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Abstract

Seaweed fertilizer, formulated primarily with seaweed extract as its main ingredient, has
been extensively studied and found to significantly improve nutrient use efficiency, increase
crop yield and quality, and enhance soil properties under field conditions. This growing body
of evidence shows that seaweed fertilizer is a suitable option for sustainable agriculture in
China. However, a comprehensive and quantitative analysis of the overall effects of sea-
weed fertilizer application in China is lacking. To address this gap, we conducted a meta-
analysis of relevant studies on the effects of seaweed fertilizers under field conditions in
China with MetaWin and SPSS software. Our analysis examined the effects of seaweed fer-
tilizers on crop yield, quality, and growth under different preparation methods, application
techniques, and regions. Our results showed that the application of seaweed fertilizer led to
a significant average increase in crop yield of 15.17% compared with the control treatments.
Root & tuber crops exhibited the most pronounced response, with a yield boost of 21.19%.
Moreover, seaweed fertilizer application significantly improved crop quality, with elevations
in the sugar-acid ratio (38.32%) vitamin C (18.07%), starch (19.65%), and protein (11.45%).
In addition, plant growth parameters such as height, stem thickness, root weight, and leaf
area showed significant enhancement with seaweed fertilizer use. The yield-increasing
effect of seaweed fertilizers varied depending on their preparation and use method, climate,
and soil of application location. Our study provides fundamental reference data for the effi-
cient and scientific application of seaweed fertilizers in agricultural practices.
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Introduction

With over 18% of the global population residing on less than 7% of the world’s farmland in
China, the country faces significant challenges in food production due to the intensive use of
farmland [1,2]. Over the last few decades, excessive and improper application of chemical fer-
tilizers has led to low nutrient use efficiency, water and air pollution, and soil degradation
[3-5]. In response to these issues and to promote the sustainability of agriculture, China has
implemented various policies, including the *Zero Increase Action Plan’ for chemical fertilizers
and the expansion of functional fertilizers use [6].

Seaweed fertilizer, prepared based on seaweed extracts, has been found to confer various
benefits to plants. i) It provides plants with unique nutrients, including rich macro and sec-
ondary macro elements (such as N, P, K, Ca, Mg) as well as diverse forms of trace and rare ele-
ments (such as zinc, bromine, and iodine), which are inherent to marine organisms [7-10]. ii)
Furthermore, it stimulates plant growth and defense mechanisms by providing plant growth
regulators like auxins, cytokinins, and gibberellins. These compounds promote root develop-
ment, enhance flowering, and bolster overall plant vigor [11-13]. Additionally, these growth
regulators aid in stress tolerance, enabling plants to withstand adverse environmental condi-
tions such as drought, salinity, and temperature fluctuations [14-16]. iii) improving the soil
condition. The application of seaweed fertilizer has been found to improve soil conditions by
increasing microbial activity and nutrient cycling. Seaweed extracts serve as natural soil condi-
tioners, improving soil structure and water-holding capacity [13,17]. They foster beneficial
microbial populations, crucial for nutrient availability and disease suppression [18-20].
Through a specific extraction process, active compounds are derived from seaweed, which can
be utilized either alone as a ’biostimulant’ at reccommended rates as low as 0.5 kg/ha or 0.5 L/
ha through foliar application or fertigation. Alternatively, they can be incorporated as additive
agents for organic or chemical materials to produce seaweed organic or chemical fertilizers.
Although seaweed fertilizers tend to be more costly compared to those lacking seaweed
extracts, it’s market is poised for substantial growth. According to The World Bank report, due
to the seaweed fertilizer’s multiple functions and high profit, its market will reach 1.8 billion in
2030 from 1 billion in 2023 [21].

