
water

Article

Effects of Asian Dust and Phosphorus Input on
Abundance and Trophic Structure of Protists in the
Southern Yellow Sea

Xi Chen 1 , Guang-Xing Liu 1,2, Xiao Huang 1,3, Hong-Ju Chen 1,2, Chao Zhang 1,2 and
Yang-Guo Zhao 1,2,*

1 College of Environmental Science and Engineering, Ocean University of China, Qingdao 266100, China;
asdchenxi180@sina.com (X.C.); gxliu@ouc.edu.cn (G.-X.L.); huangxiao901231@126.com (X.H.);
hongjuc@ouc.edu.cn (H.-J.C.);zhangchao@ouc.edu.cn (C.Z.)

2 Key Lab of Marine Environmental Science and Ecology, Ministry of Education, Ocean University of China,
Qingdao 266100, China

3 School of Civil and Environmental Engineering, Harbin Institute of Technology (Shenzhen),
Shenzhen 518055, China

* Correspondence: ygzhao@ouc.edu.cn

Received: 16 April 2019; Accepted: 3 June 2019; Published: 7 June 2019
����������
�������

Abstract: To reveal the effects of Asian dust and phosphorus (P) input on the structure and function
of micro-food web in the Yellow Sea, an experiment was conducted onboard the southern Yellow Sea
where P was deficient. The response of the abundance and trophic structure of planktonic protists to
different concentrations of dust and P were studied. The results showed that the sand-dust deposition
presented variable effects on different sizes of protists during incubation periods. At the initial
stage of incubation with dust, the amount of all sizes of autotrophic protists, especially 10–20 µm,
were improved; on the contrary, the heterotrophic and mixotrophic protists were inhibited. At the
late period, the increase of autotrophic protists was restricted, while the 2–5 µm heterotrophic and
mixotrophic protists obviously increased. Similarly, adding P demonstrated the obviously positive
effect on the 10–20 µm autotrophic protists at the initial period, and then the growth was restricted
at the late period. These results were consistent with that of sand-dust deposition. Hence, it could
be presumed that the positive effect of sand-dust deposition on autotrophic protists in the southern
Yellow Sea was achieved by the release of P from dust. P in the early stage of sand-dust deposition
promotes the growth of large-size autotrophic protists, which may accelerate red tides in eutrophic
ocean. The stimulation of small-size heterotrophic protists at the late period of sand-dust deposition
contributed to the material cycle and food transmission in the ocean. Therefore, the effects of sand-dust
deposition on the abundance and trophic structure of different sizes of planktonic protists could
change the structure of micro-food web in the southern Yellow Sea and further affected the ecological
function of planktonic protists.
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1. Introduction

The Yellow Sea, as one of the four marginal seas in China, is an area where land, ocean
and atmosphere interact more intensely with concentrated human activities and marine economic
development. It owns abundant natural resources and developed coastal economy. Previous studies
found that the Yellow Sea was intermittently restricted by phosphorus (P) [1,2], which leads to a
constant changing process of protists trophic structure in this ocean area, and then altered the ecological
functions of protists, such as nutrients utilization and transformation [3,4]. Sand-dust deposition is an
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important pathway for transporting land-based nutrients and pollutants to the ocean and providing
nutrients for the marine planktonic protists. Researchers found that sand-dust deposition held a
significant positive correlation with chlorophyll a and primary productivity [5,6]. Asian dust is an
important part of global dust, and the Yellow Sea, located in the downwind zone of the Asian dust
source area, is the greatest probability of being affected by Asian dust in China’s offshore waters.
Some studies showed that Asian dust deposited into the Yellow Sea [6–8] through a long-distance
transportation in sand-dust weather, and obvious “fertilization” phenomenon was observed to affect
the primary productivity. Thus, Asian sand-dust deposition is an important factor that affects the
primary productivity of the Yellow Sea. The nutrients carried by sand-dust [9–12] could alleviate
the phosphorus deficiency in the Yellow Sea, thereby affected the abundance and trophic structure
of marine biota. However, the effect of sand-dust on the growth of nanoplanktonic protists in the
P-limited Yellow Sea has not been reported.

