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Abstract
In the past, diatoms were considered the primary food source for copepods in both wild and 
aquaculture settings. However, recent studies have found that diatoms have defense mecha-
nisms against predators, making them unsuitable as copepod feed. This study assessed the 
impact of addition of 100 μg L−1 of silicate to an inorganic nutrition formula containing 
700 μg L−1 nitrogen, 100 μg L−1 phosphorus, and 100 μg L−1 iron. Our objective was to 
assess the impact of increased diatom abundance on copepod production. The experiment 
was carried out in 1000 L outdoor tanks over a period of 20 days, with adult Pseudodiapto-
mus annandalei copepods, introduced into each tank on the second day at an initial density 
of 10 ind. L−1. The results indicated that adding silicate reduced the prevalence of Chloro-
phyta, replaced by a higher proportion of Dinophyta, and eventually dominated by diatoms. 
While silicate had a positive effect on diatom culture, it had a negative effect on copepod 
production. Adding silicate to the inorganic fertilization method resulted in increased costs, 
leading to a significant increase in the unit production cost of copepods.
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Introduction

Diatoms contribute significantly to marine phytoplankton, accounting for 40% of primary 
productivity in the world’s oceans (Falkowski et  al. 1998). They are a vital food source 
for many zooplankton species (Lebour 1922; Sommer et  al. 2002), especially copepods 
(Irigoien et al. 2000a, b, 2002), which possess specialized teeth capable of breaking dia-
tom shells (Michels and Gorb 2015a, b; Miller et  al. 1990). Traditionally, diatoms such 
as Chaetoceros spp. (Ohs et al. 2010), Thalassiosira spp. (Rahman et al. 2022), Nitzschia 
spp. (Pinto et al. 2001), and Melosira spp. (Rasdi and Qin 2018) have been used as feed for 
culturing copepods in aquaculture. However, other studies have challenged the idea that 
diatoms are the primary food for copepods (Ianora et al. 2003; Jones and Flynn 2005; Var-
gas et al. 2006). It has been discovered that some diatoms produce chemicals such as poly-
unsaturated aldehydes (PUAs) (Ianora et  al. 2004; Pohnert 2005), non-volatile oxylipins 
(NVOs) (Ianora et al. 2015), and domoic acid (Lundholm et al. 2018; Tammilehto et al. 
2015) as defense mechanisms against predators. The negative effects of these chemicals on 
copepod fertility (Asai et al. 2020) and nauplii development (Brugnano et al. 2016) hinder 
the copepod population after consuming diatoms.

Diatoms are unique among phytoplankton in their heavy reliance on silicon as the pri-
mary component of their shells. Silicon serves multiple critical roles in diatom biology, 
including facilitating nutrient absorption (Mitchell et  al. 2013), enhancing light capture 
(Romann et al. 2015), protecting against UV radiation (Aguirre et al. 2018), and providing 
defense against predators (Hamm et  al. 2003). Diatoms have specialized proteins (Lech-
ner and Becker 2015) and metabolic mechanisms (Martin-Jézéquel et al. 2000) for silicon 
uptake and transportation. Silicon also regulates diatom division cycles (Vaulot et al. 1987) 
and is a limiting factor for their growth in natural environments (Dortch and Whitledge 
1992; Yin et al. 2000).

Despite the importance of silicon for diatom growth, few studies have examined the 
relationship between adding silicate as an inorganic nutrient, large-scale diatom cultivation, 
and the mass production of copepods. Inorganic media such as F/2 (Camus et  al. 2009; 
Guillard and Ryther 1962; Liu and Xu 2010; Nogueira et  al. 2018) and Walne medium 
(Andersen 2005) highlight the need for silicate in diatom culture, with concentrations of 
2970 μg L−1 and 6510 μg L−1, respectively. However, due to the high cost associated with 
the high concentration of elemental composition in these media, they are practical only for 
laboratory-scale production of copepods.