However, the efficacy of seaweed fertilizer described above is primarily contingent upon
the inherent physicochemical properties of the original seaweed species [7,22,23]. Moreover,
variations in seaweed fertilizer production processes, application methods, geographical loca-
tions, soil types, crop varieties, etc., further influence its effects. In a meta-analysis, researchers
found the disparate effects of seaweed extract on root-knot nematodes, attributing the varia-
tions to differences in plant species, seaweed species, and nematode strains [24]. However, a
comprehensive statistical elucidation of the systemic effects of seaweed fertilizer on crop yield
and quality, along with the factors modulating these effects, is yet to be undertaken. In addi-
tion, the diversity of climate, soil, crops, and seaweed fertilizer products are all relatively high
in China. Thus, we conducted a meta-analysis of the effects of seaweed fertilizer and their
influence factors in field conditions in China. The statistical data in this study could be an
appropriate reference for evaluating the potential of seaweed fertilizer in practical field
farming.

Materials and methods
Studies identification

We followed the PRISMA 2020 statement for identification studies and conducted meta-analy-
sis [25]. All relevant research studies were searched from Web of Science (https://
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Fig 1. Identification of seaweed fertilizer studies via databases CNKI, China national knowledge infrastructure.

https://doi.org/10.1371/journal.pone.0307517.9001

webofscience.clarivate.cn), China National Knowledge Infrastructure (CNKI, https://www.
cnki.net), and WANGFA DATA (http://www.wanfangdata.com) till Feb 2, 2024. Search terms
are combinations of (‘seaweed fertilizer’ or ‘seaweed extract’) and (‘yield’ or ‘quality’ or
‘growth’ or ‘soil’) and China. The additional filter for studies is that, they must be from jour-
nals, specifically research papers rather than reviews. Subsequently, we obtained 582 studies in
total, of which 49, 259, and 274 records are from the Web of Science, CNKI, and WANGFA
DATA, respectively. First, duplicate records were removed using literature management soft-
ware (Endnote X9, Thomson ResearchSoft, Stanford, CA, USA). Second, the records were
screened based on the title, abstract, and keywords. Finally, studies were selected for further
analysis with the following criteria. i) Experiments were conducted in field conditions, and

locations were clear. ii) Experiments were repeated at least three times. iii) Control groups
were included in the experiments, and seaweed was the only difference between the control
and treatment groups. This means that if the seaweed fertilizer used in the treatment group
was compounded with chemical or organic materials, the control group should be treated with
the same type and quantity of chemical or organic materials. Finally, 73 studies were selected
for further analysis (Fig 1 and S1 Table).

Data collection

Microsoft Office Excel 2019 was used to create a database for the meta-analysis. Data collected
from studies contain, i) study site information, including the experiment site’s locations, cli-
mate, soil pH, etc. ii) seaweed production and application information, including seaweed
extract preparation, application methods, and crops. iii) Experiment information, including
data of control and seaweed treatment, repeated times. The form of experimental data inputted
into the database were means, Standard Deviation (SD), and repeat times in the control and
seaweed treatments, respectively. If the experiment error was shown in Variance(S?) or
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Standard Error (SE), SD was calculated as SD = SE+/n, where n represents the number of
repeats. If the experiment was repeated three times or more, but the SD was not shown, the SD
was calculated by multiplying the means by 0.1 [6,26]. We used GetData Graph Digitizer 2.25
(http://www.getdatagraphdigitizer.com/ index.php) to obtain data from the figures if they
were not shown in the tables directly.

Crops were classified as cereals (maize, rice, etc.), root & tuber crops (potatoes and sweet
potatoes, etc.), fruits (peach, strawberry, apple, etc.), vegetables (tomato, Chinese cabbage,
etc.), oil crops (peanut, soybean, etc.), and other cash crops (cotton, flowers, etc.). The cli-
mate of the locations was classified as temperate continental climate, temperate monsoon
climate, subtropical monsoon climate, plateau mountain climate, and tropical monsoon cli-
mate [27].

Meta-analysis

Effect size and variance calculation. The effect size and variance of the seaweed fertilizer
in each independent study were calculated using the MetaWin statistical software package Ver-
sion 3.0.14 [28].