Marine nanoplankton with size ranging 2–20 µm, is a key component of marine micro-food web
and they play an irreplaceable role in maintaining primary productivity and material cycle [13–15]. It is
remarkable that different size groups of nanoplankton (e.g., 2–4, 4–5, 5–7, 7–10 and >10 µm) revealed
different roles in the food web due to the variations of species and proportion [16]. As such, three size
groups, i.e., 2–5, 5–10, and 10–20 µm of nanoplankton were proposed in this study. According to the
mechanisms of energy and nutrient acquisition, nanoplanktonic protists are divided into autotrophic,
heterotrophic (i.e., protozoa) and mixotrophic protists [2,17–19]. Autotrophic nanoplanktonic protists
are the key contributor to marine primary productivity [17], Heterotrophic nanoplanktonic protists
affect the community structure and function of nanoplankton by preying on bacteria, cyanobacteria
or smaller protists [18,19], and being preyed by medium-sized zooplankton [20,21], and then flow
to a higher trophic level from the bottom of the food web [22,23]. Mixotrophic nanoplanktonic
protists own both the autotrophic and heterotrophic mode, and improve the utilization of nutrients by
changing nutritional habits [2,3,17]. Hence, the material conversion and energy flow of the marine
plankton ecosystem depends on different trophic marine nanoplankton protists. Therefore, it is of
great significance to investigate the effects of dust and phosphorus input on the abundance and trophic
structure of planktonic protists.

However, there are several blind spots that need to be further revealed in the relationship between
the sand-dust and planktonic protists. Firstly, the effect of sand-dust input on nanoplanktonic protists
is unknown. Though the sand-dust can provide nutrients during the transport process, it also adsorbs
substantial heavy metals such as copper, cadmium, plumbum, and other land-based pollutants, which
present a strong toxic effect on plankton [24,25]. Secondly, whether the sand-dust, as a supplement of
nutrients, can effectively compensate for P limitation in the Yellow Sea is still unclear. Thirdly, it is
difficult to accurately distinguish the ecological functions of different species due to the complexity of
marine nanoplanktonic protists.

Hence, in this study, to make a better understanding of the effects of sand-dust and phosphorus
on the abundance and trophic structure of different sizes of planktonic protists, an experiment
was conducted onboard in the southern Yellow Sea where P was deficient., the corresponding
changes of nanoplanktonic protists were following investigated according to the size groups
(i.e., 2–5, 5–10, and 10–20 µm) and trophic types (i.e., autotrophic, heterotrophic and mixotrophic
protists) [3,18,22,26–30]. The results could provide a scientific supplement for revealing the effects of
sand-dust deposition on the trophic structure and ecological function of marine planktonic protists.
Meanwhile, this study supply a supplement for further analyzing the effects of sand-dust deposition
on marine ecosystems.
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2. Materials and Methods

2.1. Sand-Dust Preparation

In this study, sand-dust samples were collected from the surface soil of Hunshandake Sandy Land
(42◦22′28′′ N, 112◦58′34′′ E) in May, 2011. The samples were stored at −20 ◦C until use. The large
stone in sand-dust samples was eliminated by a sieve with 20 µm of pore in diameter and then aged
artificially as the previous method [31]. To analyze the concentrations of nutrients, DOC and trace
metals in the sand-dust, 30 min of ultra-sonication treatment for the sand-dust was conducted under the
temperature of about 0 ◦C. The contents of nutrients were analyzed by an ion chromatograph (ICS-1100,
Dionex Corporation, Bannockburn, IL, USA). Heavy metals were analyzed by an inductively coupled
plasma mass spectrometry (ICP-MS-7500c, Agilent Technologies, Palo Alto, CA, USA). Dissolved
organic carbon (DOC) was determined by the high temperature combustion oxidation method (TOC-V,
Shimadzu Corporation, Kyoto, Japan). The contents of nutrients, DOC and dissolved trace elements in
sand-dust are shown in Table 1.

Table 1. Concentrations of nutrients, Dissolved organic carbon (DOC), dissolved trace metals in
the sand-dust.

Ingredients
Nutrients and DOC (µmol mg−1) Dissolved Trace Metals (µg g−1)

NO3− NO2− NH4
+ PO43− DOC Fe Cu Zn Pb As Ni Cd Cr

Concentration 0.53 0.03 0.01 0.004 7.20 473.12 0.23 4.27 0.24 0.09 7.08 0.04 0.13

2.2. Onboard Culturing Experiment

In November 2014, an onboard artificial sand-dust deposition experiment was carried out on
the ‘Dongfanghong NO.2’ scientific research ship at H03 station (36◦06′00′′ N, 121◦39′00′′ E) in the
southern Yellow Sea. The location of sampling station H03 is shown in Figure 1. Surface seawater was
collected by using a shipborne CTD water collector (USA). The collected seawater was immediately
filtered by a silk membrane with pore of 20 µm, to remove micro, small, medium and large plankton.
The filtered seawater was filled into 1.5 L sterile polyethylene terephthalate (PET) culture bottles and
afterwards the bottles were placed in a water tank. The tank was tightly fixed on the deck without
shading. The surface seawater from the station H03 was fed into the outer layer tank to maintain the
inner bottle temperature and ensure it was the same as the surface water.

