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Abstract: Fungi play important roles in the process of material cycling and energy transfers in
aquatic ecosystems. Yet little is known about the fungal community in lake sediment. In this study,
sediment samples from five habitat types in Baiyangdian Lake (BYD Lake) were collected across
three seasons. High-throughput sequencing techniques were used to determine the compositions of
fungal communities. Fungi are highly diverse in the sediment of BYD Lake, although some
important fungi have not been accurately identified. The fungal diversity was highest in winter and
lowest in summer, while the variations of species richness among sampling sites were not
significant. The compositions of fungal community differed among seasons and habitats.
Physicochemical properties of sediments were measured and the influence of the environmental
factors on fungal communities were analyzed. Temperature, P, N, and heavy metals explained
48.98% of the variations of fungal communities across three seasons. Human activities have affected
the species and biomass of fungi to some extent. Temperature is the most influential factor and is
negative to fungal diversity. Nutrient element in different forms have different effects on shaping
the fungal community. The effect of heavy metals is not clear.

Keywords: lake sediment; fungi community; Baiyangdian Lake; high-throughput sequencing
technique

1. Introduction

As an important component of global aquatic ecosystems, freshwater lakes provide habitats for
animals and plants and support global material cycling [1,2]. However, freshwater lakes, especially
shallow lakes, are susceptible to climate change and human disturbances, resulting water scarcity,
area loss, overexploitation, pollution, and ecological degradation [3,4]. Sediment, which is not only a
reservoir of various substances but also an important interface for water-soil physical, chemical and
biological reactions, is an essential component of shallow lake ecosystems [5]. The highly
heterogeneous spatial structure and complex chemical composition of resources in the sediment
provide diverse microhabitats for biological groups [6] so that sediment have high biomass and
biodiversity. Fungi constitute a substantial proportion of microorganisms in the sediment and play a
driving role in the process of material cycling and energy transfer [7,8]. However, owing to
methodological limitations, the systematic analysis of fungal diversity and the ecological roles of
fungi in shallow lake ecosystems had not progressed for years [9].

The application and popularization of high-throughput sequencing technology and related
methods provide powerful tools for studying microbiotic diversity [10]. A large number of fungal
species that are difficult to be observed by morphology or culture methods have been discovered,
which greatly enriches the research on microbial diversity in ecological environments. However, little
is known about the compositions of fungal communities and their ecological roles [11], especially in
lake sediment. Moreover, there are also gaps in the knowledge on the response of the compositions

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202408.2127.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 29 August 2024 d0i:10.20944/preprints202408.2127.v1

and dynamics of the fungal communities to the physical and chemical properties of sediments and
the concentration of contaminants, which are influenced by human activities. Therefore, the study of
fungal communities in sediments is helpful to reveal the mechanisms by which they are involved in
ecological lake processes, as well as to exploring the overall impact of human activities on shallow
lake ecosystems.

2. Materials and Methods
2.1. Study Area and Sampling

Baiyangdian Lake (BYD Lake) is the largest freshwater lake in the North China Plain and has
important ecological functions [12]. This macrophytic lake, which consists of 143 lakes and over 3,700
trenches, with a total area of 366 km2, locates 100 km southeast of Beijing and 40 km east of the city
of Baoding (38°43'N ~ 39°02'N, 115°45'E ~ 116°07'E). According to the administrative divisions, 39
villages locate within or around the lake. The lake had been suffering from eutrophication during the
2000s as agricultural, aqua cultural, residential sewages used to directly discharge into the lake [13].

9 sampling sites with different disturbance levels of human activities were selected in this study
(Figure 1). The sites included most typical habitats (natural areas, residential areas, lotus ponds, fish
farms, duck farms) of BYD Lake. S1 located in the Baiyangdian National Aquatic Germplasm Reserve;
52 and S3 located in lotus ponds around villages; S4 and S5 located in fish farms with area of 10hm?
and over 100 hm? respectively; 56, S7 and S8 located within or around villages with 10,000, 1000 and
4000 inhabitants respectively; S9 located in a duck farm which was removed in 2018 and was replaced
by another duck farm S9*. Sediment samples were collected in December 2017, March 2018 and July
2018, which represented for winter, spring and summer respectively, with 3 parallel samples at each
site. Sediments were collected using a Petersen mud grabber and then mixed, cooled and quickly sent
to the lab to be stored at -20°C.
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Figure 1. Sampling sites of BYD Lake: (a) Location of BYD Lake Basin in China, (b) Location of BYD
Lake in the basin, and (c) Sampling sites and views of different habitats.

