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Abstract

Eukaryotic algae are an important component of the soil microbial community. However,
there is limited knowledge about the seasonal variations in the structure of soil algal com-
munities and the correlations between different algal groups and soil environmental factors.
Based on gene sequencing of the 18S rRNA V4 region, the changes in the community
structure of eukaryotic algae in three different types of soil (sandy soil, forest soil and
grassland soil along urban inland lake (Wuhan, China) coast) across four seasons were ana-
lyzed, and the correlations between the major taxonomic groups and environmental factors
were examined. The annotated algae were ranked by abundance as follows: Chlorophyta,
Bacillariophyta, Charophyta, Cryptista, Rhodophyta, Haptophyta and Glaucophyta. The
top seven genera in terms of richness were: Chlamydomonas, Tetracystis, Chlorella, Chloro-
coccum, Coelastrum, Bracteacoccus and Desmodesmus. All soil samples tended to be neutral
to alkaline. Environmental drivers for different groups were also explored. In terms of
correlation, the environmental factors most related to Chlorophyta were total nitrogen, total
phosphorus, and pH. Total nitrogen and water content were most related to Bacillariophyta
and Charophyta. The seasonal differences in soil eukaryotic algal communities are more
pronounced than the differences between soil types. Chlorophyta and Bacillariophyta are
the two most abundant groups in different seasons and soil types. There is a significant
difference in community composition between winter and other seasons.

Keywords: eukaryotic algae; community; environmental factors; 18S rDNA; sandy soil;
forest soil; grassland soil

1. Introduction
Soil microorganisms play a crucial role in ecosystem functioning by driving bio-

geochemical cycles and mediating critical soil processes, yet their responses to climate
change remain poorly understood [1–3]. Although algae were not formally recognized as
components of soil microbial communities until the end of the 20th century [4], they are
now known to inhabit a wide range of soil ecosystems, including woodlands, grasslands,
farmlands, tundras, and deserts [5–7]. The inherent heterogeneity of soil environments
generates diverse microhabitats that support considerable algal diversity [8,9]. Members of
genera such as Sphaerocystis [10], Tetracystis [11], Chlorococcum [12], Chlorosarcinopsis [13],
Protococcus [14], Neochloris [15], and Spongiosarcinopsis [16,17] have all been identified in
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soil habitats. Beyond their ecological distribution, soil algae perform multifaceted func-
tions that benefit both agricultural systems and soil formation. They contribute to soil
quality assessment [18], accelerate soil genesis [19–22], enhance nitrogen content through
biological nitrogen fixation [9,23,24], increase organic matter production to improve soil
fertility [25], and maintain soil structure and water retention capacity via polysaccharide
exudates [26,27]. Given these critical roles, elucidating the dynamics of soil algal com-
munities, particularly in response to seasonal variation, is essential for understanding
ecosystem functioning.

The assembly and composition of soil algal communities are shaped by the interplay
between biotic and abiotic factors [28–31]. Accumulating evidence demonstrates that sea-
sonality, precipitation, temperature, and nutrient availability collectively drive eukaryotic
algal community structure [32–34]. Complementing these observations, studies have docu-
mented the effects of soil moisture and nutrient status on community composition [35–40].
Soil pH [41,42] and moisture [43] exert particularly strong influences by altering habitat
conditions to which different algal groups respond distinctively: Chlorophyta tend to thrive
in acidic soils; whereas, Cyanobacteria are better adapted to neutral and alkaline envi-
ronments [44–48]. Methodologically, the shift from traditional microscopic identification
to molecular approaches based on environmental DNA has substantially expanded our
capacity to detect and characterize algal diversity [46]. Despite these advances, a critical
knowledge gap persists: most investigations have examined individual environmental
factors in isolation or focused on broad spatial comparisons, leaving it unclear how al-
gal community structure across contrasting soil types within the same geographic region
responds to seasonal fluctuations. Existing studies rarely capture the interactive effects
of soil type and seasonality on algal community dynamics, limiting our ability to predict
how these foundational microbial communities will respond to climate-driven changes in
temperature and precipitation regimes.

To address this gap, the present study investigated the seasonal response of eukaryotic
algal community structure in three contrasting soil types along the shoreline of East Lake in
Wuhan, central China. We collected soil samples from sandy soil, forest soil, and grassland
soil across all four seasons, yielding a total of 108 samples (nine sampling points with three
replicates each). Using third-generation sequencing targeting the 18S rRNA V4 region, we
characterized the molecular diversity of soil algae and examined their correlations with
environmental variables, including total carbon (TC), total nitrogen (TN), total phosphorus
(TP), pH, temperature (T), and water content (WC). This study provides several novel
ecological insights that advance current understanding of soil algal ecology. First, by
sampling three contrasting soil types within the same region across four seasons, we
provide the first integrated analysis of how soil type and seasonality interact to shape algal
community assembly—a dimension previously overlooked in studies that examined either
soil type or season independently. Second, the application of third-generation sequencing
enables more comprehensive detection of algal diversity than traditional microscopy-
based approaches, revealing previously undocumented community patterns. Third, by
quantifying the relative contributions of multiple environmental drivers simultaneously,
we identify the key factors governing seasonal algal community shifts in lacustrine-adjacent
ecosystems. Collectively, these findings establish a theoretical foundation for managing
algal resources and addressing environmental challenges in terrestrial–aquatic ecotones
under changing climate conditions.
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2. Materials and Methods
2.1. Study Area and Sample Collection