Figure 1. Incubation Station.

The culture experiment was comprised of five groups, i.e., control group, low dust group (LD),
high dust group (HD), low phosphorus group (LP), and high phosphorus group (HP). The amounts
of added dust or P (as NaH2PO4) referred to the observation data on the Yellow Sea as the previous
report [32]. The amount of added dust and P in each experiment group is shown in Table 2. Dust or
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NaH2PO4 were added only one time immediately after the establishment of the culture system.
All culture experiments were conducted triplicate. Samples were taken every day to determine the
protists, DOC and inorganic nutrients during the five days’ culture period.

Table 2. Experiment design and concentrations of dust and phosphorus.

Groups Treatment Concentration

Control none none
Low dust group (LD) dust 2 mg/L
High dust group (HD) dust 20 mg/L

Low phosphorus group (LP) NaH2PO4 0.2 µmol/L
High phosphorus group (HP) NaH2PO4 1 µmol/L

2.3. Sample Collection and Measurement

2.3.1. Nanoplanktonic Protists Samples

Nanoplanktonic protists samples were collected at 8 a.m. each day during the incubation
period. Before sampling, PET culture bottles were slowly inverted for three times to uniformly mix
nanoplankton in the incubation system. There was 10 mL seawater obtained from the culture bottle
and then transferred into the sterile freezing tube. Immediately, 10% (w/v) paraformaldehyde was
added into the tube to fix protists (for paraformaldehyde, the final concentration was 0.5% (w/v)). After
slightly mixing, the tubes were quickly frozen in a liquid nitrogen tank and then transferred to the
refrigerator at −80 ◦C for storage. Three parallel samples were taken at one time.

The abundances of different sizes of nanoplanktonic protists were counted by a flow cytometry
(BD C6 plus) at different wavelength of fluorescence, as explained by Christaki et al. (2011) [16]
and Zubkov et al. (2007) [33]. The sample was stained by SYBR Green I, then determined by flow
cytometry with excitation wavelength 488 nm. The trophic mode of the protists was determined by
green fluorescence (FL1, 530 ± 20 nm) and red fluorescence (FL3, >630 nm), the protists which showed
high FL1 value and low FL3 value were heterotrophic, the protists with high FL1 value and high FL3
value were autotrophic, the rest of protists were mixotrophic. The size of protists were measured by
calibration beads (2, 5 and 10 µm).

2.3.2. Dissolved Organic Carbon (DOC)

The seawater samples were filtered with a high-temperature treated GF/F filter (Whatman,
Maidstone, UK) and stored in a high-temperature treated glass bottle at 4 ◦C in the dark. The samples
were determined by using a total organic carbon meter (TOC-VCPN) [34].

2.3.3. Inorganic Nutrients

The seawater samples were filtered by acid treated 0.45 µm acetic acid fibre membrane and frozen
at −20 ◦C after adding the fixative. The concentrations of different nutrients were determined by
QuAAtro nutrient automatic analyzer. NH4

+ was oxidized by sodium hypochlorite with indigo-phenol
blue (660 nm), NO3

− reduced by copper-cadmium column with naphthalene ethylenediamine
hydrochloride (550 nm), NO2

− with naphthalene ethylenediamine hydrochloride (550 nm) and
PO4

3− with phosphomolybdenum blue (880 nm) [32,34].

2.4. Data Processing and Analysis

Multivariate ANOVA in SPSS Inc. (Chicago, IL, USA) was used to analyze the significant difference
of different groups in the culture system.
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3. Results and Analysis

At H03 Station, the concentration of DOC is 79.68 µmol/L, the concentration of DIN is 2.71 µmol/L,
and the concentration of PO4

3− is 0.13 µmol/L. The N:P ration is 21 (>16) showed that H03 station
was P-limited.

3.1. Effects of Dust and Phosphorus Addition on the Abundance of Nanoplanktonic Protists

3.1.1. Changes of 10–20 µm Protists

Changes of 10–20µm protists under sand-dust and phosphorus addition are shown in Figure 2.

Figure 2. Variations in abundance of 10–20 µm protists.

