
gray level of every object larger than 100 μm were recorded, but only 
objects larger than 600 μm were stored as images in the instrument 
for subsequent analysis. The recorded volume of each image was 
1.02 liter, and the conversion equation from pixel area to size was 
Sm = 0.003S1.3348

p
 , where the Sp was the particle area in pixels and Sm 

was in mm2. After the instrument was retrieved, all images >600 μm 
were extracted using the ImageJ-based ZooProcess macro set and 
uploaded to Exotaxa website (http://www.ecotaxa.cn/) for the auto-
mated classification, and the classifications were validated by ex-
perts. Thus, the size information was obtained for each particle and 

each copepod zooplankton, and the volume of each object was cal-
culated on the basis of the equivalent sphere diameter d as follows

Last, by summing the quantities and volumes of particles and cope-
pod zooplankton based on observed water column volumes, this 
work derived the concentrations of particles and the abundance and 
biovolume of copepod zooplankton. The abundance and biovolume 
of the copepod zooplankton were both binned into 5-m intervals for 
further analysis.

POC flux estimation based on UVP particle size spectrum
The POC flux was estimated on the basis of the carbon-based particle 
size approach (67–69). The distribution of particle size follows a power 
law in particle size ranging from micrometers to millimeters (70). The 
POC flux corresponded to the flux spectrum integrated over all par-
ticles from the smallest particle size (dmin) to the largest size (dmax) 
as follows:

where n(d) is the particle size spectrum (67).
In the actual calculation process, the POC flux was integrated using 

Eq. 6. Both mass m(d) and settling rate w(d) are functions of the par-
ticle diameter d, and the product of m(d) and w(d) can be expressed as 
a power law function of d, namely m(d) × w(d) = AdB. Therefore, Eq. 6 
can be transformed into:

where A = 12.5 ± 3.40 mg m1 – B d−1, and B = 3.81 ± 0.70. Parame-
ters A and B were derived using the minimization procedure to find 
the best fit between the two fluxes estimated on the basis of sediment 
traps widely distributed around the global ocean and derived on the 
basis of the UVP particle size distribution, respectively (67). The POC 
flux estimated on the basis of the particle size spectrum was also 
binned into 5-m intervals. For the time-series stations, the estimated 
POC fluxes during daytime and nighttime were averaged with the 
observation results from 08:00 to 17:00 and 20:00 to 05:00 (local time), 
respectively, and each period contained at least two profile observa-
tions. It was estimated that the proportion of living zooplankton to 
the total particle volume was less than 10% (fig. S9), indicating that 
the living zooplankton did not substantially affect the overall trend 
of passive export. Nevertheless, to ensure a more precise evaluation 
of the passive flux, this study relied on nighttime POC flux profiles. 
Simultaneously, the variance between daytime and nighttime POC 
fluxes within the 400- to 600-m water columns was leveraged to 
quantify the intensity of active transport.

Global seamount dataset
The global seamount data used in this study were obtained from the 
second version of the seamount dataset (71). This dataset was compiled 
on the basis of version 11 of the Shuttle Rodar Topography Mission 
“SRTM30 plus” global bathymetry, encompassing information on 
the locations, area, height, and elevation of 37,889 seamounts world-
wide. There are 211 seamounts located in the NPSG region with 

LT =

√

d
�2 (1)

ε = a ⋅ LT
2
⋅ N3 (2)

Kρ = Γ ⋅

ε

N2 (3)

Fdiff = − Kρ ×
�c

�z
(4)

V =
4

3
π ×

(

d

2

)3

(5)

POC flux = ∫
dmax

dmin

n(d) ⋅m(d) ⋅ ω(d) ⋅ dd (6)

POC flux =

∑x

i=1
ni Ad

B

i
⋅ di (7)
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summit depths shallower than that of the Xianbei seamount. On the 
basis of the area data from the global seamount dataset, the total 
area of these seamounts was calculated, accounting for 0.74% of the 
total area of the NPSG region (2.91 × 107 km2) (2). In addition, on 
the basis of the location information within this dataset, seamounts 
with an average surface Chl-​a concentration below 0.1 mg m−3 were 
classified as oligotrophic seamount regions (fig. S10).

Supplementary Materials
This PDF file includes:
Figs. S1 to S10
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