The study area is located along the coast of the famous urban inland lake
(30◦32′34′′–30◦34′10′′ N, 114◦21′14–114◦24′5′′ E), East Lake, in Wuhan City, Hubei Province,
China (Figure 1). We selected three different types of soils along the lake coast, which
are sandy soil, forest soil, and grassland soil. Nine sample sites were selected in three
different regions, respectively (as shown in Figure 1), and a total of 4 sampling sessions
were conducted. The sampling periods were April 2022 (spring), August 2022 (summer),
November 2022 (autumn), and January 2023 (winter), successively. A total of 108 samples
were collected (4 seasons, 9 sampling points, with 3 replicates each), with the sample
numbers ranging from S1-S3, F1-F3, and G1-G3, respectively. During sample collection,
a sterilized was used to scrape blade (Beijing, China) the soil surface to collect 0.5–1 cm
of soil. For each sample, about enough soil to fill a 50 mL centrifuge tube was collected in
two portions. One portion was used for the extraction of total DNA and the determination
of physicochemical indicators such as TC, TN, and TP. The other portion was used to
measure WC, pH, and EC. The habitat photos and the distribution map of the sampling
sites are shown in Figure 1.

Figure 1. Distribution of sample points and habitat photos. (A) map of the distribution of nine
sampling sites along the lake shore; (B) sandy soil; (C) forest soil; (D) grassland soil. San: sandy soil;
For: forest land; Gra: grassland.

2.2. DNA Extraction and Determination of Environmental Factors

Soil samples for total DNA extraction were thoroughly shaken and mixed, and then
total DNA was extracted according to the instructions of the HP Plant DNA Kit (Omega
Bio-Tek, Norcross, GA, USA). Subsequently, the extracted total DNA was placed in dry ice
and mailed to the sequencing company.

The measurement of TC employed the elemental analyzer SerCon Integra 2 (Sercon
Limited, Crewe, UK). Initially, a sample of 50 mg was precisely weighed and placed in a tin
capsule, which was then inserted into a combustion tube operating at 1000 ◦C (containing
silver wire, copper oxide, and chromium oxide) for combustion. The gases produced were
passed through a reduction tube filled with linear copper at 600 ◦C for reduction, and after
the removal of moisture, they were separated by a chromatography column (with a column
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temperature of 60 ◦C). Subsequently, the gases entered the elemental analyzer detector, and
the soil carbon content was determined by comparison with standard samples.

The determination of total nitrogen refers to the Agricultural Industry Standard of the
People’s Republic of China (NY/T 1121.24-2012). An appropriate amount of soil sample
was weighed using an ML204 type one-in-ten-thousand balance (Mettler, Columbus, OH,
USA) and placed at the bottom of a dry Kjeldahl flask. Then, 2 g of accelerator and 5 mL
of concentrated sulfuric acid were added, and the mixture was thoroughly mixed. Placed
the Kjeldahl flask on the stove and heat it with a gentle flame for about 10–15 min. When
the reaction became mild, the heat was increased to keep the soil solution in a gentle
boiling state. Once the liquid and soil particles had all changed to a grayish white with
a hint of green, the solution continued to boil for another hour. After completion, the
sample was cooled awaiting distillation. During the boiling process, three blank tests were
conducted, with all operations the same except for the soil sample added. Before distillation,
it was necessary to prepare sodium hydroxide, sulfuric acid standard solution, and mixed
indicator. We thoroughly preheated the nitrogen determination apparatus, and cleaned the
pipeline through empty distillation until the readings stabilized. We took an appropriate
amount of the above-mentioned sample solution and injected it into the distillation tube of
the Kjeldahl nitrogen determination apparatus. After setting the parameters, proceeded
with the measurement.

The determination of total phosphorus referred to the National Environmental Pro-
tection Standard of the People’s Republic of China (HJ 632-2011). Using an ML204 type
analytical balance (Mettler, Columbus, OH, USA) to accurately weigh 0.2 g of air-dried
sample, carefully placed it at the bottom of a nickel (or silver) crucible. We added 3–4 drops
of anhydrous ethanol to moisten the sample, and then spread 2 g of sodium hydroxide
evenly over the sample. We placed the crucible into a high-temperature electric furnace,
heated it to about 400 ◦C, then cut off the power and paused for 15 min. Then we raised
the temperature to 640 ◦C and maintained this temperature for 15 min before removing the
sample to cool down. We then added approximately 10 mL of water at about 80 ◦C. Once
dissolved, we transferred the solution, without loss, into a 50 mL volumetric flask. We
rinsed the crucible multiple times with water and also transferred the washing liquid into
the same volumetric flask. We cooled the solution, restored it up to the mark by adding
water, and filtered it through non-phosphorus qualitative filter paper or centrifuged it for
clarification. We conducted a blank test simultaneously. We pipetted 1–10 mL of the sample
solution into a 25 mL volumetric flask and diluted with water to about 3/5 of the total
volume. We added 2–3 drops of dinatrium phenol indicator and adjusted the solution to a
faint yellow color using an acid–base solution. We accurately added 2.5 mL of the molyb-
denum antimony anti-color developing agent, restored it up to the mark by adding water,
shook it well, allowed the color to develop for 30 min, and then performed colorimetry.