The changes of 10–20 µm of protists in different concentrations of sand-dust and phosphorus
supplementation groups were different from the control. The maximum values of autotrophic and
heterotrophic protists in control group were 20 and 119 cells mL−1, respectively, appeared on the 2nd
day of incubation. The maximum values of the mixotrophic protists were 223 cells mL−1 on the first
day of incubation. The peak of HP treated autotrophic protists was 43 cells mL−1, appeared on the
2nd day of incubation, which was significantly higher than that of control (p < 0.05). The peaks of
HP treated heterotrophic and mixotrophic protists appeared on the 1st day of incubation, 393 and
571 cells mL−1, respectively, which were 3.30 and 2.56 times higher than that of control (p < 0.05).
The high value lasted for one day and then declined rapidly. The maximum values of LP treatment for
autotrophic, heterotrophic and mixotrophic protists were 26, 167, and 336 cells mL−1 on the first day of
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incubation, respectively, which were 1.30, 1.40 and 1.51 times of the control (p < 0.05). At the end of
incubation, the abundance of mixotrophic protists was 2.98 times higher than that of control (p < 0.05).

In summary, the abundances of 10–20 µm protists in P supplying groups were higher than the
control, and the maximum value of HP treated autotrophic protists was the largest. It showed that
the addition of P will promote the growth of all planktonic protists, especially when the ocean area
was P-limited. In the early stage of incubation, the higher concentration of P led to a stronger growth
promoting effect on autotrophic protists; they increased and lasted for a longer time. At the end of
incubation, the abundance of all kinds of protists in P-supplemented groups was lower than that in the
early stage, and some were even lower than that at the control group. This might be caused by the
more rapid consumption of nutrients at the early stage of incubation, and the nutritional deficiency
that appeared at the late stage. Therefore, one-time addition of P could only promote the growth of
protists in a short time. If nutrients are not supplied continuously, their growth will be limited, due to
lack of nutrients in the later period. Compared with that, the abundance of LP treated mixotrophic
protists was higher than that at control group at the late stage, which indicated that the P utilization
efficiency of mixotrophic protists in this condition might be higher.

The differences were observed between the three trophic types of protists at the sand-dust addition
groups. The abundance of autotrophic protists at HD and LD groups increased first then gradually
decreased. The maximum values were 23 and 17 cells mL−1 on the 2nd day after culture. The maximum
value of HD treatment group was 1.15 times higher than the control (<0.05). Although the peak
value of HD treatment group was lower than that of P treated group, the value on the last day of
incubation was significantly higher than that of P treated group (<0.05). The results showed that the
addition of high concentration sand-dust could promote the growth of 10–20 µm autotrophic protists,
which might be caused by the continuously supplement P from the sand-dust. The abundances of
heterotrophic and mixotrophic protists decreased first and then increased at the sand-dust adding
groups. At the initial stage of incubation, they were significantly lower than that of the control and
P adding groups (p < 0.05). At the late stage of incubation, the abundance of heterotrophic protists
in the two sand-dust groups was higher than that at control and P adding groups. The abundance
of mixotrophic protists was higher than that at control and HP groups, but lower than that at LP
group. The abundances of heterotrophic and mixotrophic protists in HD treatment group were always
higher than that of LD treatment group. Hence, the early sand-dust deposition presented an inhibiting
effect on the growth of 10–20 µm heterotrophic and mixotrophic protists, which was ascribed to
the toxic effect of the heavy metals and other harmful substances dissolved from the sand-dust [5].
The inhibition effect of sand-dust was much greater than the promotion of P dissolution. At the late
stage of incubation, the sand-dust stimulated the growth of heterotrophic and mixotrophic protists,
especially heterotrophic protists. This indicated that the heterotrophic protists gradually tolerated
the harmful substances from sand-dust. Furthermore, the nutrients dissolved from the sand-dust
including trace elements such as Fe [8,10,11] (Table 1), supplemented the nutrients requirement at
the late stage of incubation. The effect of dust was more significant for 10–20 µm heterotrophic and
mixotrophic protists at the late stage of culture.

3.1.2. Response of 5–10 µm of Protists to Sand-Dust and Phosphorus Addition

Changes in the abundance of 5–10 µm of nanoprotists in different trophic modes under the stress
of sand and phosphorus addition are shown in Figure 3.
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Figure 3. Variation of protists abundance in 5–10 µm size.