The effect size is represented in the natural log of the response ratio (R).

X
InR=In"t (1)
XL'
where X; and X, represent the means of the treatment groups and the mean of the control
groups. Accordingly, a positive InR indicates the positive effects of seaweed fertilizer on crop
yield, quality, and growth, and a negative InR indicates the negative effects. The variance of
effect size(V),r) and weight(W;) of each independent study was calculated according to Ma
etal., 2021 [29] and Rosenberg, 2024 [28].
S s
V — t c
TN TN

(2)

W, =1/V, (3)

Where N, and N, represent the sample sizes of the treatment groups and the control groups,
St and S, represent the standard deviations of the treatment and control groups.

Meta-analysis and heterogeneity test. The weighted mean effect size InR, , and their var-
iance were calculated in MetaWin software with fixed model first according to Rosenberg,
2024 [28].

R =Y WR/> W, (4)

v

InR++

=1/Zw, (5)
The 95% confidence interval (Cl) of InR, , was calculated as follows:

InR, +£1.96 X S, (6)

Whereas the standard error S, was calculated as

SlnR++ =V 1/Zw, (7)

PLOS ONE | https://doi.org/10.1371/journal.pone.0307517  July 18, 2024 4/15


http://www.getdatagraphdigitizer.com/
https://doi.org/10.1371/journal.pone.0307517

PLOS ONE

Seaweed fertilizer effects on crops’ yield and quality

If the 95% Cl did not cross the zero line, the seaweed fertilizer’s effect was regarded as sig-
nificant (P<0.05) compared with the control [30]. If not, the effect was considered as
insignificant.

Q Value (the statistic value of heterogeneity for explaining variance), degrees of freedom
(df), and P (the variation in InR attributable to heterogeneity) were calculated to show the het-
erogeneity of the group data.

Q = ZW,(InR — InR)’ (8)
df = N—1 (9)

QB_(”_l)

B

I’ = max|0,100 x (10)

where the InRrepresents the mean of InR, and N represents the number of studies. If the
Q<df, <50, and P>0.05, it means the data heterogeneity is relatively low, and the indepen-
dent variable had a relative fix effect on the dependent variable. Thus, the data is appropriate
for further analysis with fix model. If not, the data heterogeneity is relatively high, and the
independent variable may have a relative random effect on the dependent variable. Therefore,
arandom model is more appropriate in further meta-analysis. In the random model, the varia-
tion V'; and weight W, were adjusted as

’_ Q - (1’1 - 1)
Vi= Zw, — Zw?/Zw, (11)
Wi =1/(V,+V7) (12)

Then the InR, , was recalculated with adjusted weight W;. Moreover, in some situations,
the data need to be divided into subgroups on the basis of their properties or run the sensitivity
analysis to find and delete the exceptional data [31,32]. In this study, heterogeneity is relatively
high in the fix effect size model, so the random model was chosen for meta-analysis (52 Table).

Publication bias test. To test the publication bias of the data, Rosenthal’s Fail-safe Num-
ber and Egger regression were calculated based on the effect sizes of seaweed fertilizer applica-
tion, regardless the crops types, using method or locations et al. If the Fail-safe Number is
greater than 5N + 10 (N is the number of observations included in this study), there is no nota-
ble publication bias [6,33]. If the Egger regression P value is greater than 0.05, there is no nota-
ble publication bias [34]. If there was publication bias in the study, further analysis (such as
Trim and fill analysis) was needed to address the bias and adjust the results of analysis [35].

Statistics. In the meta-analysis process, if the effect sizes of seaweed fertilizer application
(regardless the crops types, using method or locations et al.) were not distributed normally, the
sampling method option ‘bootstrapping (resampling nonparametric estimation method)’
should be selected [36]. To test the normality of the seaweed fertilizer effect size in this study,
we calculated the seaweed fertilizer effect size distribution frequency and fitted them with
gaussian function in SPSS 25.0 statistics software (IBM SPSS, Inc, Armonk, NY, USA). More-
over, a Q-Q plot and Kolmogorov-Smirnov test were employed to confirm the normality in
SPSS. OriginPro 2022 SR1 9.9.0.225 (OriginLab Corporation, Massachusetts, USA) was used
to make the figures.