The determination of electrical conductivity and pH is carried out by mixing the soil
sample with distilled water at a soil-to-water ratio of 5:1 (mL/g) and stirring thoroughly
until well mixed. The mixture is then measured using a YSI multi-parameter water quality
monitor (Xylem Inc., Rye Brook, NY, USA) (model 6920V2-2) [47]. The determination of
water content is carried out using the dry–wet weight difference method. The weight of
the wet soil sample is measured using a balance, then the sample is dried in an oven and
weighed again at 105 ◦C. The difference in weight is the water content.

2.3. Sequencing and Data Processing Methods

Sequencing was conducted by Personalbio Technology Co., Ltd. (Shanghai, China).
The target fragment (18S rDNA V4 region) was subjected to high-throughput sequencing
using the PacBio sequencing platform (Pacbio, Menlo Park, CA, USA). PCR amplification
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used the forward primer TAReuk454FWD1 (5′-CCAGCASCYGCGGTAATTCC-3′) and
the reverse primer TAReuk454REV3 (5′-ACTTTCGTTCTTGATYRA-3′) [48]. After the
sequencing data was obtained from the sequencer, the data were aligned and corrected
using SMRT Link v7.0 (Pacbio, Menlo Park, CA, USA) software to achieve high-quality
consensus sequences (Circular Consensus Sequences, CCS), also known as raw reads.
Subsequent to the raw reads, filtering and screening were performed (retaining sequences
of 1500 to 4500 bp), followed by primer removal and chimera removal, ultimately obtaining
clean reads for subsequent analysis.

The sequencing depth was evaluated using QIIME2 (2022) [49], while aligning all
sequence directions in the same direction, i.e., 5 ‘to 3’ direction. Based on the minimum
sequence count for each sample, all samples were rarefied. Subsequently, OTU (Operational
Taxonomic Unit) clustering was performed at a similarity threshold of 97% using the
software USEARCH (version 11). This clustering process resulted in the generation of an
OTU abundance table and representative sequences for each OTU. The sequences were
aligned against the GenBank database using Blastn, followed by annotation of the OTUs.
The sequences have been deposited in the NCBI database, and the accession numbers of
the sequences are shown in Table 1.

Table 1. Accession numbers of the sequences.

PZ277261 PZ277168 PZ277035 PZ276994 PZ276794 PZ276402 PZ280600
PZ277260 PZ277167 PZ277027 PZ276993 PZ276793 PZ276213 PZ280601
PZ277259 PZ277139 PZ277021 PZ276960 PZ276791 PZ276162 PZ280603
PZ277258 PZ277138 PZ277020 PZ276959 PZ276777 PZ276153 PZ280606
PZ277255 PZ277057 PZ277017 PZ276958 PZ276776 PZ276149 PZ280604
PZ277252 PZ277046 PZ277016 PZ276956 PZ276765 PZ276143 PZ280605
PZ277253 PZ277044 PZ277014 PZ276957 PZ276755 PZ276142 PZ280608
PZ277254 PZ277043 PZ277013 PZ276951 PZ276754 PZ276091 PZ280607
PZ277251 PZ277040 PZ277012 PZ276949 PZ276753 PZ276089 PZ280609
PZ277250 PZ277041 PZ277011 PZ276907 PZ276752 PZ276087 PZ280614
PZ277249 PZ277036 PZ277006 PZ276903 PZ276750 PZ276086 PZ280613
PZ277247 PZ277037 PZ277005 PZ276900 PZ276705 PZ276063 PZ280610
PZ277248 PZ277038 PZ277004 PZ276899 PZ276697 PZ276058 PZ280612
PZ277246 PZ277039 PZ277001 PZ276810 PZ276698 PZ280599 PZ280611
PZ277243 PZ277034 PZ277002 PZ276808 PZ276407 PZ280602 PZ280615

2.4. Statistical Analysis

All of the below analyses and graphical renderings were carried out using R software
(4.2.2). The non-metric multidimensional scaling (NMDS) ordination [50] was achieved
through the metaMDS function in the vegan package. The relationship between algal
communities and environmental factors was determined by R software (4.2.2) and the
vegan package [51]. The difference map of community richness was plotted using the
ggplot package. The corrplot package was used to draw the correlation heatmap [52]. The
random forest model was constructed by performing 1000 random samplings using the
randomForest package [53].