The variation trend of the abundance for 5–10 µm protists during incubation is basically the same
as that of 10–20 µm protists, while the variation range is quite different. For the control group, the peak
values of autotrophic, heterotrophic and mixotrophic protists appeared on the 2nd day of incubation
with the cell concentrations of 116, 615 and 930 cells mL−1, respectively. Compared with that, at HP
treatment group, the peak values of autotrophic, heterotrophic and mixotrophic protists were 395, 2245
and 1732 cells mL−1, which were 3.41, 3.85 and 1.86 times higher than those of control (p < 0.05). The LP
treatment groups followed the peaks of HP treatment. The maximum concentrations of autotrophic,
heterotrophic and mixotrophic protists were 176, 980, and 989 cells mL−1, respectively, higher than
those at control groups (p < 0.05), but they were significantly lower than those at HP treatment group
(p < 0.05). The abundance decrease of protists in P-supplemented groups at the late stage of incubation
might be related to the nutrient deficiency due to their rapid growth at the early stage. As such, it can
be referred that the growth of 5–10 µm planktonic protists in this ocean is also limited by P. Addition of
P can promote the reproduction of all of the planktonic protists. The higher the concentration of P,
the stronger the promotion effect on reproduction of planktonic protists. Compared with responding
results of 10–20 µm protists to P addition, it showed that the response of 5–10 µm protists to P addition
is faster, but the duration is shorter.
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Similarly, there were also differences between three trophic types of 5–10 µm protists in the
sand-dust supplementation groups during the cultivation period. The abundance of autotrophic
protists in HD and LD treatment groups increased first and then decreased. Same as P-adding group,
the largest value of HD and LD groups appeared on the 1st day of incubation, with the 150 and
123 cells mL−1, respectively. The peak value of autotrophic protists abundance in HD group was
1.29 times higher than that at control group all the time. Nevertheless it was lower than that of P-adding
group in the early stage of incubation (p < 0.05), and higher than that of P-adding group in the final
stage. It showed that the addition of high concentration of sand-dust stimulated the growth of 5–10 µm
autotrophic protists for a longer time, which might be ascribed to the release of P from sand-dust [6].
The heterotrophic and mixotrophic protists abundance of dust addition groups decreased at the early
stage of incubation, which was significantly lower than that at control group and P-adding groups
(p < 0.05). The higher concentration of dust resulted in a sharper decline, which was confirmed by
the fact that heterotrophic and mixotrophic protists abundance of HD treatment groups were always
lower than of LD group during all the culture period. Interestingly, at the late stage of incubation,
the abundance of two trophic modes protists was higher than that at P-adding groups and control
group. Hence, the growth of heterotrophic and mixotrophic protists was significantly inhibited by
the sand-dust deposition in the early stage. The higher concentration of dust presented the stronger
inhibition effect, which was related to the toxic effect of heavy metals and other harmful substances
dissolved from the dust [5]. At the late stage, the growth of protists was promoted, especially for
heterotrophs. This might be related to the increase of tolerance for protists to harmful substances and
the supplementation of nutrients dissolved from the dust.

3.1.3. Response of 2–5 µm of Protists to Sand-Dust and Phosphorus Addition

Figure 4 shows that the variation trend of 2–5 µm protists abundance is similar to that of above
mentioned two sizes of protists, but the variation ranges are quite different. For the control group,
the maximum values of autotrophic, heterotrophic and mixotrophic protists appeared on the 2nd
day of culture, which were 4071, 9491 and 11,965 cells mL−1, respectively. However, the peak values
of P supplementation groups mainly emerged on the 1st day of culture. The highest values of HP
treated autotrophic, heterotrophic and mixotrophic protists were 9303, 18,867 and 23,501 cells mL−1,
which were significantly higher than those of control (p < 0.05). The maximum values of LP treated
three trophic modes protists were 6245, 11618 and 15,240 cells mL−1, respectively, higher than those
of control (p < 0.05), but lower than those at HP group (p < 0.05). It can be seen that the growth of
2–5 µm planktonic protists in this ocean area was also restricted by P. The addition of P could promote
the growth of planktonic protists of different trophic modes. Comparably, the response of 2–5 µm
planktonic protists to P addition was faster than that of 10–20 µm protists, and the duration lasts longer
on HP treated heterotrophic and mixotrophic protists.