PLOS ONE | https://doi.org/10.1371/journal.pone.0307517  July 18, 2024 5/15


https://doi.org/10.1371/journal.pone.0307517

PLOS ONE

Seaweed fertilizer effects on crops’ yield and quality

Table 1. Group data heterogeneity of different effects of seaweed fertilizer.

Seaweed fertilizer effects Q df P> P
Yield increasing 82.47 71 0.17 13.91
Growth improvement 158.52 106 0.01 33.13
Quality improvement 143.19 97 0.00 32.26

Q, the statistic value of heterogeneity for explaining variance; df, the degree of freedom; P()2), the significant value of
heterogeneity for explaining variance; I, the variation in InR attributable to heterogeneity, the same as following
Table 2.

https://doi.org/10.1371/journal.pone.0307517.t001

Results
Heterogeneity test

In the meta-analysis, the variation of individual study effect sizes results in statistical heteroge-
neity. If the data heterogeneity is high, it needs to be addressed for further analysis[37]. In this
study, the heterogeneity is relatively low in the data of seaweed fertilizer effects on yield
increase. Q is not much higher than df, P(XZ) is not less than 0.05, and 2 is much lower than 50
(Table 1).

However, for the effects of seaweed fertilizer on crop quality and growth improvement, the
heterogeneity is relatively high (Table 1). To determine the source of high heterogeneity, we run
a subgroup analysis based on data properties. In further subgroup analysis, the heterogeneity of
all quality factors was relatively low and appropriate for further analysis (Tables 2 and 3).

Distribution of effect sizes of seaweed fertilizer application

Before the conducton of meta-analysis, whether the data distribution is normal or not should
be clear. Gauss function fitting of seaweed fertilizer effect sizes showed that, quality improve-
ment effect sizes of seaweed fertilizer distributed relatively normally with an adjusted R
squared of 0.91, wheras a relatively abnormal distribution of yield increasing and growth
improvement effect size was observed with an adjusted R squared of 0.48 and 0.52, respectively
(Fig 2A-2C).

Moreover, Q-Q plotting and the Kolmogorov-Smirnov test on seaweed fertilizer effect sizes
indicated similar results. It was show that the seaweed fertilizer effects on quality improvement
distributed normally in the Q-Q plot, and P values were greater than 0.05 (Fig 2E). In contrast,
seaweed fertilizer effects of yield increase and growth improvement did not distribute

Table 2. Group data heterogeneity of different quality improvement effects of seaweed fertilizer.

Quality improvement effects Q df P(x%) P
Fruit hardness 5.87 6 0.44 0.00
Protein 2.93 5 0.71 0.00
Reducing sugar 1.88 3 0.59 0.00
Soluble solid 15.57 16 0.48 0.00
Soluble sugar 7.48 13 0.88 0.00
Starch 1.87 3 0.60 0.00
Sugar-acid ratio 8.93 7 0.26 21.64
Titratable acid 7.27 10 0.70 0.00
Total sugar 18.34 11 0.07 40.03
Vitamin C 17.65 14 0.22 20.68

https://doi.org/10.1371/journal.pone.0307517.1002
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Table 3. Group data heterogeneity of different growth improvement effects of seaweed fertilizer.

Growth improvement effects Q df P(?) P
Height 37.06 31 0.21 16.35
Leaves number 2.16 3 0.54 0.00
Leaves area 9.85 6 0.13 39.07
Leaves width 6.60 7 0.47 0.00
Leaves length 5.72 4 0.22 30.12
DBH 8.11 12 0.78 0.00
Root weight 2.52 2 0.28 20.74
Photosynthetic rate 15.19 10 0.13 34.17
Chlorophyll 32.58 21 0.05 35.56

https://doi.org/10.1371/journal.pone.0307517.t1003

normally in the Q-Q plot, and P values were less than 0.05 in the Kolmogorov-Smirnov test
(Fig 2D and 2F). Thus, we selected the bootstrapping method in meta-analysis for yield
increase and growth improvement effect of seaweed fertilizer.