2.2. Determination of Physicochemical Properties and Heavy Metals

The temperature of sediment was measured at the same time as sampling occurred. The
sediment pH level was measured in a slurry of sediment and water (1:2.5) using a pH meter
(ST3100/F, U.S.). The contents of carbon (C) and nitrogen (N) were detected using an elemental
analyzer (VARIO EL, Germany). Before detection, the inorganic carbon in the sediment was removed
by adding 5 mL of 1 mol/L hydrochloric acid (HCl) to a sample of 2 g of sediment, and then the
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sample, as well as 2 g of the raw sample, was oven-dried. Dried samples were weighed to obtain the
ratio of raw sediment to acidified sediment, and then the acidified sample was ground and passed
through a 100-mesh screen. The contents of total nitrogen (TN) and total organic carbon (TOC) of
each sample were recalculated by multiplying the ratio of raw sediment to acidified sediment. Then,
100 ml of a 2 mol/L KClI solution was added to 10 g of sediment, and the mixture was shaken for 30
min to measure the concentrations of nitrate (NOs) by comparing the absorbance. Ammonium
nitrogen (NHs*) content was determined by continuous air-segmented flow analysis using a Skalar
SAN Plus segmented flow analyzer (Skalar Inc., Breda, The Netherlands). Inductively coupled
plasma atomic emission spectrometry (PECTRO ARCOS EOP, USA) was used to analyze the contents
of total phosphorus (TP) and heavy metals (arsenic (As), cadmium (Cd), chromium (Cr), copper (Cu),
lead (Pb), zinc (Zn), cobalt (Co), manganese (Mn), nickel (Ni) and iron (Fe)) of each sample, which
had been digested with nitric acid-hydrofluoric acid-hydrochloric acid (HNOs-HF-HCl) in an
automatic digestion instrument (ST-60, China). The contents of different phosphorus forms derived
from the summary of reference [14].

2.3. DNA Extraction, PCR Amplification and Sequencing

Sediment DNA was extracted from 0.4 g samples using a Fast DNA Spin Kit (Mobio, USA)
according to the instructions. The primers SSU 1196R and SSU 0817F [15] were used to amplify the
18S rRNA gene of the fungi. The PCR products were purified by the AxyPrep DNA Gel Extraction
Kit (Axygen Biosciences, Union City, CA, USA) and quantified by the QuantiFluorTM-ST
(QuantiFluor, USA) instrument and then sequenced on the Illumina MiSeq platform (Illumina, USA).
QIIME [16] and MOTHUR [17] were used to filter, stitch and control the original sequencing data.
Sequences with 97% similarity were clustered into operational taxonomic units (OTUs) using
UCLUST [18]. The OTUs were compared with Unite 185 rRNA database [19] to obtain the
classifications of the OTUs. The China Biological Species List (2020 version) [20] and Species 2000
(2019 version) [21] were referred to for classifying uncertain species.

2.4. Statistical Analyses

Statistical analysis were implemented in R (version 3.6.2, https://www.r-project.org/). The two-
way analysis of variance test (Two-way ANOVA) was used to determine the differences in the
contents of heavy metals, physicochemical properties and microbial alpha diversity indices among
sampling sites and seasons with the car package. The a diversity indexes (Sob (species observed),
Chaol, Simpson and Shannon Index) were calculated with the picante package. Principal co-ordinates
analysis (PCoA) and analysis of similarities (ANOSIM) were used to analyze the {3 diversity of
different sites and seasons with the vegan package. Redundancy analysis (RDA) was used to
investigate the influence of the environmental factors on fungal communities with the vegan package,
and the multicollinearity of different parameters were modified by checking the variance inflation
factors (VIF). Pearson relationship was used to analyze the relationships of the environmental factors
with the Hmisc package. Figures were drawn with Origin (version 2017, OriginLab, USA) and R.

