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Nutrient cycling in anoxic seawaters is essential to marine ecosystem health and

sustainability, yet it remains poorly understood. In this work, we analyzed

dissolved inorganic nutrients as well as hydrochemical parameters in the

Yongle Blue Hole (YBH) of the South China Sea in October 2019, which is the

world’s deepest blue hole and is characterized by anoxia below the depth of

100 m. Nutrient data collected in two sampling campaigns in 2017 were also

incorporated to examine the seasonal and vertical variations of nutrient cycling

across steep redox gradients in the YBH. In response to the changes in redox

conditions in different seasons, nutrients in the YBH showed significant seasonal

variations. The nitrate maximum rose from a depth of 90 m in March 2017 to 60-

80 m in October 2019, while the primary nitrite maximum concentration

decreased from 0.5 mmol/L to 0.1 mmol/L. In October 2019, the nitrite

decreased to below the detection limit at about 100 m, while in March 2017, it

was 140 m. The regeneration of phosphate and silicate both started from around

40 m in October 2019 and from 80 m in March 2017. Silicate shows non-

conservative adding behaviors relative to phosphate and DIN, and phosphate

shows a similar but weaker adding behavior relative to DIN. The nutrient ratios

also varied seasonally, especially for N/P, which fluctuated greatly on the surface

at 80 m, while Si/N and Si/P fluctuated above 50 m. At the oxic-anoxic interface,

extreme values of nutrient ratios were observed, and below 150 m, the N/P, Si/N,

and Si/P were kept constant at about 17, 1.5, and 26, respectively. Seasonal and

vertical variations of nutrient concentrations and ratios in the YBH reflect the

impact of redox conditions on nutrient cycling in anoxic seawaters, especially

during the transition from oxic to anoxic zone. And the high-resolution

distributions of nutrients and hydrochemical parameters are helpful to better

understand the nutrient cycling processes in highly dynamic coastal

environments that are suffering deoxygenation.
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Introduction

Nutrients are the basis of primary production in the ocean, and

their concentrations, structures, and distributions in seawater are

directly related to biogeochemical processes in marine ecosystems

(Doney et al., 2012; Hutchins and Capone, 2022). For example,

nutrients can be utilized by different types of algae in water

columns, and the microbial decomposition of organic matter

produced by these algae may promote the regeneration of

nutrients (Falkowski and Woodhead, 2013). During these

processes, nutrients, especially nitrogen-containing nutrients,

undergo complex transformations of forms in concert with the

changes in reduction-oxidation (redox) conditions, because

different nitrogen cycling processes have different oxygen

requirements (Gruber, 2008). As a result, the redox conditions of

water columns can be deduced to a certain extent from the

concentrations and distributions of nutrients. Investigating the

regeneration and transformation of nutrients during redox

transitions is important to better understand the controls on

nutrient biogeochemistry in seawaters, especially under the

context of global oceanic deoxygenation.

There are many typical low-oxygen or anoxic marine

environments in the world, of which marine blue holes are unique

geomorphological features of modern reef systems that are

characterized by steep redox and biogeochemical gradients, which

can provide valuable information regarding karst processes, marine

ecology, climate change, and paleoclimate (Bishop et al., 2015; Xie

et al., 2019; Yao et al., 2020). The Sansha Yongle Blue Hole (YBH) in

the South China Sea (SCS) is the deepest known marine blue hole in

the world (Bi et al., 2018). It has a depth of 300 m, and the water

column below 100 m is in a hypoxic or anoxic state, making it an

excellent natural laboratory for studying the biogeochemical

processes of nutrients during oxic-anoxic transitions (Yao et al.,

2018). A few nutrient cycling studies have been carried out in the

YBH previously. For example, Yao et al. (2018) collected water

samples from the YBH in March 2017, analyzed dissolved

inorganic nutrients in those samples, and studied the controls on

vertical distributions of nutrients in the YBH. They found that in

March 2017, the YBH water column was characterized by well-

defined physical and chemical gradients with sharp transitions

occurring at 80 m depth, and the water column changed from oxic

to anoxic at 100 m depth. Nitrate and nitrite varied dramatically in

the oxic layer, and ammonium accumulated in the anoxic layer (Yao

et al., 2018). On the contrary, phosphate, and silicate started to

accumulate after a sharp decrease of dissolved oxygen (DO) at 80 m

depth. All nutrients showed relatively constant distributions below

160 m depth. Two months later, Xie et al. (2019) also collected

samples from the YBH and analyzed nutrients and other

hydrochemical properties. Similarly, the water column was divided

into three layers: an oxic layer in the top 70 m, a chemocline at 70-100

m, and an anoxic layer below 100 m in May 2017. They found that in

the oxic layer, organic matter (OM) degradation and nitrification led

to the accumulation of nitrate, but within the chemocline, nitrate was

depleted by the denitrification process. Within the deep anoxic layer,
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sulfate reduction and OM degradation resulted in accumulations of

ammonium, phosphate, and silicate (Xie et al., 2019). These two

studies provide preliminary knowledge about nutrient cycling and

processes in the YBH. However, seasonal variations of nutrient

cycling in the YBH remain poorly understood. As a semienclosed

environment, the intensity of water exchange of the YBH, especially

in the upper oxic layer can be influenced by tides, winds, and seasonal

variations of temperature and salinity. As a result, the distributions of

DO in the water column may vary among seasons, affecting the

microbial composition and redox reactions and thus nutrient

cycling processes.