3. Results
3.1. Soil Physicochemical Parameters

Overall, the soil at the sampling sites is mostly neutral to alkaline, with a pH range
of 6.90 to 8.83. The electrical conductivity ranges from 15.5 to 148.9 µS/cm. Seasonally,
the water content is highest in spring (212 g/kg) and lowest in autumn (89 g/kg), with
summer at 144 g/kg and winter at 115 g/kg. In terms of total carbon (TC), it is highest in
spring (23.1 g/kg), which is higher than in summer (15 g/kg), autumn (15.8 g/kg), and
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winter (15.9 g/kg). In terms of total nitrogen (TN), the levels are higher in spring (1.6 g/kg)
and winter (1.57 g/kg) than in summer (1.35 g/kg) and autumn (1.15 g/kg). In terms of
phosphorus (P), the concentration in spring (0.5 g/kg) is slightly lower than in summer
(0.75 g/kg), autumn (0.73 g/kg), and winter (0.64 g/kg). Viewed by soil type, the total
carbon (TC) content in sandy soil (18.1 g/kg) and grassland (18.4 g/kg) is comparable and
higher than that in forest land (15.8 g/kg). The content of total phosphorus (TP) shows
no significant differences among the three types of soil: sandy soil (0.7 g/kg), forest land
(0.64 g/kg), and grassland (0.63 g/kg). The water content in sandy soil (0.17) is higher than
that in forest land (0.13) and grassland (0.12). The raw data is listed in (Tables 2–5).

Table 2. Soil physicochemical properties of site in spring.

Site TC g/kg TN g/kg TP g/kg EC us/cm PH T ◦C WC

S1-1 40.8 0.64 0.36 67.6 8.58 28.9 0.23
S1-2 45.8 1.96 0.47 58 8.67 28.9 0.34
S1-3 79.7 5.47 1.32 46.2 7.63 28.9 0.22
S2-1 3.1 0.22 0.14 38 7.39 28.4 0.3
S2-2 5.2 0.16 0.11 45.4 7.23 28.4 0.2
S2-3 3.1 0.24 0.12 43.4 7.19 28.4 0.26
S3-1 32.1 1.49 0.48 39.3 7.33 28.7 0.13
S3-2 13.5 0.72 0.16 52.9 7.3 28.7 0.21
S3-3 10.7 0.35 0.26 34.8 7.26 28.7 0.21
L1-1 14.8 0.94 0.39 47.7 7.99 26.5 0.21
L1-2 11.6 1.02 0.36 45.9 7.28 26.5 0.15
L1-3 25.2 2.08 0.61 47.4 7.5 26.5 0.18
L2-1 19.8 1.47 0.62 61.1 7.88 26.2 0.24
L2-2 18.1 1.4 0.44 58.9 7.95 26.2 0.24
L2-3 29.9 1.85 0.55 54.3 8.51 26.2 0.25
L3-1 17.7 1.43 0.48 82.7 8.53 28.1 0.17
L3-2 17.9 0.86 0.91 64.3 8.83 28.1 0.21
L3-3 16.8 0.59 0.50 30 7.57 28.1 0.15
C1-1 15.5 2.21 0.47 45.1 7.57 27.4 0.2
C1-2 26.8 2.35 0.59 45.5 7.62 27.4 0.17
C1-3 15.4 1.49 0.42 47 7.39 27.4 0.19
C2-1 42.6 3.75 0.49 36.3 7.48 27.8 0.18
C2-2 17.3 1.74 0.45 45.5 7.79 27.8 0.17
C2-3 19.1 1.94 0.58 53 7.59 27.8 0.23
C3-1 20.9 1.74 0.77 55.4 7.75 26.9 0.2
C3-2 19.8 1.48 0.71 67.3 7.8 26.9 0.23
C3-3 40.6 3.6 0.71 57.6 7.61 26.9 0.24

Table 3. Soil physicochemical properties of site in summer.

Site TC g/kg TNg/kg TPg/kg EC PH T WC

S1-1 11.8 0.58 1.50 53.6 7.12 30.5 0.15
S1-2 12.6 0.73 1.93 69.4 7.1 30.5 0.18
S1-3 17.9 0.61 2.72 40.3 7.12 30.5 0.16
S2-1 28.3 0.37 0.31 62.6 7.01 31.9 0.12
S2-2 36.1 0.31 0.15 91.3 7.23 31.9 0.09
S2-3 29.0 0.42 0.33 88.7 6.98 31.9 0.15
S3-1 14.7 0.3 0.22 76.6 7.09 32.3 0.19
S3-2 24.0 0.31 0.27 34.4 7.09 32.3 0.23
S3-3 17.5 0.32 0.21 48.3 6.9 32.3 0.07
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Table 3. Cont.