The changes of 2–5 µm protists abundance of different trophic modes in the sand-dust addition
groups were different. The highest abundance of HD and LD treated autotrophic protists appeared
on the 1st day of culture, same as that of P-adding groups, with the maximum values of 4860 and
4255 cells mL−1, respectively. The peak value of HD group was significantly higher than that at control
group, but lower than that at P-adding group (p < 0.05). At the late stage of incubation, HD group was
higher than those at control and P-adding groups, indicating that the addition of high concentration
sand-dust benefits to the growth of 2–5 µm autotrophic protists. This result might be related to the
dissolution of P from sand-dust [6]. For the heterotrophic and mixotrophic protists, the concentration
decreased at the early stage of incubation, which was significantly lower than that at control group
and P-adding groups (p < 0.05). At the end of cultivation, the abundance of heterotrophic and
mixotrophic protists increased, and got higher than those at control and the P-adding groups, especially
heterotrophic protists in the LD group was 2.98 times higher than at control group. The result showed
that the growth of 2–5 µm heterotrophic and mixotrophic protists, especially heterotrophic protists,
was also inhibited by the sand-dust at the initial of incubation, then been promoted in the late stage.
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Figure 4. Variation of protists abundance in 2–5 µm size.

3.2. Effects of Sand-Dust and Phosphorus Addition on the Composition of Protists

3.2.1. Effects of Dust and Phosphorus Dosage on Trophic Structure of 10–20 µm Protists

The changes of trophic structure of 10–20 µm protists under the addition of dust and phosphorus
are shown in Figure 5. The mixotrophic protists predominated in each group, accounting for 63.33%
on average, followed by heterotrophic protists, accounting for 30.68% on average. On the 1st day
of culture, the peak value of heterotrophic protists was appeared at P-supplemented groups and
the growth rate was higher than that at other groups. On the 1st day of HP addition culture,
the proportion of heterotrophic protists was higher than that at control group with 10.23%, and the
proportion of mixotrophic protists was lower than that of the control group with 10.30% (p < 0.05),
the proportion of autotrophic protists did not change obviously. At the end of the culture, the proportion
of autotrophic protists at HP group increased by 8.02% (p < 0.05) because its high growth rate
maintained for a long time, and the proportion of mixotrophic protists decreased by 7.41% (p < 0.05).
The proportions of heterotrophic protists had no significant difference among different experimental
groups (p > 0.05). The results showed that the autotrophic protists over competed heterotrophic
protists and mixotrophic protists under the P dosage condition and thus the proportion of autotrophic
protists increased significantly.
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Figure 5. Variation in the trophic structure of protists in 10–20 µm size.

The trophic structure of 10–20 µm protists in sand-dust addition groups was different from
that of P addition groups. Compared with the control group, the proportion of autotrophic protists
increased at the initial stage of cultivation, while the growth of heterotrophic and mixotrophic protists
was inhibited, and the higher the concentration of sand-dust lead to the stronger effect. On the
1st day, the proportion of autotrophic protists at HD group increased by 8.58% (p < 0.05), while the
proportion of heterotrophic protists and mixotrophic decreased compared with that of control group
(p < 0.05). However, at the end of culture, the growth rate of autotrophic protists decreased due to the
significant increase of the heterotrophic growth rate at sand-dust group, which made the proportion
of heterotrophic protists in sand-dust group higher than that at control group by 17.86% (p < 0.05),
and significantly higher than that of P addition, and the proportion of autotrophic and mixotrophic
protists decreased by 7.80% and 10.06%, respectively, compared with the control group. The results
showed that the sand-dust could stimulate the growth of autotrophic protists at early stage, but inhibit
the heterotrophic protists significantly. At the late stage, sand-dust presented a stronger promoting
effect on the heterotrophic protists.

3.2.2. Effects of Dust and Phosphorus Dosage on Trophic Structure of 5–10 µm Protists

The response of trophic structure of 5–10 µm protists to dust and phosphorus dosage is shown in
Figure 6. It showed that mixotrophic protists and heterotrophic protists were the dominant species,
accounting for 45.74% and 44.88% of the total abundance. The relative abundance of autotrophic
protists was relatively small, accounting for 9.38% on average. Compared with 10–20 µm groups,
the proportion of 5–10 µm mixotrophic protists decreased by 17.59% (p < 0.05), while the proportion of
heterotrophic protists increased by 14.20% (p < 0.05). On the first day of incubation, the growth of
heterotrophic protists was higher, the proportion of mixotrophic protists reduced. At HP treatment
group, heterotrophic protists increased by 12.16% (p < 0.05), mixotrophic protists decreased by 14.34%
(p < 0.05), and autotrophic protists decreased slightly (p > 0.05), compared with control group. At the
end of culture, at HD addition group, the proportion of heterotrophic protists increased by 20.47%
(p < 0.05), the proportion of mixotrophic protists decreased by 20.58% (p < 0.05), and the proportion of
heterotrophic protists presented little change (p > 0.05), compared with the control groups, respectively.
Hence, the 5–10 µm heterotrophic protists were more sensitive to P addition in the early stage of
culture and more competitive than the mixed and autotrophic protists. However, at the end of
culture, the autotrophic protists became more competitive and their proportion increased significantly,
indicating that P dosage had a stronger and longer effect on the growth of autotrophic protists.
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Figure 6. Variation in the trophic structure of protists in 5–10 µm size.