In this study, we analyzed dissolved inorganic nutrients, including

nitrate (NO3
-), nitrite (NO2

-) and ammonium (NH4
+), phosphate

(PO4
3-), and silicate (SiO3

2-), as well as hydrochemical properties,

such as temperature, salinity, DO, sulfide and chlorophyll a (Chl a) in

water samples collected in October 2019 in the YBH. Compared with

previous work, this is the first report of such data in the autumn

season. The overarching objective of this work is to build on previous

studies and illuminate the seasonal and vertical variations of nutrient

concentrations, distributions, and structural characteristics during

oxic-anoxic transitions in the YBH, and to better understand the

impacts of the changing redox conditions on the biogeochemical

processes of nutrients in deoxygenated seawaters.
Materials and methods

Study area and sample collection

The YBH is located on the Yongle Atoll of the western Paracel

Islands (Xisha Qundao) in the SCS (111.768° N, 16.525° E)

(Figure 1). It is shaped like a ballerina’s shoe, with a bottom that

deviates 118 m laterally from the entrance, and the twisted structure

is located between 90 and 158 meters (Figure 1) (Li et al., 2018). The

sidewall of the YBH is composed of a modern coral reef above ca.

17 m, and hard limestone below that depth (Yao et al., 2020). Since

the YBH is located far offshore, meteoric freshwater inputs are

relatively minimal, resulting in a salinity profile not characterized

by a surface freshwater lens (Bi et al., 2018), unlike many other blue

hole systems located closer to shore (Schwabe and Herbert, 2004;

Gischler et al., 2008; van Hengstum et al., 2011; Bishop et al., 2015)

(Figure 1). The YBH water column stratification existed mostly

within the depth range of 80 to 100 m, as reflected in well-defined

physical/chemical and microbial gradients, resulting in metabolic

pathways rapidly changing from oxic in the upper 100 m depth to

anoxic, sulfidic, and methanogenic below that depth (Bi et al., 2018;

Xie et al., 2019; Yao et al., 2020).

Samples were collected on October 24-25, 2019. Since the water

around the YBH is very shallow, the research vessel (Qiongqionghai

03138) had to be anchored in the lagoon of the Yongle Atoll, ca.

1.7 km from the YBH. All investigators and materials were

transported to a floating platform built in the center of the YBH

during the spring tide period. During the survey, a buoyancy

platform was set up on the surface of YBH, a winch was placed,
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and Niskin samplers were mounted for water sampling. The

sampling depth reached 190 m.
Hydrochemical parameters

Water samples were collected using Niskin bottles mounted on a

stainless-steel wire, which is marked every five meters before the cruise,

and deployed from a winch mounted on the platform. Twenty-nine

samples were collected to a depth of 190 m at intervals of 5 m (50-

190 m) or 10 m (surface-50 m). After recovery, DO and sulfide were

sampled first from the Niskin bottles to the sample bottles. For DO,

100-mL glass stoppered bottles, which volumes were pre-determined,

were carefully filled brim-full after overflowing the bottle with two

times of the bottle volume of water. Reagents (1mL 2mol/L MnCl2 and

1mL 1mol/L NaOH/KI) were added to fix the oxygen, following the

standard procedures described by Grasshoff et al. (2007). After DO

sampling, samples for sulfide analysis were collected in 25 mL

colorimetric tubes and the procedural reagents (a mixture of N, N-

dimethyl-p-phenylenediamine sulfate and ferric reagents) were added

immediately (Cline, 1969). Duplicate samples were collected for both

DO and TH2S. DO was measured on-site using the conventional

Winkler titration method (Grasshoff et al., 2007) with a digital bottle-

top burette (Titrette, BrandTech Scientific Inc., USA). The detection

limit of current DOmeasurement is about 1 mmol/L (Thamdrup et al.,

2012; Ulloa et al., 2012). Sulfide was also determined on-site using a

spectrophotometer at 670 nm after color development, and all

necessary dilutions were made in volumetric glassware before

determination (Cline, 1969). The detection limit of this measurement

is about 1 mmol/L (Cline, 1969). Since this method measures the

concentration of total sulfide species (H2S, HS
-, and S2

-) in seawaters,

the result is expressed as total H2S (TH2S) hereafter. Average data were

reported for DO and TH2S from duplicate samples.
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Dissolved inorganic nutrients

After water sampling, the samples were brought back to the

supply vessel moored near the YBH. The samples were filtered

through pre-soaked and washed acetic acid fiber membranes (pore

size 0.45 mmol/L, diameter 47 mm) in the laboratory on board. The

filtrates were frozen at -20°C for dissolved inorganic nutrient

analysis (Murphy and Riley, 1962; Catalano, 1987). Nutrients

were detected by standard colorimetric method on AA3

continuous flow analyzer (Seal Analytical Ltd., UK). The

detection limits of NO3
-, NO2

-, NH4
+, PO4

3- and SiO3
2- are 0.02,

0.01, 0.04, 0.02, and 0.01 mmol/L, respectively, and the analytical

uncertainties of multiple replicates are less than 5-10%.
Statistical analyses

Correlation between parameters was analyzed by IBM SPSS

software (V22) (two-tailed test), and statistical differences between

the two groups were tested by one-way variance analysis (ANOVA).