3. Results
3.1. Sediment Physical and Chemical Properties

The physical and chemical properties of the sediments are shown in Table 1. The concentrations
of total phosphorus (TP), calcium-bound phosphorus (HCI-P), As, Cd, Co, Zn and Mn showed no
significant difference among seasons, while others varied significantly. Values of environmental
factors of each site are shown in Figure S1. The results also indicate significant differences among
sites. For example, 52 and S3 had higher concentrations of total nitrogen (TN), total organic carbon
(TOC), NH#, Cu and Ni. S9* had highest concentrations of TP, organic insoluble phosphorus (Res-
P), metal-oxide-bound phosphorus (NaOH-P), HCI-P, while had lower NH4", As, Pb, Co and Mn. S6,
S7 and S8 had higher weakly adsorbed phosphorus (NH«CI-P) and Fe.
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The results of Pearson relationships were shown in Table S1. The concentrations of some factors
were highly correlated, for example TP and HCI-P (r=0.98, p < 0.01), TN and TOC (r=0.96, p < 0.01),
Cu and Ni (r=0.83, p < 0.01), Co and Fe (r=0.88, p < 0.01), indicating that it’s difficult to distinguish
these factors that affect fungal communities.

Table 1. Characteristic values of environmental factors in sediment of BYD Lake.

Minimum ~ Maximum Average * Standard Deviation
Env. Factors . . - -
winter spring summer winter spring summer
T(°C) -2.61~-024 6.10~7.80 26.40~28.50 -1.77+0.60 7.0620.49 27.27+0.41
pH 7.66~833  6.90~7.93  7.09~7.62 7.93+0.20 7.44+0.22 7.43+0.15

TP(mg/kg) 568~1734  473~3101  496~3653  962.6+296.5 960.5+529.4 1071.9+599.9
Res-P(mg/kg) 144.7~588.8 153.6~449.7 36.7~1134.8 304.63+111.84 185.09+68.24 234.13+212.80
HCI-P(mg/kg) 276.5~914.5 235.7~2109.9 340.6~2175.7 529.25+164.12 610.12+376.78 642.33+362.42

NaOH-P(mg/kg) 48.2~2044 69.1~299.8 83.0~338.6 111.06+44.49 96.77+48.16 158.46+54.96
BD-P(mg/kg) 1.4~18.8 9.8~144.1 0.2~80.2 11.33+4.58  50.37+32.17  24.44+26.80
NH.CI-P(mg/kg) 0.78~19.74 0.08~2522 0.02~47.59  5.86+5.37 9.28+8.90 12.45+16.63

TN(g/kg) 0.70~12.40 9.76~13.24 1.37~6.82 3.70+2.44 10.49+3.66 3.75+1.73
NOs(mg/kg) 1.13~893  0.98~3.21  0.80~6.77 4.59+1.80 1.64+0.73 2.13+1.62
NH+ (mg/kg)  0.84~526  2.38~6.25 1.78~12.21  2.12+1.14 4.10+1.03 6.56+3.19

TOC(g/kg) 4.34~132.95 28.22~115.65 12.97~66.83 36.02+26.70 83.30+21.91 36.44+17.63

As(mg/kg) 5.66~16.90 3.48~16.10 4.88~12.88  10.32+2.73 10.06+2.99 9.12+1.81

Cd(mg/kg) 0.07~236  0.07~0.71  0.16~0.75 0.49+0.47 0.43+0.19 0.43+0.13

Cr(mg/kg) 48.60~80.10 35.00~248.90 21.00~97.0 61.30+8.84  83.85+53.75 49.93+15.83

Cu(mg/kg) 16.70~57.90 16.00~74.30 20.10~72.10 32.53+x11.58 38.06+16.09 41.53+15.76

Pb(mg/kg) 16.20~44.70 11.20~26.20 14.60~34.40 25.68+6.75 19.60+3.85  22.37+4.86

Zn(mg/kg)  54.60~244.00 54.20~332.80 67.20~249.00 112.11+49.15 115.99+54.73 119.80+41.48

Co(mg/kg) 7.39~13.70 3.50~12.02 7.83~13.22  11.12+2.19 8.89+1.94 10.10+1.48

Mn(mg/kg) 448~796 403~915 420~751  600.46+90.26 602.28+146.86 622.61+95.35

Ni(mg/kg) 20.00~30.30 19.20~131.60 23.60~83.50 30.12+9.62  45.25+29.48 40.70+17.28