Site TC g/kg TNg/kg TPg/kg EC PH T WC

L1-1 35.1 2.4 0.69 85.3 6.97 32.4 0.1
L1-2 10.2 2.61 0.72 119 7.24 32.4 0.18
L1-3 26.6 2.22 0.74 61 7.13 32.4 0.1
L2-1 13.2 1.91 0.87 71.1 7.27 33.5 0.15
L2-2 16.3 1.89 0.53 102.7 7.22 33.5 0.1
L2-3 14.7 1.88 0.70 87.7 7.34 33.5 0.22
L3-1 2.9 1.42 0.84 84.9 7.61 31.6 0.15
L3-2 3.7 1.2 1.19 61.4 7.37 31.6 0.14
L3-3 2.6 1.77 0.96 43 7.6 31.6 0.24
C1-1 2.5 1.75 0.57 47.8 7.34 32.9 0.19
C1-2 2.9 1.79 0.60 61.7 7.45 32.9 0.14
C1-3 8.5 1.87 0.57 47.1 7.52 32.9 0.13
C2-1 5.4 2.29 0.55 56.3 7.1 33.1 0.18
C2-2 9.4 2.38 0.69 101.8 7.39 33.1 0.18
C2-3 8.1 2.31 0.68 51 7.38 33.1 0.15
C3-1 14.0 0.93 0.61 50.5 7.24 32.8 0.06
C3-2 12.0 1 0.57 62.5 7.64 32.8 0.06
C3-3 23.9 0.97 0.45 66.6 7.13 32.8 0.07

Table 4. Soil physicochemical properties of site in autumn.

Site TC g/kg TNg/kg TPg/kg EC PH T WC

S1-1 49.1 2.87 2.97 109.2 7.44 16.4 0.1
S1-2 25.6 1.81 2.49 133.4 7.66 16.4 0.07
S1-3 11.0 0.79 1.01 106.2 8.16 16.4 0.04
S2-1 3.5 0.22 0.19 26 7.55 17.2 0.2
S2-2 2.9 0.17 0.16 26.2 7.27 17.2 0.2
S2-3 2.0 0.16 0.09 23.7 7.73 17.2 0.19
S3-1 2.8 0.31 0.20 36.7 7.99 18.5 0.14
S3-2 1.9 0.23 0.19 45.4 7.92 18.5 0.19
S3-3 2.6 0.2 0.25 45.1 8.12 18.5 0.17
L1-1 17.3 1.91 0.70 30.2 7.68 17.8 0.01
L1-2 17.5 1.4 0.69 40.5 7.68 17.8 0.02
L1-3 20.8 1.73 0.67 22.7 7.17 17.8 0.03
L2-1 15.4 1.27 0.69 53.5 7.74 16.5 0.14
L2-2 11.5 1.21 0.57 47 7.61 16.5 0.11
L2-3 22.9 1.81 0.67 58.8 7.71 16.5 0.11
L3-1 14.1 0.55 0.51 148.9 8.03 14.8 0.02
L3-2 14.5 0.43 0.63 53.4 7.9 14.8 0.01
L3-3 14.2 0.39 0.49 37 7.56 14.8 0.01
C1-1 18.8 1.66 0.70 36.3 7.39 17.7 0.05
C1-2 22.4 1.81 0.82 29.8 7.28 17.7 0.06
C1-3 22.2 1.7 0.82 36.6 7.83 17.7 0.09
C2-1 11.2 1.13 0.73 58.5 7.61 17.5 0.05
C2-2 16.3 1.71 0.63 68.1 8 17.5 0.03
C2-3 27.0 1.87 0.87 31 7.43 17.5 0.05
C3-1 15.7 1.26 0.68 66.9 7.94 16.3 0.13
C3-2 15.2 1.21 0.64 40.4 7.77 16.3 0.07
C3-3 28.3 1.35 0.65 31.5 7.54 16.3 0.11

https://doi.org/10.3390/d18080454

https://doi.org/10.3390/d18080454


Diversity 2026, 18, 454 8 of 16

Table 5. Soil physicochemical properties of site in winter.