Regression analysis and Principal Component Analysis (PCA) between

parameters were performed by Originpro 2022 software (OriginLab).
Results

Hydrochemical characteristics

During the investigation in October 2019, sharp transitions in

salinity, temperature, and DO occurred at about 50 m depth, and

most physicochemical parameters in the YBH remained relatively

uniform below the depth of 140 m (Figure 2). Below 100 m depth,

the YBH is characterized by both anoxic and sulfidic conditions.
FIGURE 1

Location and vertical geometry of the Yongle Blue Hole. (A) Location of the Paracel Islands in the South China Sea; (B) Aero view of the Yongle Atoll;
(C, D) Aero views of the Yongle Blue Hole from different altitudes and depression angles; (E) Vertical profile of the Yongle Blue Hole. (E) is modified
from Li et al., 2018; Yao et al., 2020.
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The water temperature was roughly unchanged on the surface at

50 m but decreased sharply from 50 m to 60 m. After gradually

decreasing from 60 m to 115 m, the temperature was kept at 17.6°C

to 130 m, then gradually decreasing to 15.7°C at 145 m (Figure 2A).

The salinity resembles the vertical distribution pattern of

temperature with depth, but in a reverse way (Figure 2B). At the

surface of 50 m, the salinity was kept at about 33.7, and below 140 m

depth, the salinity was kept at about 34.6 (Figure 2B). The

subsurface Chl a maximum was found at the depth of 30 m with

the highest value of 1.2 mg/L and the secondary peak of Chl a (0.23

mg/L) appeared near 95 m (Figure 2C). The peak value of Chl a at

95 m is likely caused by the enrichment of cyanobacteria under

anoxic conditions (He et al., 2020). The same phenomenon has

been observed in the underwater anoxic layer of Rot Lake in

Switzerland (Brand et al., 2016). The increase of Chl a

concentration and its good correlation with turbidity in water

below 130 m in the YBH (Bi et al., 2018) are attributed to the

strong scattering of Chl a light source signal caused by high

turbidity under the condition of extremely low Chl a

concentration, leading to high Chl a fluorescence measurement

value (YSI Environmental, 2006; Wang et al., 2007). The surface DO

was highest and decreased sharply from 0 m (192.0 mmol/L) to 10 m

depth (121.5 mmol/L), and kept at 113.8 mmol/L to 40 m depth

before further decreasing (Figure 2D). With the disappearance of

DO at about 100 m depth, the hydrogeochemistry of the water

column in the YBH dramatically changed from oxic to strongly

reductive conditions as reflected by an increase of TH2S

(Figures 2D, E). The TH2S increased gradually from 110 m to
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120m and then kept constant at 130 m, corresponding to the change

of temperature at the same layer (Figures 2A, E). After that, the

TH2S increased sharply from 20.5 mmol/L to 249.4 mmol/L at 150 m

depth and kept constant again below that depth (Figure 2E).
Concentration and distribution
characteristics of nutrients

The nitrate concentration was very low on the surface at 40 m

but increased rapidly from near 0 at 40 m to about 11 mmol/L at

60 m. From 60 m to 80 m, there has been little change in the nitrate,

but from 80 m to 95 m, the nitrated decreased to near 0 (Figure 3A).

The nitrite concentration was two orders of magnitude lower than

the nitrate. There were two peaks of nitrite concentration at 50 m

(0.12 mmol/L) and 90 m (0.16 mmol/L), respectively. The nitrite

decreased to near 0 below 100 m (Figure 3B). In contrast with

nitrate and nitrite, the ammonium concentration was low in the

upper 90 meters of the water column, and rapidly increased below

95 m, with the trend slowing down between 110 m and 130 m,

where the average concentration was 21.9 ± 2.1 mmol/L; it then

increased to 83.8 mmol/L at 160 m but did not increase further,

remaining at around 85 ± 2 mmol/L (Figure 3C). Therefore, the

distribution of dissolved inorganic nitrogen (DIN, the sum of the

concentrations of nitrate, nitrite, and ammonium) was dominated

by nitrate and nitrite in the upper 100 m and by ammonium below

100 m. The phosphate and silicate had similar distribution patterns

to ammonium. Like the nitrate, both phosphate and silicate
B C D EA

FIGURE 2

Vertical profiles of hydrochemical parameters in the Yongle Blue Hole. (A) Temperature, (B) Salinity, (C) Chl a, (D) DO, and (E) TH2S.
B C D EA