Pseudodiaptomus annandalei, a type of calanoid copepod commonly found in the Indo-
Pacific region’s subtropical to tropical coastal or brackish water ecosystems (Beyrend-Dur 
et  al. 2011; Walter et  al. 2006), including Taiwan (Blanda et  al. 2015; Liao et  al. 2001; 
Rayner et al. 2015), has been demonstrated to be suitable for mass production in artificial 
environments (Golez et  al. 2004; GrØnning et  al. 2019; Low et  al. 2018) and used as a 
live feed for coral reef fish larvae (Chen et al. 2006; Lee et al. 2010). The mass production 
method currently in use, relying on organic matter fertilization, may be inconsistent and 
lead to copepod outputs that do not meet market demand (Hong and Tew 2022). In con-
trast, Hong and Tew (2022) proposed that inorganic fertilization is a more reliable method 
for producing copepods, offering benefits such as smaller size, greater purity, lower pro-
duction costs, and no pathogens. Adding iron (Fe) to the inorganic fertilization method 
was further optimized by Hong et  al. (2023), resulting in increased copepod production 
and nearly doubling net income. This study assesses the effects of adding silicate (+ Si) to 
the inorganic fertilization method on phytoplankton culture and mass-produced copepods, 
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based on the potential of inorganic fertilization for copepod mass production and the sili-
cate-diatom-copepod trophic pyramid. The objective is to develop strategies that enhance 
copepod production, achieving higher yields in a shorter timeframe, thereby benefiting the 
aquaculture industry.

Materials and methods

Experimental design

The experiment spanned 20 days and took place at the National Museum of Marine Biol-
ogy and Aquarium (NMMBA), Taiwan. Ten outdoor tanks with a capacity of 1000 L each 
were utilized for the experiment. These tanks were filled with unfiltered natural seawater 
and equipped with air pumps to ensure oxygen supply and maintain water homogeneity. 
The approximate times of sunrise and sunset were 0550 h and 1800 h, respectively. Addi-
tionally, the light intensity at noon reached approximately 2900 μE m−2 s−1.

The control group and the + Si group both maintained the same fertilization conditions: 
N: 700 μg L−1, P: 100 μg L−1 (daily maintenance), and Fe: 10 μg L−1 (added daily). In 
addition, the + Si group received an extra daily maintenance of 100 μg L−1 silicate. Each 
group consisted of 5 replicates. The nitrogen (N) source was NH4NO3, the phosphorus (P) 
source was H3PO4 (Sigma-Aldrich, St. Louis, Missouri, USA), the iron (Fe) source was 
FeSO4•7H2O (J.T.Baker, Radnor, PA, USA) (Hong et al. 2023; Oliveira et al. 1999), and 
the silicon (Si) source was Na2SiO3•9H2O (Hayashi Pure Chemical Ind., Ltd., Chuo-ku, 
Osaka, Japan) (Nurhidayati et al. 2023), respectively.

The copepods (P. annandalei) used in this study were obtained from seawater pumped 
by the NMMBA and maintained as a purified population. To ensure their purity and abun-
dance, copepod stocks were cultured in five 1000 L FRP tanks filled with freshly cultured 
phytoplankton. On day 2 of the experiment, adult copepods were collected from the stock 
tanks using a 25 μm mesh and introduced into each experimental tank at a density of 10 
ind. L−1. This was done once the phytoplankton chl a concentration had reached a sufficient 
level, ensuring an adequate food supply for the copepods (Hong and Tew 2022; Hong et al. 
2023).

Physicochemical analyses

During the experiment, water temperature, salinity, dissolved oxygen (DO), and pH were 
measured daily in situ using a YSI Professional Plus handheld multiparameter water qual-
ity meter (YSI, Yellow Springs, OH, USA) between 11:00 a.m. and 1:00 p.m. To analyze 
the concentrations of dissolved inorganic nitrogen (NH3-N, NO2-N, and NO3-N), phos-
phorus (PO4-P), total iron, and silica in all tanks, HACH products including ammonia kit 
(salicylate method 8155), nitrite kit (diazotization method 8507), phosphorus kit (ascorbic 
acid method 8048), total iron kit (USEPA FerroVer® method 8008), and silica kit (het-
eropoly blue method 8186) were used. Prior to analysis, NO3-N was converted to NO2-N 
using the method described by Pai and Riley (1994). Water samples were filtered through 
0.45 μm pore size filter papers (Advantec, Tokyo, Japan) to remove impurities and then 
chemically colored using HACH products. The absorbance values were measured using a 
spectrophotometer (Synergy H4 Hybrid Reader, BioTek instruments, VT, USA) to convert 
the concentrations of these inorganic nutrients (Hong and Tew 2022).
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Chl a analysis

Water samples (200 mL) were collected daily from each tank and filtered through 0.45 μm 
pore size filter papers to obtain phytoplankton. The filter papers were then extracted with 
90% acetone and left overnight, following the method described by Parsons et al. (1984a, 
b). The chl a concentration in the extract was measured using a spectrophotometer (Hitachi 
U-5100, Hitachi, Tokyo, Japan).