Site TC g/kg TNg/kg TPg/kg EC PH T WC

S1-1 21.8 1.56 2.00 26.6 7.57 8.1 0.09
S1-2 36.7 4.18 1.48 38.9 7.56 8.1 0.11
S1-3 35.5 2.59 2.30 29.4 7.45 8.1 0.08
S2-1 3.7 0.38 0.22 22.8 7.79 7.9 0.2
S2-2 1.8 0.37 0.09 18.6 7.71 7.9 0.16
S2-3 8.6 0.35 0.07 26.1 7.61 7.9 0.19
S3-1 3.2 0.45 0.10 19.9 7.25 8.8 0.18
S3-2 7.8 0.47 0.22 39.1 7.98 8.8 0.2
S3-3 6.0 0.44 0.12 33.2 7.94 8.8 0.18
L1-1 18.3 1.99 0.73 22.4 7.84 7.7 0.04
L1-2 11.7 1.83 1.26 18.7 7.8 7.7 0.04
L1-3 14.3 1.54 0.54 16.2 7.51 7.7 0.06
L2-1 10.4 1.11 0.48 18.6 7.88 7.4 0.1
L2-2 13.7 1.22 0.50 22.2 7.78 7.4 0.13
L2-3 15.0 1.12 0.53 41.7 7.88 7.4 0.14
L3-1 12.6 1.38 0.35 15.5 7.71 7.1 0.17
L3-2 16.6 1.49 0.41 20.2 8.04 7.1 0.12
L3-3 11.1 1.18 0.34 17.4 7.71 7.1 0.16
C1-1 20.6 2.2 0.73 27.4 7.95 8.1 0.07
C1-2 16.4 2.07 0.62 29 7.96 8.1 0.07
C1-3 21.2 2.08 0.63 21.7 7.91 8.1 0.07
C2-1 11.8 1.7 0.59 34.5 7.8 7.2 0.05
C2-2 18.1 2.1 0.58 105 7.4 7.2 0.04
C2-3 15.4 1.68 0.58 33 7.78 7.2 0.03
C3-1 50.1 4.83 0.81 16.1 7.96 7.6 0.22
C3-2 14.0 1.09 0.48 33.2 7.81 7.6 0.08
C3-3 13.5 1.05 0.47 20.8 7.77 7.6 0.13

3.2. Community Composition

The sequences were clustered at 97% similarity, and after sequence rarefaction, a total
of 5471 Operational Taxonomic Units (OTUs) were obtained, including 640 algal OTUs.
This study focuses only on the diversity of soil eukaryotic algae; therefore, only algal
sequences will be analyzed in subsequent steps. Overall, they belonged to seven phyla, in
order of abundance: Chlorophyta, Bacillariophyta, Charophyta, Cryptista, Rhodophyta,
Haptophyta, Glaucophyta. Among them, the Chlorophyta and Bacillariophyta phyla were
absolutely dominant throughout all four seasons of the year. Within the Chlorophyta
phylum, there were 375 OTUs, of which 251 belonged to the Chlorophyceae class. Within
the Chlorophyceae class, there were further subdivisions, including 175 OTUs belonging
to the order Chlamydomonadales. A total of 53 Chlorococcaceae OTUs were annotated,
involving six genera, in order of abundance: Chlorococcum, Spongiochloris, Spongiococcum,
Tetracystis, Chlorococcopsis and Radiosphaera.

Algae’s relative abundance in different seasons and soil types is shown in Figure
S1A. Overall, Chlorophyta and Bacillariophyta held an absolute dominant position across
the four seasons and three soil types. The community structure of soil eukaryotic algae
exhibited significant seasonal differences, with the highest overall richness in spring,
followed by summer, autumn, and winter in descending order. Additionally, the richness of
the Chlorophyta phylum was higher than that of the Bacillariophyta phylum (Figure S1B),
with the relative abundance peaking in spring. The relative abundance maps for different
soil types revealed differences in overall richness among the three types of soil, with the
highest richness in grassland and the lowest in forest land (Figure S1C). This suggests that
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the community structure of soil eukaryotic algae is more influenced by seasonal changes
than by soil type.

At the genus level, the top seven most abundant genera in descending order are
Chlamydomonas, Tetracystis, Chlorella, Chlorococcum, Coelastrum, Bracteacoccus and Desmod-
esmus. Among them, Chlamydomonas was in absolute dominance across all four seasons,
and its abundance varied with the seasons. The species richness was highest in spring,
followed by summer, autumn, and winter, reaching the lowest in winter (Figure S1D). The
species richness of Tetracystis was highest in spring and lowest in both autumn and winter.
Chlorella exhibited the highest species richness in spring and the lowest in autumn. Chloro-
coccum had the highest species richness in spring and the lowest in winter (Figure S1E).
Chlamydomonas was in absolute dominance across all three types of soil, with the highest
abundance in sandy soil and the lowest in grassland. Tetracystis had higher abundance
in forest soil and grassland than in sandy soil. Chlorococcum had the lowest abundance in
sandy soil and the highest in grassland.

3.3. Community Difference Analysis

Based on the results of non-metric multi-dimensional scaling (NMDS) analysis, the
community composition of the three soil types shows significant differences. There is
a very significant distinction between sandy soil and both forest land and grassland.
Despite some overlap between forest land and grassland, the difference remains significant
(Figure 2A). Seasonally, the soil community composition in winter is different from the
other three seasons, with the most significant difference observed between winter and
spring (Figure 2B). This result is consistent with species richness.