FIGURE 3

Vertical profiles of nutrients in the Yongle Blue Hole. (A) nitrate, (B) nitrite, (C) ammonium, (D) phosphate, and (E) silicate.
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concentrations were very low on the surface at 40 m, and started to

increase below that depth (Figure 3). Unlike the silicate, the

phosphate concentration was kept relatively constant between 60-

105 m (Figures 3D, E). Both phosphate and silicate concentrations

did not increase below 160 m, remaining at around 5 mmol/L and

130 mmol/L, respectively.
Discussion

Seasonal variations of hydrochemical
characteristics and nutrient
distributions in the YBH

Synthetic analysis of the hydrochemical and nutrient

characteristics of the YBH water column in March and May of

2017 and October 2019 indicates a significant difference in water

properties between depths greater than and less than 100 m. Above

100 m, the temperature and salinity stratifications are mainly

controlled by meteorological conditions and the influx of

seawater, with a possible slow vertical exchange, whereas below

100 m, there is almost no exchange with the sea (Bi et al., 2018).

Distributions of hydrochemical parameters and nutrients in the

upper 100 m vary significantly with the season (Figures 2, 3). For

example, in March 2017, the water temperature was kept constant

in the upper 80 m, and in May 2017 it was about 70 m, while in

October 2019, it was only 50 m (Figure 2A) (Bi et al., 2018; Xie et al.,

2019; Yao et al., 2020). The seasonal variations of salinity in the

upper layer were analogous to the temperature (Figure 2B), which

indicated that the intensity of water exchange was higher in later

winter than those in the spring and autumn seasons. This is mainly

attributed to the lower atmospheric temperature and stronger wind

and waves in winter than in other seasons in the SCS (Wang et al.,

2008; Pan et al., 2015; Yu et al., 2019).

Under the influence of varied thermocline and halocline in

different seasons, the DO showed similar stratification patterns

accordingly. In March 2017, DO was kept constant in the upper

80 m, and in May 2017 the constant layer decreased to the upper

50 m, while in October 2019, it was only 40 m (Figure 2D) (Bi et al.,

2018; Xie et al., 2019; Yao et al., 2020). This indicated that in

October 2019, DO was consumed by aerobic OM decomposition

below 40 m, and the balance between consumption and

replenishment was broken due to weak water exchange in

autumn, resulting in a more rapid decrease of DO concentration

compared with the other two months in 2017. The distribution

patterns of Chl a in 2017 and 2019 were basically the same, but the

primary subsurface chlorophyll maximum was lower in March 2017

than that in October 2019 (Figure 2C). Previous studies have shown

that the primary productivity is higher in autumn than that in later

winter in the SCS, due in part to temperature and light intensity

differences (Chen, 2005). The vertical distributions of TH2S below

100 m in March 2017 and October 2019 were similar. The TH2S

concentration in October 2019 was slightly lower than that in

March 2017, possibly due to the difference in upper layer OM

cycling between these two months. As aforementioned, the OM

decomposition in the upper aerobic layer was extensive in October
Frontiers in Marine Science 05
2019, as shown by the rapid depletion of DO. This should eventually

result in a decrease in the supply of OM in sinking particles and/or

in dissolved phase to the lower layer and thus a reduction of TH2S.

The TH2S concentration in the bottom layer in May 2017 was only

about 50 mmol/L (Xie et al., 2019), significantly lower than those in

March 2017 and October 2019 (p<0.001) (Yao et al., 2020), which is

most likely caused by oxidation of sulfides during sampling or

analysis. Therefore, the TH2S data in May 2017 are not

incorporated into the later discussion.

Nutrients, especially nitrate, nitrite, and phosphate in the upper

layer also varied seasonally along with the variations of

hydrochemical properties. There were two peaks of nitrate

concentration in March 2017, of which one peak was at 50 m and

another at 90 m, with the highest concentration at the second peak,

reaching 11.5 mmol/L (Figure 3A) (Yao et al., 2018). Similar to

October 2019, only one peak at 80 m was found for nitrate in May

2017, but the peak value was only about 5.5 mmol/L, less than those of

the other two months (Figure 2C) (Xie et al., 2019). There were three

peaks of nitrite concentration in March 2017, at 40 m, 95 m, and

120 m, respectively, whereas only two peaks of nitrate were found in

May 2017 and October 2019, and both were at 50 m and 90 m

(Figure 3B) (Yao et al., 2018; Xie et al., 2019). Although the

distribution patterns of nitrate in different seasons were similar, the

maximum concentrations were significantly different (p<0.001). For

the primary nitrite maximum at 40-50 m, both values in 2017 were

higher than that in 2019, as opposed to the distributions of nitrate

(Figure 3B). The third peak of nitrite at 120 m in March 2017 was the

lowest compared with the other two peaks. Nevertheless, the

detection of nitrite below 100 m indicated that there was a trace

amount of DO undetected by theWinkler method (Ulloa et al., 2012).