The trophic structure of 5–10 µm protists under sand-dust addition was different from that of P
addition. The change of autotrophic protists in sand-dust adding group was the same as that of the P
adding group. On the first day of culture, the autotrophic protists increased significantly and the higher
concentration sand-dust led to the higher scale increase. At the initial stage of culture, the proportion
of autotrophic protists at LD and HD groups increased to 16.10% and 21.65% respectively, which was
9.25% and 14.79% higher than that at control group (p < 0.05), but the growth of heterotrophic and
mixotrophic protists were significantly inhibited (p < 0.05). At the end of culture, the proportion of
heterotrophic protists at LD and HD groups increased to 53.50% and 53.76% respectively, 37.71% and
37.97% higher than that at control group (p < 0.05). These increases were significantly higher than
that at P-supplemented groups (p < 0.05). Meanwhile, the proportion of autotrophic and mixotrophic
protists decreased, especially for the HD and LD treatments, they were 34.91% and 27.91% lower than
those at control group (p < 0.05). The results showed that the early stage of sand-dust dosage had
obvious promoting effect on the growth of autotrophic protists, but inhibited the heterotrophic protists.
At the late stage, it presented stronger promoting effect on the heterotrophic protists.

3.2.3. Effects of Dust and Phosphorus Dosage on Trophic Structure of 2–5 µm Protists

Changes in the composition and trophic structure of 2–5 µm protists under sand-dust and
phosphorus addition stress are shown in Figure 7. The results showed that the mixotrophic protists
dominated in 2–5 µm protists, accounting for 45.11% of the total abundance, the heterotrophic followed
by 37.00%, and the autotrophic was about 17.89%. Compared with the 10–20 µm and 5–10 µm protists,
the autotrophic increased by 11.89% and 8.50%, respectively, meaning which reflected that the trophic
structure of 2–5 µm protists were more balanced than other sizes. On the 1st day, the protists trophic
structure in P adding groups did not change obviously compared with control group, but at the end of
culture, the proportion of HP and LP treated mixotrophic protists increased by 10.22% and 11.43%
respectively. While the autotrophic protists decreased by 12.55% and 13.41%, respectively. The results
showed that P addition presented little effect on the trophic structure of protists at the early stage,
but decreased the proportion of the autotrophic and increased the proportion of the mixotrophic at the
late stage.

The trophic structure of 2–5 µm protists under sand-dust adding changed largely. At the early
stage, the effect of sand-dust addition on the autotrophic presented the same trend as that of P
addition compared with the control. Both P and sand-dust adding improved the proportion of the
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autotrophic protists. The relative abundance of autotrophic protists at LD and HD treated groups were
28.15% and 29.26%, respectively, which increased by 8.23% and 9.15% comparing with the control.
However, the growth of heterotrophic and mixotrophic protists was inhibited. At the end of incubation,
the proportion of heterotrophic protists increased to 52.04% and 45.94% at LD and HD treatment
groups, respectively, 18.80% and 12.70% higher than that at control group. The proportion of the
autotrophic protists at LD and HD treatment groups decreased to 4.40% and 14.49%, respectively,
which was 19.05% and 8.97% lower than that at control group. The results showed that the sand-dust
deposition had a positive effect on the growth of 2–5 µm autotrophic protists at the early stage,
but increased the proportion of the heterotrophic protists at the late stage.

Figure 7. Variation in the trophic structure of protists in 2–5 µm size.

4. Discussion

According to the changes of relative abundance and trophic structure of protists by the rank
sum test of Kruskal-wallis and Nemenyi-Wilcoxon-Wilcox, it showed that P promoted the growth of
protists with the different particle sizes and the trophic modes at the early stage of culture. While
the sand-dust presented different effects on the growth of different trophic modes. It stimulated the
autotrophic but inhibited the heterotrophic and mixotrophic protists. The order of relative abundance
of autotrophic protists with different particle sizes was 10–20 µm > 5–10 µm > 2–5 µm. The order
of decreasing the proportion of heterotrophic protists with different particle sizes was 5–10 µm
> 10–20 µm > 2–5 µm; and the order of inhibiting the proportion for mixotrophic protists with
different particle sizes was 10–20 µm > 5 µm > 2–5 µm. The early stage of sand-dust deposition
obviously inhibited the heterotrophic and mixotrophic protists by the dissolution of toxic and harmful
substances in sand-dust. Mixotrophic and heterotrophic protists are the primary predator of autotrophic
protists; Pearce et al. (2011) found 42%~82% primary production was consumed by mixotrophic and
heterotrophic protists [35]. The decrease of mixotrophic and heterotrophic protists could accelerate the
growth of autotrophic protists. In this study, sand-dust addition promoted the growth of autotrophic
protists at the early stage, and the decrease of mixotrophic and heterotrophic protists accelerated this
process. The further study confirmed that sand-dust storm could significantly induce the occurrence
of red tide in the southern Yellow Sea [18,30]. Besides, the harmful inhibiting effect of sand-dust on
heterotrophic protists community would weaken the marine matter cycle and food transfer efficiency.