Zooplankton sampling

By stirring the water layer, the zooplankton was evenly distributed, and then 1 L of water 
samples was filtered through a mesh with a pore size of 25 μm to collect the zooplank-
ton. The collected zooplankton was preserved in a 5% formalin solution. Each day, non-
copepod zooplankton, as well as copepod larvae and adults, were identified, classified, and 
counted. In this experiment, copepodites of P. annandalei were considered as adults and 
included in the calculations.

Copepod analysis

The dry weight of copepods in the 1000 L tank was estimated on a daily basis during the 
experiment. The calculation process involved several steps. Firstly, the daily average body 
lengths of copepod larvae and adults (n = 50) were used to determine the carbon weight 
using the geometric mean regression of body length and carbon weight as described in 
Rayner et  al. (2015). Then, the relative ratio between carbon weight and dry weight, as 
described in Blanda et al. (2015), was applied to convert the carbon weight to dry weight. 
Finally, the calculated average individual dry weight was multiplied by the number of 
copepods present on that specific day to obtain the total dry weight of copepods in the tank.

The production cost of copepods was determined by dividing the total cost (in NT$) of 
the inorganic fertilizers (NH4NO3, H3PO4, FeSO4•7H2O, and Na2SiO3•9H2O) used until 
day 11 of the experiment by the maximum total dry weight of copepods reached in both 
groups on that day.

Phytoplankton analysis

To preserve the phytoplankton, 100 mL of water samples were treated with Lugol’s solu-
tion (Sigma-Aldrich, St. Louis, Missouri, USA). The taxonomical composition of the pre-
served phytoplankton was subsequently determined by counting and identifying the differ-
ent species using an optical microscope (Hong et al. 2023; Tew et al. 2016).

Statistical analysis

A one-way repeated measures analysis of variance (RM-ANOVA) was employed to assess 
the impact of various fertilization treatments on physicochemical and biological param-
eters, using the sampling date as the repeated factor. The unit production cost of copepods 
under different treatments was compared using a t-test. In cases where it was necessary to 
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meet the assumptions of normality and homogeneity of variance, data were ln-transformed. 
All statistical analyses were performed using SigmaPlot 12.5, with a significance level of 
α < 0.05 considered statistically significant.

Results

During the course of the experiment, the water temperature in all outdoor tanks was above 
32  °C, with the highest recorded temperature reaching 36  °C. Despite being statistically 
significant, the mean temperature between the two groups remained comparable. The ini-
tial pH value in both groups was around 8.0, gradually increasing to approximately 9.5 by 
the end of the experiment. The salinity and dissolved oxygen levels exhibited similar pat-
terns between the two groups, with no significant differences observed (p > 0.05) (Fig. 1).

The initial concentrations of inorganic nitrogen and phosphorus were relatively low 
in both the control and + Si groups. The average concentrations of NH3-N, NO2-N, 
NO3-N, and PO4-P did not show any significant differences between the two groups 
(p > 0.05) as depicted in Fig. 2A, B, C, D. Subsequently, the concentrations of NH3-N, 
PO4-P, and SiO2-Si sharply decreased to nearly 0  μg L−1 on day 3 in both groups 
(Fig. 2A, D, E). The natural seawater used in this study had an initial silicate concentra-
tion of approximately 75 ± 3 μg L−1 (Fig. 2E). In the + Si group, the silicate concentra-
tion gradually accumulated and reached 653 ± 85 μg L−1 by the end of the experiment, 
while the control group maintained an average concentration of approximately 28  μg 
L−1 throughout the study period (Fig. 2E). With iron fertilization at a concentration of 
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Fig. 1   The variations in temperature (a), salinity (b), pH (c), and dissolved oxygen (DO) (d) for both 
the control (n = 5) and + Si (n = 5) groups throughout the experiment. The values are presented as the 
mean ± SD. The P-value on each panel indicates the significance level (α = 0.05) of the different treatment 
effect based on repeated measure ANOVA



1124	 Aquaculture International (2024) 32:1119–1134

1 3

10 μg L−1, the iron concentration in both groups fluctuated around 10 μg L−1 throughout 
the 20-day experiment, which was close to the detection limit.