Effects of seaweed fertilizer application on crops yield and quality in field
conditions in China
The results of the meta-analysis indicated that the mean of all crops’ yield increased by 15.17%

significantly with seaweed fertilizer than without seaweed fertilizer (Fig 3A). Compared with
the control, the yield of root & tuber crops and fruits was notably higher when seaweed

<
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Fig 2. Frenquency distribution fitting, plotting and test of seaweed fertilizer effect on crops’ yield increasing, quality and growth improvement. (A), (B)
and (C), Frenquency distribution with gauss fitting of seaweed fertilizer effect on crops’ yield increasing, quality, and growth improvement, respectively; (D),
(E) and (F), Q-Q plotting, and Kolmogorov-Smirnov test of seaweed fertilizer effect on crops’ yield increasing, quality, and growth improvement, respectively.

https://doi.org/10.1371/journal.pone.0307517.9002
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Fig 3. Effects of seaweed fertilizer on crops’ yield, quality, and growth. (A) Effects of seaweed fertilizer on crops’ yield; (B) Effects of seaweed
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studies numbers, and the second ones indicated the change rates of each factor under seaweed fertilizer applications to controls, the same as

following Fig 4.

https://doi.org/10.1371/journal.pone.0307517.g003

fertilizer was applied, with an increase of 21.19% and 20.27%, respectively. Following were oil
crops, cereals, vegetables, and other cash crops, with significant increase of 15.28%, 13.28%,
13.16%, and 11.64%, respectively (Fig 3A). Much more interesting, seaweed fertilizer applica-
tion improved the crop yield in all catalogs significantly in statistics (95% confidence intervals
didn’t cross the zero-line, Fig 3A).

The quality of the crop was also improved with seaweed fertilizer application. Compared
with the control, total sugar, soluble sugar, and reducing sugar increased by 7.92%, 17.96%,
and 20.55%, respectively (Fig 3B). Hence, the crops’ sugar content was increased. Conversely,
the titratable acid significantly decreased by 7.36%. Consistent with these changes, the sugar-
acid ratio, which is important for the flavor of fruits and vegetables, was significantly increased
by 38.32% (Fig 3B). Moreover, seaweed fertilizer application significantly improved the crops’
starch, vitamin C, protein, and soluble solid by 19.65%, 18.07%, 11.45%, and 9.99%, respec-
tively (Fig 3B). These effects also benefit crop qualities. In addition, increasing soluble solids
contribute to the high quality of some fruits or vegetables.

Furthermore, the growth characteristics of crops under seaweed fertilization were also
improved. Compared with the control, the growth of root, stem, leaf, and plant height
improved due to seaweed fertilizer application. For instance, plant height and diameter at
breast height (DBH) increased by 10.87% and 14.90% (Fig 3C). Notably, root weight increased
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by 47.79%. Compared with the control, seaweed fertilizer application significantly improved
leaf growth characteristics, including the number, length, width, and area of leaves, with
improvements of 15.34%, 20.96, 11.73%, and 18.57%, respectively (Fig 3C). Moreover, Chloro-
phyll content in leaves increased by 10.84%. Meanwhile, the photosynthetic rate increased by
14.19% (Fig 3C).