In fact, anoxic marine zones (AMZs) are often distinguished from

oxygen minimum zones (OMZs) by the accumulation of nitrite

(Ulloa et al., 2012; Vargas et al., 2021). In some AMZs, such as the

Peruvian coast, the coast of Iquique, Chile, Eastern tropical South

Pacific (ETSP), and the Arabian Sea, nanomolar levels of DO were

detected using high-sensitivity oxygen sensors (Revsbech et al., 2009).

The existence of a trace amount of DO below 100 m in March 2017

was consistent with the higher intensity of water exchange compared

with the other two months, as shown by other hydrochemical

parameters (Figure 2). The existence of DO, even in trace amounts,

has a significant influence on microbial composition and thus

biogeochemical processes. For example, at the depth of 100-120 m

in March 2017, the abundance of sulfur-oxidizing bacteria (SOB) was

significantly higher than that of sulfate reduction bacteria (SRB) (Yao

et al., 2020; Zhou et al., 2023). The SOB is a chemolithoautotrophic

microorganism living in dysoxic or suboxic conditions and deriving

energy from the oxidation of thiosulfate, sulfide, or elemental sulfur

to sulfate (van Vliet et al., 2021). As for the low value of nitrite below

100 m in May 2017, it is more like the background noise of the

analyzing method they used (Xie et al., 2019).

In October 2019, the depth of phosphate and silicate began to

increase and matched well with the decrease of DO, indicating the

direct release of phosphate and silicate by aerobic decomposition of

OM. Relative constant distribution of phosphate at the depth of 60-

90 m in October 2019 suggests re-utilization of phosphate by

microorganisms (Noffke et al., 2012), but not by phytoplankton
frontiersin.org
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because of low Chl a at this layer (Figure 2D). While for silicate,

there is no such assimilation pathway by microbial activities

(Tréguer and De la Rocha, 2013), and thus it showed gradual

accumulation with depth (Figure 3D).

Despite numerous studies on blue holes and/or anchialine caves

over the past 30 years, there is a scarcity of continuous

hydrochemical profiles for nutrients. With the exception of the

YBH, there have been very few investigations into nutrient cycling

in these systems, including caves in Bermuda (Maloney et al., 2011),

Hospital Hole (Davis and Garey, 2018), Bundera Sinkhole

(Seymour et al., 2007), caves in Croatia (Žic et al., 2011), and

Amberjack Hole (Patin et al., 2021) (Figure S1). Nutrient

concentrations in these blue holes are generally lower in waters

above chemoclines than those in the YBH. However, below the

chemoclines, nutrient concentrations vary significantly among

systems, which may be related to the locations and material

sources of each system (Figure S1). Overall, the depths of other

blue holes are shallower, and the water column structures are more

complex than those of the YBH. Some of the surface layers of these

blue holes are more affected by land (e.g., caves in Bermuda

(Maloney et al., 2011)), and some of their bottom layers are

affected by seawater inputs (e.g., Bundera Sinkhole (Seymour

et al., 2007)). Only a few of them have complete anoxic bottom

waters (e.g., Hospital Hole (Davis and Garey, 2018), caves in

Croatia (Žic et al., 2011), Amberjack Hole (Patin et al., 2021)).

For anoxic basins in the open ocean, such as the Black Sea and

Cariaco Trench, the overall variation patterns of nutrients with

depth are similar to those of the YBH. However, the nutrient

concentrations in deep waters are different in these systems,

partly due to differences in water depth and primary productivity

in the surface layer (Zhang and Millero, 1993; Murray et al., 1995;

Volkov and Rozanov, 2006) (Figure S1).
The effects of hydrochemistry on nutrient
cycling in the YBH

As aforementioned, seasonal differences in hydrochemical

characteristics partly contribute to the seasonal changes in nutrient

cycling. Despite these seasonal changes, the variety of nutrients with

these environmental parameters remained somewhat consistent

among different seasons, especially in the anoxic layer (Figures 2, 3).

PCA analysis further proves this inference drawn from distribution

characteristics. The distributions of PCA scores of samples

(observation) and parameters (loading) in March 2017 were basically

the same as in October 2019, and both were similar to that inMay 2017

(Figure 4). Different nutrient species are greatly affected by the redox

environment. Nitrate and nitrite are mainly influenced by DO and

water temperature in the upper 100 m, whereas ammonium,

phosphate, and silicate are more controlled by TH2S and

salinity (Figure 4).