Fe(g/kg) 23.26~33.24 10.78~35.74 24.95~37.68 29.24+4.71 26.12+5.77  30.32+3.60

3.2. Compositions of Fungal Community in Sediments

1,110,680, 851,215 and 989,346 sequences were obtained in winter, spring and summer
respectively. These sequences were clustered into 772, 1031 and 1118 OTUs respectively, and the
OTUs were identified into 537 species in total. 111, 99 and 89 species were filtered as fungi, accounting
for 53.5%, 51.9% and 52.6% of sequences in winter, spring and summer respectively. The sequence
numbers of fungi in different seasons and different sites were shown in Figure 2. Sequence numbers
and community compositions variated among seasons and sites. The fungi mainly belonged to
Ascomycota and Chytridiomycota, accounting for 35.78% (7.92%~76.19%) and 28.79%
(6.62%~44.01%) of all fungi sequences respectively. Dothideomycetes, Eurotiomycetes and
Sordariomycetes were the most abundant classes of Ascomycota, while most Chytridiomycota
belonged to a norank class. Basidiomycota, Blastocladiomycota and Cryptomycota accounted for
514% (0.92%~13.19%), 1.76% (0.11%%~7.54%) and 5.88 (1.00%~26.95%) respectively. Little
Glomeromycota or Zygomycota were obtained, adding up to less than 1% of the fungi sequences.
Besides, 3.74% (0.17%~13.86%) and 18.45% (6.37%~41.52%) sequences belonged to a norank phylum
and an unclassified phylum respectively.
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Figure 2. Sequence numbers of fungi in sediment of BYD Lake: (a)winter, (b)spring, (c)summer.

The patterns of dominant genera, which had relative abundances over 1% in at least one site,
were shown in Figure 3. There were 28, 29 and 25 dominant genera in winter, spring and summer
respectively. 11, 4 and 3 genera dominated all sites in winter, spring and summer respectively. 3
genera, including an unclassified fungi genus (UG_fungi), a norank Chytridiomycota genus
(NG_Chytridiomycota), and a norank Cryptomycota genus (NG_Cryptomycota) dominated all sites and
all seasons. The percentages of these 3 genera accounted for 35.40% (15.41%~55.49%), 36.14%
(7.50%~50.80%) and 68.21% (55.12%~85.21%) in winter, spring and summer respectively.
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Figure 3. Relative abundance of fungi genera in sediment of BYD Lake: (a)winter, (b)spring,
(c)summer.

3.3. Fungal Diversity in Sediment

The a diversity indexes were shown in Figure 4. The ranges of the Sob, Chaol, Shannon and
Simpson indices for all samples were 38~83, 38.0~90.5, 2.54~4.57 and 0.06~0.37, respectively. The Sob
index and Chaol index were higher in winter, indicating more species detected. Significantly lower
Shannon index and higher Simpson index in summer indicated lower fungal diversity in this season.
The fungal diversity was highest in winter and lowest in summer, and in spring the biodiversity was
in between. The differences of indexes among sites were not as significant. Sob index of 51, S3 and S5
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were significantly lower than 56, 57, S8 and 59(S9%), while the Chaol, Shannon and Simpson indexes

among sites showed no significant differences.

Figure 4. The «a diversity indexes of fungi
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The results of PCoA were shown in Figure 5. For seasonal analysis, winter and summer samples
(in gray oval zones) were generally clustered into two groups, which distributed along the two sides
of the first axis, and the spring samples were scattered among them. For sampling sites, most samples
mixed, but lotus ponds (S2&S3) and duck farms (59/59*) were clustered into two groups (dashed red
oval zones). ANOSIM results (Figure S5) showed significant variations of fungal communities among
both sites and seasons (p = 0.001), but when all species in the same season were composed and
contrasted, the variations among seasons were low (R = 0.085).
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Figure 5. PCoA result of the fungal communities.
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3.4. RDA of Environmental Factors and the Fungal Community

RDA result of the influence of environmental factors on the fungal communities of the BYD Lake
sediment was shown in Figure 6. Interpretation rates of significant environmental factors were shown
in Table 2. Parameters had significant effects explained 48.98% of the variations across three seasons,
and the first and second axises accounted for 34.72%. The influence of temperature was the greatest.
Phosphorus, including forms of Res-P, NaOH-P, BD-P and NHiCl-P, had the second greatest
influence, accounting for 11.67% of the rates. TN, NOs and NH4+" had almost entirely different effects,
and their interpretation rates accounted for 8.08%. Significant heavy metals included As, Mn and Nj,
and their influences accounted for 7.16%. Noted that high correlations (Table S1) had been found
between some factors. For example, Res-P and TP, TN and TOC, Cu and Nj, indicating the influences
of some environmental factors may due to the related factors.