Impact factors of seaweed fertilizer on crops yield in field conditions in
China

To further clarify the effects of seaweed fertilizer on crop yield, a meta-analysis was conducted
on factors that could impact the effect of seaweed fertilizer on crops, including the methods
and situations in seaweed fertilizers production and application processes. First, for seaweed
extract extraction, analysis results showed that seaweed fertilizer made based on biological
extraction significantly increased crops’ yield by 11.73%, whereas that based on physical or
chemical extraction also increased crops’ yield, but much lower in statistics, which is 4.09%
and 9.44% (Fig 4A). Second, for the seaweed fertilizer application process, foliar and root
application significantly increased crop yield by 13.70% and 11.10%, respectively (Fig 4A).
Third, for locations of seaweed fertilizer application, the analysis results indicated that climate
and soil pH both impacted the effects of seaweed fertilizer. In the regions with temperate mon-
soon and tropical monsoon climates, crop yield increased significantly by 17.35% and 14.66%
under seaweed fertilizer application, respectively. In the regions of temperate continental and
subtropical monsoon climate, the yield also significantly increased by 12.23% and 12.61%,
respectively (Fig 4B). Moreover, the analysis results show that compared with the control, sea-
weed fertilizer application increased crop yield significantly in the field with a wide range of
soil pH, with the highest increment in neutral soil (21.66%, pH 6.5-7.5), followed by in rela-
tively alkaline soil (17.19%, pH>>7.5) and relatively acidic soil (11.77%, pH<6.5, Fig 4B).

Publication bias test

Publication bias is common in meta-analysis, because positive and significant results are easier
to publish. When negative or nonsignificant research results are unpublished, publication bias
occurs. In this study, publication bias was tested by the Fail-safe Number and egger regression.

A B
T
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1
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Fig 4. The effect of seaweed fertilizer on crops’ yield increasing varied on its preparation, application, and use locations. (A) The effect size of seaweed
fertilizer on crops’ yield increasing with different methods of preparation and application. (B) Effect size of seaweed fertilizer on crops’ yield increasing in
different locations soil pH and in different climate zones.

https://doi.org/10.1371/journal.pone.0307517.9004
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Table 4. Fail-safe number test of seaweed fertilizer effect on crops’ yield increasing, quantity and growth improvement.

Seaweed fertilizer effect
Rosenthal’s Fail-safe Number
Study number (N)
‘5N+10’

https://doi.org/10.1371/journal.pone.0307517.t1004

Yield increasing Quality improvement Growth improvement
2300.88 1283.97 5107.27
72 98 107
370 500 545

If the number of the studies is greater than 5N + 10 (N is the number of observations included
in this study), there is no notable publication bias. We ran Rosenthal’s Fail-safe Number test in
the seaweed fertilizer effect of yield increase, quality, and growth improvement, which were
2300.88, 1283.97, and 5107.27, respectively (Table 4). All of them are greater than 5N + 10 (N
is 72, 98, and 107, respectively in this study), which indicates that there is no notable publica-
tion bias in this study.

Moreover, we conducted an Egger regression test. In the test, if the P value is greater than
0.05, there is no notable publication bias. Seaweed fertilizer effect size (InR) of yield increase,
quality, and growth improvement were tested, and the P values were 0.3476, 0.2327, and
0.3254, respectively (Fig 5). Results also indicated that no notable publication bias was
observed in this study. These results indicate that our meta-analysis results in this study can be
considered robust and reliable.

Discussion

In recent decades, extensive nutrient management led to yield stagnation, declining quality,
declining soil condition and environmental pollution in China [3-5]. These are big challenges
for sustainable agriculture. Therefore, many projects, including the chemical fertilizer “Zero
Increase Action Plan’ were carried out in China [6]. In this study, crop yield increased by
15.17% with seaweed fertilizer application. Furthermore, crop quality was also improved after
seaweed fertilizer application. Quality indexes such as the contents of protein, vitamin C, and
sugar increased, whereas the titratable acid content decreased (Fig 3A and 3B). These content
changes may lead to a better taste of fruits or vegetables. As indicated above, seaweed fertilizer
could be a feasible alternative to chemical fertilizer.