Nevertheless, variations of nutrients with these environmental

parameters differ among different nutrient species, indicating the

differences in the cycling processes of these nutrient species,

especially in the oxic layer (Figure 5). For example, in the oxic

layer, the concentrations of nutrients increased with the decrease in
Frontiers in Marine Science 06
temperature and Chl a and the increase of salinity, especially of

phosphate and DIN in October 2019 (Figures 5A–I). Along with the

decreasing of DO, DIN increased first and decreased rapidly when

DO was below about 30 mmol/L (Figure 5J), reflecting a shift from a

nitrification process to a predominantly denitrification process

(Paulmier and Ruiz-Pino, 2009; He et al., 2020), the thresholds

between DO and DIN were also found in other anoxic blue holes,

such as the Bundera sinkhole (Seymour et al., 2007), as well as

anchialine caves in Croatia (Žic et al., 2011) and the Black Sea

(Murray et al., 1995), but not as obvious as in the YBH, possibly
A

B

C

FIGURE 4

Biplots of PCA scores of observations (sampling depth) and loadings
(parameters) for samples collected in the Yongle Blue Hole in (A)
March 2017, (B) May 2017, and (C) October 2019.
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because these systems have more complex hydrological structures

and biogeochemical gradients and less data across oxic-anoxic

interfaces (Figure S3). On the contrary, both silicate and

phosphate increased with the decrease of DO, but in different

manners. With the decreasing of DO, the silicate increased slowly

first in a nonlinear way, and when DO was below 50 mmol/L, it

increased rapidly (Figure 5L), indicating that the decreasing rate of

DO (OM decomposition) is not consistent with the dissolution of

silica (silicate regeneration). In general, silicate regeneration
Frontiers in Marine Science 07
depends on the dissolution of the organism’s siliceous crust in

seawater, which is much slower than the phytoplankton cell lysis to

release the extra- and intracellular OM (Tréguer and de la Rocha,

2013). The phosphate increased linearly with the decreasing of DO

(Figure 5K), indicating that phosphate regeneration and OM

decomposition were simultaneous (Redfield, 1963).

With the accumulation of TH2S, the concentrations of ammonium,

phosphate, and silicate all increased linearly, but their increasing

magnitudes were different. The increasing multiple of ammonium
A B

D E F

G IH

J K L

M N

C

O

FIGURE 5

Relationships between nutrients and hydrochemical parameters in the Yongle Blue Hole. DIN, phosphate, and silicate vs. temperature (A–C), salinity
(D–F), Chl a (G–I), DO (J–L), and TH2S (M–O).
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was much higher than those of phosphate and silicate (Figures 5M–O),

probably because phosphate and silicate started to increase in the

absence of TH2S (Figures 2, 3).
Relative changes of different nutrient
species in the YBH: implications for
production and consumption of nutrients

As mentioned earlier, different nutrients have different sources

and cycling processes, resulting in diverse response to

environmental factors. For phosphate and silicate, their cycling

processes in the ocean are relatively simple, mainly involving

utilization by biota and organic matter decomposition and

regeneration (Noffke et al., 2012; Tréguer and de la Rocha, 2013).

For nitrogen-containing nutrients, their behavior is largely

controlled by oxidation-reduction reactions mediated by

phytoplankton and microorganisms, resulting in their presence in

multiple valence states and more complex biogeochemical behavior

(Gruber, 2008). In the surface layer of the YBH, phosphate and

silicate were quickly utilized by primary production (Figure 3).

With the decrease of DO, phosphate and silicate began to gradual

accumulate (Figure 3), indicating that the regeneration of these

nutrients from decomposition of organic matter exceeded the

consumption. Below 100 m depth, where DO, nitrate and nitrite

drop to 0, ammonium began to increase. Below 160 m, the

concentrations of ammonium, phosphate and silicate, and their

ratios were kept constant, indicating a balance between nutrient

regeneration and consumption. The nutrient ratios are close to the

Redfield ratio below 160 m, suggesting that regenerated nutrients

mainly come from marine phytoplankton (Redfield, 1963).

At depths above 100 m, nitrate and nitrite are the main nitrogen

nutrients, while ammonium is dominated below 100m. The distinct

changes in the three nitrogen forms indicate an active nitrogen cycle

in the YBH, which is mainly driven by natural processes such as

changes in oxidation-reduction conditions, phytoplankton and

microbial activities and organic matter decomposition (Gruber,

2008). The nitrogen cycle in marine environment mainly includes

nitrification under aerobic conditions, assimilation, ammonia

oxidation, aerobic ammonium oxidation and nitrification, as well

as denitrification, DNRA (nitrate dissimilatory reduction to

ammonium) and anaerobic ammonium oxidation (Gruber, 2008).
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The low DIN content in the surface water of YBH is mainly

attributed to the combined effects of nitrification, assimilation,

and aerobic ammonium oxidation (Yao et al., 2018; He et al.,

2020). Subsequently, nitrite concentration began to increase,

followed by an increase in nitrate concentration, and at 40 m,

nitrite reached its first peak, which is referred to as the Primary

Nitrite Maximum (PNM), and nitrate reached a relatively high

value at this depth, indicating the sequential occurrence of

ammonium oxidation (nitrite formation) and nitrification. PNM

is a common phenomenon in oxygen-poor, nutrient-poor waters,

mainly from nitrification, which has been observed in the waters

near the Xisha Islands (Wu et al., 2015). Nitrite concentration

quickly decreased after reaching the peak, along with the increase of

nitrate, further indicating that nitrification was the main process,

which converted nitrite to nitrate. Below 80 m, DO concentration

decreased rapidly, and nitrate concentration increased rapidly to its

highest peak, indicating that nitrification rate was at its maximum.