During the initial two days of the experiment, both the + Si group and the control 
group exhibited low phytoplankton chl a concentrations (Fig. 3A). However, there was 
a rapid overnight increase followed by a subsequent decline. Although there was a sta-
tistically significant difference in chl a concentration between the + Si group and the 
control group (p < 0.05), the overall patterns of chl a performance were similar in both 
groups (Fig. 3A). The densities of non-copepod zooplankton did not significantly differ 
between the two groups (p > 0.05). They peaked on day 5 of the experiment and then 
gradually decreased to nearly 0 ind. L−1 (day 8 and beyond) (Fig. 3B).

The density of copepod nauplii exhibited no significant difference between the con-
trol and + Si groups (p > 0.05). Both groups showed a gradual increase in density after 
the start of the experiment, reaching a peak on day 13, followed by a decline, and began 
to increase again in day 20 (Fig. 4A). The adult density in tanks with + Si fertilization 
was significantly lower than in the control group (p < 0.05). After peaking on day 11, the 
density in both groups gradually declined and stabilized at approximately 709 ± 76 ind. 
L−1 in the control group and 666 ± 121 ind. L−1 in the + Si group (Fig. 4B). The pattern 
of total copepod dry weight mirrored that of adult density, with a significant decrease 
observed in the + Si group compared to the control (p < 0.05) (Fig. 4C). The unit cost of 

Fig. 2   The variations in Ammonium-nitrogen (NH3-N) (a), nitrite-nitrogen (NO2-N) (b), nitrate-nitrogen 
(NO3-N) (c)、phosphate (PO4-P) (d), and silicate (SiO2-Si) (e) for control (n = 5) and + Si (n = 5) groups 
throughout the experiment. The values are presented as the mean ± SD. The P-value on each panel indicates 
the significance level (α = 0.05) of the different treatment effect based on repeated measure ANOVA
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copepods produced by the + Si group was significantly higher than that of the control 
group (p < 0.05), at 1.22 ± 0.23 NT$ g−1 and 0.72 ± 0.08 NT$ g−1, respectively.

The analysis of phytoplankton species composition revealed that on day 2 in both 
groups, diatoms were the predominant group (> 99%), with Chaetoceros spp. account-
ing for over 99% of the total diatom abundance. The remaining diatoms consisted of 
Nitzschia spp., Skeletonema spp., Navicula spp., and Amphiprora spp. (Fig.  5). From 
day 4 onwards, the control group consistently exhibited a dominance of Chlorophyta 
(> 85%), with Chlamydomonas spp. being the most abundant species (> 99%) and Pan-
dorina spp. present in smaller numbers (Fig. 5). However, on day 6, there was a notice-
able increase in the proportion of Dinophyta observed in the control group (Fig. 5). In 
the + Si group, Chlorophyta was also among the main phytoplankton species observed. 
However, on days 4, 6, and 8 of the experiment, Dinophyta were more abundant com-
pared to the control group. Particularly on day 6, Dinophyta accounted for over 96% 
of the total phytoplankton species, with Peridinium spp., Amphidinium spp., Protop-
eridinium spp., and Gymnodinium spp. being the dominant genera. Furthermore, start-
ing from day 8, there was an increase in the proportion of diatoms, with Nitzschia spp. 

Fig. 3   The variations in phytoplankton chl a concentration (a) and non-copepod zooplankton density 
(b) for control (n = 5) and + Si (n = 5) groups throughout the experiment. The values are presented as the 
mean ± SD. The P-value on each panel indicates the significance level (α = 0.05) of the different treatment 
effect based on repeated measure ANOVA
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comprising over 91% of the total phytoplankton species in the last two days (Fig.  5). 
The control group exhibited a significantly higher percentage of Chlorophyta compared 
to the + Si group (Paired t-test, t = -3.254, P = 0.017). However, there were no significant 
differences observed in the percentages of diatoms, Dinophyta, and other algal groups 
between the treatments (P > 0.05).