At the late stage of culture, P presented a prohibitive effect on the growth of protists, which was
related to the rapid growth of protists at the earlier stage, which resulted in nutritional deficiency and
growth restriction at the late stage. In the late stage of sand-dust deposition, the autotrophic protists
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were limited due to the excessive growth of autotrophic protists in the earlier stage. At the late stage,
sand-dust demonstrated stimulating effect for heterotrophic and mixotrophic protists, and the order
was heterotrophic > mixotrophic protists. As for the heterotrophic protists with different particle sizes,
the order was 5–10 µm > 2–5 µm > 10–20 µm, and for mixotrophic protists, the order was 10–20 µm
> 5–10 µm > 2–5 µm. In the late stage of sand-dust deposition, the toxicity of harmful substances to
heterotrophic protists gradually weakened. These protists slowly adapted to the sand-dust environment
and dissolution of organic substances and other nutrients in sand-dust provided abundant nutrients
for the heterotrophic protists [17]. As such, their abundance maintained stable and their proportion
gradually increased. The effects of low sand-dust group and high sand-dust group on the proportion of
heterotrophic and mixotrophic protists were basically coincident. However, the effect of high sand-dust
group was stronger and the nutritional supplementation lasted longer in the later period.

For the trophic structure, at the early stage of incubation, P addition could promote all kinds of
phytoplankton protists, especially the 10–20 µm autotrophic protists, which were consistent with that
of autotrophic protists at the early stage of sand-dust deposition. At the late stage of incubation, both P
addition and sand-dust deposition restricted all sizes of autotrophic protists. Therefore, it is speculated
that the effect of sand-dust deposition on the autotrophic protists in this ocean were ascribed to the
dissolution of P from sand-dust. The early promotion of sand-dust was to supplement the P in the sea
area, while at the late stage, the inhibition for the autotrophic protists was mainly related to the early
rapid growth of autotrophic protists by consuming up the P and other nutrients. The limiting capacity
of the sand-dust group at the late stage is less than that at P-adding groups. This reflected that the dust
could continuously supply the P and other nutrients.

The abundant P at the early stage of sand-dust deposition promoted the rapid growth of large-size
autotrophic protists. This phenomenon will further accelerate the occurrence of red tides in eutrophic
sea areas. Sand-dust deposition in the late stage stimulated the small-size heterotrophic protists and
accelerated the material cycle efficiency and food transfer capacity in the sea. Therefore, the influence
of sand-dust on the structure of different particle size and trophic protists will change the structure of
the micro-food web in the ocean. It will also change ability of material transformation in the water
body and ultimately, and affect the ecological function of protists in the transforming matter and
producing food in the sea.

5. Conclusions

(1) Sand-dust deposition affected the trophic structure of different particle sizes of planktonic
protists in the southern Yellow Sea. This could lead to change the structure of micro-food webs
in the sea, and affect the ecological functions of micro-food webs in material transformation and
food production.

(2) The growth of planktonic protists of all trophic modes in this ocean was restricted by P.
The early addition of P could promote the growth of planktonic protists of all trophic modes in the
southern Yellow Sea. The effect on the10–20 µm autotrophic protists was most obviously, while the
late addition of P mainly restricted the growth of different sizes of protists.

(3) The effect of initial sand-dust deposition on autotrophic protists was the same as that of P,
it inhibited heterotrophic and mixotrophic protists. The positive effect of sand-dust deposition on
heterotrophic and mixotrophic protists was strong at the late stage, and it improved the abundance of
small-sized heterotrophic protists.

(4) The positive effect of sand-dust deposition on autotrophic protists in the Yellow Sea might be
related to the dissolution of P from the sand-dust. The promotion of small-size heterotrophic protists
in the late stage of sand-dust deposition could accelerate the material circulation efficiency and food
transformation in the sea.
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