However, below 90m, nitrate concentration quickly decreased,

indicating the existence of denitrification and/or DNRA

processes. Considering that ammonium did not start to

accumulate until 100m, the decrease of nitrate below 90 m should

be mainly attributed to denitrification, because DNRA is the direct

production of NH4+ from NO3- (Gruber, 2008). At 95 m, nitrite

reached its second peak, which is referred to as the Secondary

Nitrite Maximum (SNM). SNM is a common phenomenon in the

oxygen minimum zone of the marine environment, mainly from

nitrate reduction rather than ammonium oxidation (Lam et al.,

2011; Buchwald et al., 2015). Within the range of hypoxic layer, the

decrease of nitrate and nitrite concentrations indicates that

denitrification and nitrification occurred simultaneously. The

coupling between nitrification and denitrification is a significant

process of reactive nitrogen (N) removal that has been observed in

many anoxic systems (Gruber, 2008). Below 100 m, nitrate and

nitrite concentrations both decreased to a very low level, and

ammonium began to accumulate. The massive accumulation of

ammonium (concentration far higher than the maximum

concentrations of nitrate and nitrite) is mainly attributed to the

decomposition of organic nitrogen, as shown by the relationships

between different nutrient species (Figure 6). All the relationships

between DIN vs. phosphate, silicate vs. DIN and phosphate showed

nonconservative trends among different seasons (Figure 6). For

example, DIN increases slowly in a gentle upward concave shape
B CA

FIGURE 6

Relationships between (A) DIN and phosphate, (B) silicate and DIN, and (C) silicate and phosphate in the Yongle Blue Hole.
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with the increase of phosphate, whereas silicate increases rapidly

with the increase of DIN and phosphate, showing concave

downward shapes (Figure 6). Furthermore, the increase of silicate

relative to DIN is more rapid than relative to phosphate, consistent

with the slow increase in DIN relative to phosphate (Figure 6).

These changes may reflect the differences in the production and

consumption pathways of different nutrients during cycling (Cross

et al., 2007). Both nitrite and nitrate have production and

consumption in the oxic layer due to complex nitrogen cycling

processes, such as nitrification, denitrification, and ammonia

oxidation (Paulmier and Ruiz-Pino, 2009). Whereas, silicate is not

required by microbial metabolic processes except being utilized by

siliceous organisms such as diatoms (Tréguer and de la Rocha,

2013). Therefore, the distribution of silicate is mainly controlled by

OM decomposition and shows a net accumulation due to the lack of

utilization pathways. As for phosphate, although it can also be

utilized by microorganisms, e.g., to build cell membrane lipids and

DNA, the amount demanded is usually lower than the amount of

phytoplankton uptake (Karl, 2014). Thus, the relative constant

distribution of phosphate at 60-100 m depth is most likely due to

the phosphate regeneration by OM decomposition being in balance

with microbial utilization (Figure 3D).

The inconsistent variations of different nutrient species also

influence their proportional relationships, and the vertical

variations of the nutrient ratios (e.g., DIN/Phosphate (N/P),

Silicate/DIN (Si/N), and Silicate/Phosphate (Si/P)) well represent

the relative changes in the production and consumption of different

nutrients, which also reflecting the variations in the nutrient source

and transformation. All nutrient ratios fluctuated with the season in

the surface layer, especially the N/P (Figure 7). The highest N/P of

different seasons occurred at different depths, and the deepest was at

40m in March 2017 (Figure 7A). The N/P reached minimum values

(ca. 4~5) at about 95 m in all seasons, consistent with that this depth

is the transition interface of nitrogen from oxidation status to

reduction status and the DIN concentration is lowest at this

depth (Figure 3). At deeper depths, the N/P was kept constant at

about 16~17, which is very close to the Redfield ratio (Redfield,
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1963) and the ratios in deep ocean waters (Anderson and

Sarmiento, 1994). The N/P in marine environments has been

extensively studied and is reported to be approximately 16:1,

assuming that these nutrients are primarily derived from the

decomposition of organic matter from primary production

(Redfield, 1963; Hiscock and Millero, 2006). However, the N/P in

deep waters varies among different anoxic systems, possibly due to

the complexity of organic carbon sources in these systems. The N/P

in the YBH deep water is similar to the Redfield ratio, indicating

that the source of organic carbon in the YBH is relatively uniform.