Figure 2. (A) analysis of inter-group differences between different soil types; (B) analysis of inter-
group differences between different seasons; (C) community differences under different seasons
and soil types. (Spr: spring; Sum: summer; Aut: autumn; Win: winter; San: sandy soil; For:
forest land; Gra: grassland; * (p < 0.01): difference exists; ** (0.01 ≤ p < 0.05): significant difference;
*** (0.05 ≤ p < 0.1): very significant difference).
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The community differences in soil types across different seasons and the community
differences in various soils across different seasons were assessed using the richness and
PD_whole_tree diversity indices. Overall, in spring, there were no significant differences in
species richness and community genetic distance among the three soil types; in summer,
autumn, and winter, significant differences in species richness were observed between
sandy soil and grassland (**); in autumn, the genetic distance difference between sandy
land and forest land was very significant (***) (Figure 2C). The difference in species richness
between spring and winter is very significant (***), and the genetic distance also exhibits
significant differences (***). In sandy soil, the species richness in winter shows significant
differences compared to the other three seasons (**), the genetic distance also shows
significant differences (**)/or very significant differences (***); in forest land, there is a
difference in species richness only between summer and autumn (*). The species richness
and genetic distance in the other seasons show no significant differences. In grassland, there
are significant differences in species richness between spring and the other three seasons
(**)/differences exist (*), and the genetic distance only shows differences between spring
and winter (*) (Figure 2C).

3.4. Correlation Analysis

Overall, the factors most closely related to the Chlorophyta occurrence are TN (R > 0.4,
p < 0.01), TP (R > 0.4, p < 0.01), and PH (R > 0.2, p < 0.01) (Figure 3A). The factors most
closely related to Bacillariophyta are TN (R > 0.2, p < 0.01) and WC (R > 0.2, p < 0.05). The
factor most closely related to Charophyta is WC (R > 0.2, p < 0.01). The factors related to
Rhodophyta, in order, are: TP (R > 0.4, p < 0.01), TC (R > 0.4, p < 0.01), and TN (R > 0.2,
p < 0.05). Cryptista, Haptophyta, and Glaucophyta, however, do not show significant
correlation with these seven environmental factors.

Figure 3. (A) correlation analysis between different phyla and environmental factors, as well as
among environmental factors; (B) correlation analysis between different genera and environmental
factors, as well as among environmental factors. The Spearman correlation coefficient reflects the
pairwise correlation between nutritional factors, with the color depth representing the size of the
correlation coefficient. The Mantel test is used to reflect the correlation between different groups and
various environmental factors. The line width corresponds to the r value of the Mantel test, and the
line color represents the statistical significance.

We also investigated the correlation between six genera within Chlorococcaceae and
nutrient factors such as nitrogen and phosphorus, as shown in Figure 3. Overall, the
factor most closely correlated with Chlorococcum members is TP (R > 0.4, p < 0.05), followed
by TN (R > 0.2, p < 0.05), while there is no significant correlation with TC, EC, PH, T,
and WC (Figure 3B). Abundance of Tetracystis is significantly correlated with TN (R > 0.4,
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p < 0.01), TP (R > 0.4, p < 0.01), and PH (R > 0.4, p < 0.01), with a considerable degree of
correlation among them. The factor most closely related to Chlorococcopsis is TP (R > 0.4,
p < 0.05), while there is no significant correlation with the other five environmental factors.
Spongiococcum, Radiosphaera, and Spongiochloris show no significant correlation with these
six nutrient factors.

3.5. Community Driving Factors

Overall, the environmental factors driving changes in community diversity in the
region are primarily TP, TN, and TC. Among these, TC, T, and seasonal changes have the
most significant impact on the diversity of eukaryotic algae in the area (Figure 4A). From
the seven phyla involved, some genera with the highest species richness were selected
for random forest analysis, which are as follows: Chlorococcum, Tetracystis, Protosiphon,
Fasciculochloris, Carteria, Chlamydomonas, Chloromonas, Bracteacoccus, Coelastrella, Cryptista.
For example, Coelastrella are primarily driven by TN, showing a positive correlation. The
correlation and importance of other genera with environmental factors are shown in
Figure 4B.

Figure 4. The contribution of soil properties to the differences in soil eukaryotic algal communities
and the differences in relative abundance at the genus level are based on correlation and the best
multivariate regression model. (A) the main driving factors of soil eukaryotic algal communities;
(B) the main environmental driving factors at the genus level. The size of the circles represents the
relative importance of the variables (i.e., the proportion of variance explained calculated through
multivariate regression modeling and variance partitioning analysis), and the color represents the
correlation. *: significantly correlated.

4. Discussion
Soil microorganisms are key participants in biogeochemical cycles [54], and their

community composition is influenced by factors such as temperature, total nitrogen, soil
type, and pH [55–59], with the extent of the impact varying depending on the biological
community [56,60]. In the late 20th century, algae were considered to be a component of
the soil microbial community [4]. The soil algal community is influenced by factors such
as water content, pH, organic carbon, and nitrogen [61–63]. Nitrogen and phosphorus
are essential nutrients for algal growth and can affect the composition and diversity of
algae [64–66]. While earlier investigations primarily documented static snapshots of soil
algal composition across limited environmental gradients, our work offers a comprehen-
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sive seasonal resolution along inland lake shorelines—a habitat interface that has been
substantially underrepresented in soil algae literature.