Compared with continental plants, seaweed contains not only common continental mineral
nutrients or small molecular organic nutrients but also unique marine mineral nutrients and
bioactive compounds. The concentrations of mineral, trace, and ultra-trace elements in sea-
weeds are higher than those in terrestrial plants [38]. Several plant hormones (such as auxin,
cytokinin, betaine, etc.) were found in seaweed [11,39]. Therefore, seaweed fertilizer could
provide plants with both nutrients and stimulators for their growth. In this study, we found
that plants’ height, DBH, root weight, leaf area, etc. all increased after fertilization with seaweed
fertilizer (Fig 3C). Moreover, in addition to several mineral elements, proteins, anomic acids,
and vitamins, seaweed also contains a certain amount of polysaccharide, whose main form is
alginic acid [40]. Alginic acid provides plants with energy and strengthens plant’s cell walls
[8,41]. Alginate oligosaccharides, which are degradations from polysaccharides, are nutrients
and stimulators for plants. They are small molecular weights, water-soluble, and easily
absorbed by plants [42,43]. Furthermore, soil enzymes, including soil sucrase, urease, soil gly-
cosidase activities, and soil microbe community diversity could be improved by seaweed fertil-
izer application, and these changes were considered responsible for the stress tolerances of
plants [15,20]. These results were consistent with the analysis results in this study, which
showed that seaweed fertilizer had positive effects on crop yield regardless of soil pH and the
climate types of site locations.
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standized effect size and its precision.

https://doi.org/10.1371/journal.pone.0307517.9005

Compared with the clearly defined nutrient composition of chemical fertilizers, seaweed
fertilizers have a complex nutrient profile, making it challenging to tailor customized formula-
tions. Additionally, higher application technology is required for seaweed fertilizers to achieve
optimal effectiveness. Specifically, large number of seaweed species, different methods of
extraction, production, and application diverse the effects of seaweed fertilizer in field condi-
tions. According to their color, Seaweeds were divided into three categories (red, brown, and
green). More specifically, the number of known seaweed species is up to 11,000 [44]. The con-
centrations of bioactive matter and metabolites are diverse in different seaweed species [45].
Furthermore, these seaweeds were extracted through distinctive methods to produce seaweed
fertilizer, which was then applied specifically way at different locations. Therefore, the effects
of the seaweed fertilizer varied. In this study, analysis data showed that the yield-increasing
effect of seaweed fertilizer was relatively high when the seaweed extraction was performed
using biological methods rather than those through chemical or physical methods (Fig 4A).
Compared with other conditions, seaweed fertilizer performed better in neutral and alkaline
soils, within temperate monsoon and tropic monsoon climates. However, in all locations
within this study, seaweed fertilizer increased the yield significantly (Fig 4B). It might be
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related to the function of seaweed fertilizer in improving plant stress tolerance and soil proper-
ties [46-48].

For meta-analysis, it is difficult to obtain statistical results without any bias and limitations.
In this study, we sought data heterogeneity and addressed it (Tables 1-3), found an unnormal
distribution of data, chose the appropriate sampling method (Fig 2), and tested the potential of
publication bias (Table 4 and Fig 5). Regardless of the inherent limitations of the statistical pro-
cess, our results are robust and reliable, and could be a useful reference for seaweed fertilizer
research and application.

Conclusions

We conducted a meta-analysis on the effect of seaweed fertilizer in field conditions in China.
Results showed that seaweed fertilizer application increased the crops’ yield. On average, there
was a 15.17% increase in crop yield. Additionally, regarding crop quality, the application of
seaweed fertilizer resulted in an increase in sugar content and a decrease in titratable acidity,
leading to a significant rise in the sugar-acid ratio by 38.32%. Furthermore, the crops vitamin
C, protein, starch, soluble solids, etc., showed significant improvements. These findings sug-
gest that seaweed fertilizer could be a suitable option for sustainable agriculture in China. Spe-
cifically, the effectiveness of seaweed fertilizer in increasing yields varied depending on its
preparation methods, application techniques, and regions. Seaweed fertilizer produced using
biological methods and applied in neutral soil exhibited a relatively stronger effect on increas-
ing yields.
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