Similar values were observed in other permanently anoxic zones,

such as the Framvaren fjord, where the N/P in deep waters is

approximately 15-16 (Yao and Millero, 1995) (Figure S2). In an

anoxic blue hole, the Hospital hole, the N/P in the deep water is

approximately 40, which is much higher than that of the YBH,

owing to the high levels of NO3
- in the anoxic layer, which might be

related to the low abundance of nitrogen reducers there (Davis and

Garey, 2018). In an underwater blue hole, the Amberjack Hole in

the Gulf of Mexico, the N/P in the deep water is only 7-8, probably

because the depth of the anoxic layer of this blue hole is too shallow

to accumulate ammonium (Patin et al., 2021). In open ocean anoxic

zones, such as the Black Sea and the Cariaco Trench, the N/P is also

less than 16, due to the complex water structure and allochthonous

input of organic matter (Murray et al., 1995; Volkov and Rozanov,

2006). The seasonal fluctuation of Si/N occurred mainly at the

surface of 50 m (Figure 7B). The Si/N also increased to the

maximum near 95 m in all seasons, reaching the highest in

October 2019 (~17), due in part to DIN being lowest at this

depth. The Si/N at deeper depths was around 1~2, which is

slightly greater than the Redfield ratio (Redfield, 1963) and the Si/

N of nutrient-rich diatoms (Brzezinski et al., 1998), suggesting the

accumulation of silicate and/or potential use of ammonium by

anaerobic microorganisms, such as anammox bacteria (Hutchins

et al., 2009). In general, the Si/P shows an S-shaped distribution

from the surface to the bottom (Figure 7C). The Si/P in the surface

layer was highest, up to 110, and it gradually decreased with depth,

which is mainly because of the continuous regeneration of
A B C

FIGURE 7

Vertical profiles of nutrient ratios in the Yongle Blue Hole. (A) N/P, (B) Si/N, and (C) Si/P.
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phosphate from OM decomposition. The lowest Si/P was only

about 10 and was found at around 50~60 m. The Si/P increased

to about 100 between 80~100 m, indicating the re-utilization of

phosphate by microbial activities, as mentioned earlier. Below that

depth, the Si/P decreased gradually and was kept constant at around

~30 below 140 m, which is almost two times the Redfield ratio

(Redfield, 1963), suggesting the continuous accumulation of silicate

and further microbial utilization of phosphate (Parsons et al., 1984).

Conclusions

The YBH is a semi-enclosed marine environment, where the

upper layer of the water column is actively exchanged with the outer

sea, and the water exchange intensity varies seasonally. Based on the

distributions of salinity and temperature, the water exchange with the

outer sea for the YBH in October 2019 is weaker than those in March

and May 2017. As a result, dissolved oxygen (DO) started to decrease

below the depth of 40 m in October 2019, which is 30-40 m shallower

than those in March and May 2017, indicating that the aerobic OM

decomposition in October 2019 was more extensive than those in

March and May 2017. Influenced by the hydrochemical properties,

different nutrient species showed different seasonal and vertical

variation patterns. The variations of nitrate, nitrite, and ammonium

reflected the evolution of nitrogen cycling processes, such as

nitrification, denitrification, and anammox with decreasing DO and

increasing TH2S, but the specific contribution needs to be constrained

by nitrogen isotopes. It is worth noting that in March 2017, there was

a small tertiary nitrite maximum at a depth of 120m, which origin

needs to be further examined. The relative constant distributions of

ammonium, phosphate, and silicate below the depth of 140 m

indicated the depletion of decomposable OM or a balance between

nutrient regeneration and reutilization. Changes in the distributions

of different nutrients also affected their relationships. The non-

conservative behaviors of silicate relative to phosphate and DIN

and phosphate relative to DIN indicated that silicate was constantly

accumulating, while the regenerated phosphate and DIN were

probably re-utilized by microorganisms in addition to

accumulation. As a result, nutrient ratios also varied seasonally in

the surface oxic layer and had extreme values at the oxic-anoxic

interfaces, indicating the relative changes in the production and

consumption of different nutrient species.

In conclusion, the seasonal variations of the concentrations and

ratios of nutrients in the YBH reflect the close relationships of nutrient

cycling and regeneration with hydrochemical parameters, OM

decomposition, and microbial activities in anoxic seawaters, and

further prove that the YBH is a unique natural laboratory for

studying the biogeochemical processes during the oxic-

anoxic transition.
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Žic, V., Truesdale, V. W., Cuculić, V., and Cukrov, N. (2011). Nutrient speciation
and hydrography in two anchialine caves in Croatia: tools to understand iodine
speciation. Hydrobiologia 677, 129–148. doi: 10.1007/s10750-011-0686-4
frontiersin.org

https://doi.org/10.1016/j.jmarsys.2019.103230
https://doi.org/10.1016/0967-0637(93)90088-K
https://doi.org/10.3389/fmars.2023.1086117
https://doi.org/10.1007/s10750-011-0686-4
https://doi.org/10.3389/fmars.2023.1172475
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

	Seasonal and vertical variations of nutrient cycling in the world’s deepest blue hole
	Introduction
	Materials and methods
	Study area and sample collection
	Hydrochemical parameters
	Dissolved inorganic nutrients
	Statistical analyses

	Results
	Hydrochemical characteristics
	Concentration and distribution characteristics of nutrients

	Discussion
	Seasonal variations of hydrochemical characteristics and nutrient distributions in the YBH
	The effects of hydrochemistry on nutrient cycling in the YBH
	Relative changes of different nutrient species in the YBH: implications for production and consumption of nutrients

	Conclusions
	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	Supplementary material
	References