We demonstrate that seasonal dynamics, rather than soil type alone, are the dom-
inant driver of soil eukaryotic algal community structure. Although significant differ-
ences in community composition among sandy soil, forest land, and grassland were
observed—with the most pronounced divergence between sandy soil and both forest land
and grassland—seasonal variation exerted a stronger overall influence. This finding refines
the prevailing view [62] by quantifying the relative magnitude of seasonal versus edaphic
effects, revealing that seasonal shifts can partially override soil-type signatures in shaping
algal assemblages. Importantly, we identified that winter communities are distinctly differ-
ent from those in the other three seasons, with the greatest dissimilarity occurring between
winter and spring. This seasonal decoupling suggests that overwintering strategies or
dormancy mechanisms play a critical role in community assembly, a pattern not previously
resolved at comparable temporal detail. Prior studies consistently reported Chlorophyta as
the most taxonomically rich algal division in soils [67]. Within the Chlorophyta, a majority
of our Chlorococcaceae sequences shared less than 99% similarity with known sequences
in the NCBI database, pointing to substantial unrecognized diversity in inland lake shore
ecosystems. Such hidden diversity likely contributes to the well-documented high environ-
mental tolerance of Chlorophyta [68], though the specific adaptive mechanisms remain to
be elucidated. This confirms and extends the early presence reports of Chlorococcaceae
in soil algal studies [69–72] by providing molecular evidence that many lineages may
represent undescribed species.

Then, we uncovered striking taxa-specific responses to soil type and season within
Chlorococcaceae. Species richness peaked in summer but was lowest in winter, creating
a strong seasonal amplitude inconsistent with the traditionally viewed stability of soil
microbial communities. Within sandy soil, richness reached its maximum in autumn—a
seasonal pattern opposite to that observed in grassland during winter. At the genus level,
the abundance trajectories of Chlorococcum and Chlamydomonas were markedly inverse
across the three soil types, suggesting niche partitioning or competitive interactions that
have not been previously described in soil algal ecology. These genus-level patterns warrant
targeted investigation but already indicate that functional roles within the broadly classified
Chlorophyta are far more differentiated than earlier surveys suggested.

At last, we quantitatively disentangled the environmental drivers of algal diversity us-
ing random forest analysis. Consistent with established correlations between Chlorophyta
and nutrient availability (TN and TP, both R > 0.4, p < 0.01), our machine learning approach
identified total phosphorus, total nitrogen, and total carbon—along with temperature and
seasonal changes—as the primary factors structuring eukaryotic algal diversity in this
region. Notably, TC emerged alongside temperature as the most important predictors,
highlighting the combined influence of carbon substrate and thermal regime on algal com-
munity assembly. We further demonstrated genus-specific environmental sensitivities; for
example, Coelastrella abundance correlated positively with TN (R > 0.4, p < 0.01). Soil
moisture also proved indispensable, reinforcing its established role in algal growth and
reproduction [28]. These results collectively provide a mechanistic framework linking envi-
ronmental variables to taxon-specific responses, offering theoretical support for interpreting
soil algal community shifts as bioindicators of ecological change.

In sum, this study advances soil algal ecology by (i) quantifying the hierarchical im-
portance of seasonal over edaphic drivers, (ii) revealing cryptic diversity within dominant
chlorophyte lineages, (iii) exposing intra-family and inter-genus contrasts in seasonal and
edaphic responses, and (iv) integrating statistical correlation with machine-learning-based
feature importance to identify the key environmental axes governing algal diversity. To-
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gether, these contributions position soil eukaryotic algae along inland lake shorelines as a
responsive and informative model system for understanding how microbial eukaryotes
assemble and persist in terrestrial environments.

5. Conclusions
This study explored the seasonal variations in the community structure and species

richness of eukaryotic algae in different soils along the inland lake shores of a central
Chinese city, initially revealing the molecular diversity of eukaryotic soil algae in the
region. The study also found that the community composition varied significantly be-
tween different seasons and soil types, and was more significantly influenced by seasonal
changes. Overall, Chlorophyta and Bacillariophyta had the highest richness. Additionally,
Chlorococcaceae exhibited a very high cryptic diversity. In terms of environmental factor
correlations, the soil at the sampling sites was mostly neutral to alkaline. Water content
(WC), total carbon (TC), and total nitrogen (TN) were all at their highest in spring, with TN
and TP being most closely related to Chlorophyta. At the genus level, the environmental
factors most closely related are usually TN and TP. Through random forest analysis, it was
found that the environmental factors driving changes in community diversity in the region
are mainly TP (total phosphorus), TN (total nitrogen), and TC (total carbon), with TC,
temperature (T), and seasonal changes having the most significant impact on the diversity
of eukaryotic algae in the area. This study provides new insights into understanding the
community structure of soil eukaryotic algae and the correlation between specific groups
and environmental factors, offering reference materials for the utilization and control of
algae, as well as for solving ecological environmental issues.
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genus level; (E) Relative abundance at the genus level in different soils. ABCD represent the four sea-
sons respectively, SFG represents three types of soil (Spr: spring; Sum: summer; Aut: autumn; Win:
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