&
&

0.09
& S9/59*

RDA2-- 9.14%

Seasons

@ winter

spring
-0.44 ®

@ summer

-0.5 0.0 0.5

RDA1-- 25.58%

Figure 6. RDA analysis results of the influence of environmental factors on the fungal communities
in BYD Lake sediments.

Table 2. Interpretation rates(R?) of significant environmental factors on variations of fungal
community compositions.

Factors T Res-P NaOH-P BD-P NH:Cl-P TN NOs NHs# As Mn Ni
R2 22.47% 3.98% 1.71% 2.72% 3.25% 4.87% 1.70% 1.51% 1.91% 2.33% 2.60%
p 0.001 0.001 0.018 0.002 0.001 0.001 0.018 0.049 0.003 0.006 0.001

4. Discussion
4.1. The Compositions of Fungal Communities in the Sediment Environment of Shallow Lakes

The humus-rich anoxic environments of shallow lake sediments were suitable for fungi, which
play important roles in the transformation of plant residues into fodder for invertebrates and other
organisms [22]. This study revealed highly diverse communities of fungi in the BYD Lake sediments,
covering all known fungi phyla [23]. Studies had found that Ascomycota accounts for a large
percentage in the sediment [24-27], and this was consistent with that in the BYD Lake. However, the
proportions of Chytridiomycota and other fungi such as Cryptomycota were much higher in the BYD
Lake, especially in summer. Chytrids which produce spores with a motile cilium that helps to swim
and/or crawl [28], are adapted to aquatic habitats [29,30] and prefer saprophytic environments with
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animal and plant residues [31]. Besides, a large number of chytrids parasitize algae [32]. High
proportion of Chytridiomycota in BYD Lake sediment may related to the abundance of plant
residues, as well as algae that caused by eutrophication in summer [33]. Cryptomycota species were
commonly found as parasites in aquatic and soil ecosystems, and the abundance of this phylum often
related to their host, which includes Chytridiomycota [34].

Most Zygomycota species are terrestrial fungi [35] and rare in aquatic habitats. However,
Glomeromycota form symbionts of arbuscular mycorrhiza with plants [36], and common reeds
(Phragmites australis) in BYD Lake were commonly colonized [37]. It was unreasonable that little
Glomeromycota species was identified in this study. We guess the primers may not be suitable for
PCR amplification of this phylum. Otherwise, those norank fungi (NG_Fungi) or unclassified fungi
(UG_Fungi) that account for large proportions may be belong to Glomeromycota, as most genome of
arbuscular mycorrhizal fungi were not clear and the genome of only a few species were published in
recent years [38—41].

Besides fungi, a great number of eukaryotes species were identified from the OTUs (accounted
for almost half sequence numbers, Table S2). Most of them were flagellates or ciliates, belonging to
Choanozoa or Ciliophora. Unexpectedly, only a handful algae species were identified, and most of
them belonged to Cryptophyta, which consist of single-celled algae with two flagella. These
microorganisms have similar physiological structures and closer phylogeny with fungi, as cilium or
flagellum also present in fungi [42]. This may be the reason why these species presented in the PCR
products.

4.2. The Temporal and Spatial Variations of Fungal Communities

Temporal and spatial dynamics of fungal communities had been revealed in freshwater
ecosystems, but researchers have not reached a consensus whether seasons or habitats have a greater
influence [43]. In this study, the results of ANOSIM (Figure S2) indicated high specificity of fungal
communities in different habitats. When samples from the same season were composed and
analyzed, there was almost no difference between intra group and inter group differences. This
indicated that habitat has higher influence on the compositions of fungal communities. It was
contrary to the a diversity indexes that showed highest biodiversity in winter and no significant
differences among most sites. However, the (3 diversity verified that the compositions of fungal
communities differed among sites, especially those in lotus ponds and duck farms. Dominant genera
showed in Figure 3 indicated that the most dominant fungi maintained their dominance across
seasons. Meanwhile, other taxa, which took a relatively small part in the relative abundance but
composed a considerable part of the species numbers, resulted in higher a diversity index [44].