Fig. 4   The variations in copepod nauplii (a), adult copepod (b), and total copepod dry weight (c) for control 
(n = 5) and + Si (n = 5) groups throughout the experiment. The values are presented as the mean ± SD. The 
P-value on each panel indicates the significance level (α = 0.05) of the different treatment effect based on 
repeated measure ANOVA
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Discussion

At present, there is a persistent shortage of copepods in aquaculture, emphasizing the 
importance of optimizing copepod culture techniques to enhance production (Hong and 
Tew 2022; Hong et al. 2023). The objective of this study is to develop strategies that enable 
higher copepod yields in a shorter period, which can have practical implications for the 
aquaculture industry. Adopting a one-time full-harvest approach and transitioning to the 
subsequent culture cycle may prove to be a more efficient method compared to the exten-
sive approach. Moreover, this study did not focus on analyzing the specific qualities or 
nutritional composition of copepods.

Applying inorganic nitrogen and inorganic phosphorus at concentrations of N: 700 μg 
L−1 and P: 100 μg L−1 to natural seawater has been demonstrated to establish favorable 
water quality conditions, including stable pH and dissolved oxygen levels, and stimulate 

Fig. 5   Phytoplankton composition (%) in control (N = 5) and + Si (N = 5) groups throughout the experiment
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the growth of planktonic organisms such as unicellular microalgae and copepods (Tew 
et al. 2013, 2016; Kuo et al. 2021; Hong and Tew 2022). Hong et al. (2023) further refined 
this inorganic fertilization method by introducing iron, resulting in increased phytoplank-
ton production as a food source and doubling copepod production, even under challeng-
ing conditions such as high temperatures of 36  °C and a rise in pH to 9.5 due to direct 
sunlight exposure. In the present study, the control group successfully replicated the high 
copepod production observed in the + Fe group of Hong et al. (2023). However, the addi-
tion of silicate in the + Si group significantly inhibited copepod growth compared to the 
control group.

Begum et al. (2015) observed that the maximum silicate concentration during diatom 
blooms in seawater reached 158 μg L−1, and Kranzler et al. (2019) found that diatom abun-
dance increased when the local bay’s silicate concentration exceeded 128 μg L−1. Moreo-
ver, Kuo et al. (2021) and Tew et al. (2016) demonstrated that diatoms can dominate with-
out additional silicate supplementation. Analyzing local seawater data, this experiment 
revealed that the typical silicate concentration ranged from 30–300 μg L−1, indicating that 
natural seawater already contained sufficient silicate to support diatom growth. The experi-
ment maintained a target concentration of 100 μg L−1 of silicate daily in the + Si group, 
resulting in diatoms becoming the dominant species in more than half of the experimental 
period. However, the rapid depletion of silicate by a large population of diatoms can lead to 
the replacement of diatoms by other phytoplankton species (Wang et al. 2018; Zhang et al. 
2020). The study observed a pattern similar to the field environment, where diatoms exhib-
ited strong competitiveness and rapidly expanded their populations following initial ferti-
lization. Among the diatoms, Chaetoceros spp. emerged as the dominant species, which is 
commonly found in marine algal blooms (Kiørboe et al. 1998; Leising et al. 2005; Shikata 
et al. 2009). As the experiment progressed, nutrient levels, specifically NH3-N, PO4-P, and 
SiO2-Si, were quickly depleted by the growing diatom populations. This depletion resulted 
in a decline in diatom populations, as they rely on these nutrients for their growth. Conse-
quently, there was a shift in the community composition, with Chlorophyta and Dinophyta 
becoming the dominant groups. Chlorophyta are commonly found in aquaculture ponds 
and play a crucial role in transferring energy to zooplankton (Blanda et al. 2017; Tulsankar 
et  al. 2021). Specifically, the dominant chlorophyte species in this study were mainly 
Chlamydomonas spp., which are small in size (approximately 5 μm) and meet the dietary 
requirements of copepods at various growth stages (Berggreen et al. 1988).