The effects of habitats on fungal communities were also manifest in their compositions and
biomass. The genera contributing to similarity of fungal composition between lotus ponds and duck
farms (Table S54) revealed significantly higher percentages of NG_Chytridiomycota, NG_Cryptomycota,
and UC_Dothideomycetes in lotus ponds, as well as higher percentages of UG_Trichocomaceae,
Pseudallescheria and Talaromyces in duck farms. Some fungi only thrive in habitats with intense human
activities. For instance, Pseudallescheria boydii is a common human pathogen [44], and in this study
we found this species only enriched in 56, 57, S8 and 59/59%, where there were more human activities.
There may be more species related to human activities present, but it is hard to judge due to the poor
understanding of their taxonomy and ecological functions. Moreover, although the fungal diversity
was not significantly lower in fish farms than other habitats, the sequence numbers were the least in
S4 and S5. This may relate to fish cultivation measures that inhibit microorganisms, and the
abundance of Ichthyosporea (Table 52), which include several common fish parasites [45], supported
this option.

4.3. The Factors Affect Sediment Fungal Community Compositions

Generally, temperature is negative to fungal diversity [46]. In this study, we found there were
more dominant genera in winter and spring, including some psychrophilic fungi genera, for example
Cladosporium and Mrakia [47]. The psychrophilic fungi were common in winter but rare in summer.
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However, there were also some fungi adapted to high temperature. For example, Talaromyces which
is a mold in the environment and a yeast in the tissues at high temperature [48], was rare in winter
or spring but common in summer. The percentages of the parasitic fungi Cryptomycota were much
higher in summer, and it may relate to their higher biological activities at higher temperatures.
Meanwhile, the influence of temperature on Chytridiomycota is not significant since the percentages
of Chytridiomycota did not vary greatly among seasons.

Researchers have different views about the effects of nutrient on microorganisms, suggesting
phosphorus and nitrogen may have positive or negative effects [49,50], and the types of nutrient exert
different degrees of effects on the fungal structure [51]. According to the results of this study, NO=
and NH4" had opposite effects on the fungal communities, and their effects were almost completely
different from that of TN, which mainly composed of organic nitrogen [52]. These may due to the
difference of mycorrhizal fungi in utilization different nitrogen sources [53-55].However, there were
no evidence that certain fungus species were capable to take up nitrogen in a certain form, partly
because most fungus species are poorly identified. Studies have verified that soil microorganism
communities were affected by active phosphorus [49], as P is one of the most important
macronutrient for organisms. Unexpectedly, inert Res-P also showed significant influence and had
the highest interpretation rate among all P forms. This indicates that some fungi in the sediment may
be effective phosphate-solubilizing [56].

In most cases, the accumulation of heavy metals causes adverse effects on microorganisms [57].
However, studies have also illustrated that heavy metals have no influence on microbial community
compositions [58]. In this study, Except for Cr, there was no significant difference of heavy metal
concentrations between the sediments and the regional background values (Table S3, [59]), and the
influence of Cr on fungal communities was not significant. Heavy metals contributed to the
interpretation of the influence of environmental factors on fungal community composition; however,
the influence and the mechanisms were not clear, so more research needs to be done.

5. Conclusions

High-throughput sequencing technology provides a convenient means for detecting microbial
diversity in the environment, but there are still many shortcomings. More than 100 fungal species
had been identified in the sediment of BYD Lake, but most of their information was not clear,
including some important fungi, such as Glomeromycota. More studies are required to further
explore their ecological functions.

In lake sediment, more fungal species prefer cold environment, and the number of rare species
in winter is significantly higher than those in other seasons, resulting to higher biodiversity. There
was no significant difference of fungal diversity among different habitats, while the composition of
the communities was quite different. The impacts of human activities on fungal communities were
not as strong as expected. Some human-related fungi only concentrated in habitats with intensive
human activities, and the fungal biomass was lower in fish farms due to fish cultivation measures.

Environmental factors have various effects on fungal communities. In general, the most
influential factor temperature is negative to fungal diversity, but some fungi such as Cryptomycota,
dominant at high temperatures. Different forms of N (NOs, NHs" and organic N) have almost
completely different roles in shaping the fungal community. Different forms of P also showed
different effects. The effects of heavy metals are not clear and more research is needed.

Supplementary Materials: The following supporting information can be downloaded at the website of this
paper posted on Preprints.org, Figure S1. Contents of sediment physical and chemical properties among all
habitats in three seasons. Error bars represented the standard deviations. Figure S2. ANOSIM results of fungal
communities in different sites and seasons: (a) sites, (b) seasons. Table S1. Pearson relationships of the
environmental factors of Baiyangdian Lake sediments. Table S2. Secequance numbers of fungi at phylum level
in BYD Lake sediments. Table S3. Background value of the concentrations of heavy metals in soil of Hebei
Province. Table 54. Key genera contributing to similarity of fungal composition between lotus ponds and duck
farms.
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