However, the addition of silicate had a significant impact on the phytoplankton com-
munity. The bloom of dinoflagellates in the + Si group was more intense and prolonged 
compared to the control group, indicating that copepods would consume more dinoflag-
ellates as a result. In the natural environment, dinoflagellates are known to be one of the 
main food sources for copepods (Yeh et al. 2020). It has also been reported that copepods 
prefer to feed on dinoflagellates rather than diatoms when given a choice (Kleppel et al. 
1991). However, ingesting excessive amounts of dinoflagellates, some of which are toxic 
marine phytoplankton, may have detrimental effects on copepods, such as reduced motil-
ity (Delgado and Alcaraz 1999; Han et al. 2021). Additionally, dinoflagellates can produce 
aldehydes that negatively affect copepod reproduction (Li et al. 2019). These findings may 
explain why copepods in the + Si group of this study experienced negative effects due to 
the increased consumption of dinoflagellates during the population growth stage, resulting 
in the maximum density of adult copepods not reaching the level observed in the control 
group.

The utilization of inorganic fertilization methods can support the cultivation of vari-
ous non-copepod zooplankton species (Hong and Tew 2022; Hong et al. 2023; Kuo et al. 
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2021), including ciliates, which have been recognized as excellent live feed sources (Das 
et  al. 2012; Lee et  al. 2018). Certain species can thrive under favorable environmen-
tal conditions (Hong and Tew 2022; Wu et al. 2018). However, since these non-copepod 
zooplankton may compete with copepods for phytoplankton resources (Berk et al. 1977; 
Calbet and Saiz 2005), it is important to assess their population growth status. In this 
experiment, several similarities were observed in the non-copepod zooplankton between 
the two groups, including an earlier growth peak compared to copepods, similar density 
performance, and an inability to compete with copepods. Both groups were predominantly 
composed of Strombidium spp. and tintinnid ciliates. However, maintaining the population 
density of these non-copepod zooplankton proved challenging, and further development 
of mass production techniques is required (Mendes et al. 2016; Pandey and Yeragi 2004).

Diatoms possess silica shells, which serve as a fundamental defense mechanism (Hamm 
et  al. 2003) and are influenced by environmental silicate levels (Pančić et  al. 2019). 
Changes in silicate concentration impact the mechanical strength of diatom shells, subse-
quently affecting copepod selectivity (Xu et  al. 2021). Thicker diatom shells make them 
less appealing to copepods (Ryderheim et al. 2022), and diatoms can reinforce their shells 
in response to predation pressure (Pondaven et al. 2007). In the later stages of our experi-
ment, intense predation pressure from copepods led to a near depletion of phytoplankton 
in both groups. As a result, diatoms gradually increased their dominance in the + Si group, 
comprising over 90% of the phytoplankton composition. This increase can be attributed to 
the promotion of diatom growth by added silicate and copepods’ preference for consum-
ing chlorophytes and dinoflagellates as their primary food source. Consequently, copepods 
had a limited food selection and had to rely on diatoms with increasingly robust siliceous 
shells as their primary food source. As a consequence, the mean density of adult copepods 
was significantly lower in the + Si group compared to the control group where chlorophytes 
were dominant. Furthermore, the accumulation of high silicate concentration (> 600  μg 
L−1) observed at the end of the experiments in the + Si group was likely due to the release 
of silicate stored in diatoms into the water as they were gradually consumed by copepods 
and/or decayed.

The objective of this study was to assess the impact of incorporating silicate into an 
inorganic fertilization method on copepod mass production. The findings revealed that the 
addition of silicate altered the composition of phytoplankton, shifting from chlorophytes 
to diatoms, while unexpectedly increasing the density of dinoflagellates. Furthermore, the 
inclusion of silicate in the inorganic fertilization method resulted in a significant decline 
in adult copepod density and an increase in fertilizer expenses, consequently leading to a 
substantial rise in the unit production cost of copepods. Therefore, the inclusion of silicate 
in the inorganic fertilization method may not be necessary for achieving mass production 
of copepods. Moreover, the study’s results support previous research indicating that dia-
toms possess effective defense mechanisms against their predators. As a result, enhanc-
ing growth of microscopic chlorophytes for large-scale copepod production may be a more 
viable approach, offering cost-effectiveness and reliability. The use of an inorganic fertili-
zation method can be employed to support the cultivation of chlorophytes for this purpose.
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