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Abstract

Background and aims An integrated understanding
of the ecophysiological mechanisms of persistence
of buried seeds is essential for understanding plant
community dynamics and improving our ability to
accurately predict seed persistence. However, little is
known about how the interaction of precipitation and
microorganisms affects persistence of buried seeds
and how well seed traits predict seed persistence,
especially in a changing environment.
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Methods Here we determined the combined effect
of precipitation and microorganisms on the persis-
tence of buried seeds of 11 species from the Loess
Plateau in China, and examined the correlation
between seed persistence and seed traits, including
seed mass, seed dimensions, seed shape, seed tough-
ness, seed water absorption, total phenolic content,
crude protein content and seed longevity.

Results Seed persistence of all species decreased
with increasing precipitation. Fungicide treatment
improved seed persistence of all tested species, while
the effect size of fungicide treatment on persistence
increased with increasing of precipitation. Persis-
tence was positively correlated with seed longevity
(Psg), seed toughness and total phenolic content in
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all treatments. Seed water absorption was not corre-
lated with seed persistence. However, the relationship
between seed persistence and seed shape, seed mass,
crude protein content, seed germination was strongly
dependent on environmental conditions.

Conclusions Changes in precipitation not only
affected seed persistence but also the relationship
between seed persistence and seed traits. Thus, envi-
ronmental factors should be fully considered in mak-
ing predictions about seed persistence based on seed
traits.

Keywords Buried seeds - Seed persistence -
Precipitation - Microorganisms - Seed traits

Introduction

The ability of mature seeds to remain viable in the
habitat either on the mother plant or in/on the soil is
referred to as seed persistence, and long-term persis-
tence helps ensure dispersal of seeds through time
and space (Long et al. 2015; Ooi 2012; Volis and
Dorman 2019). The persistence of seeds is an impor-
tant adaptive trait that can affect population dynamics
and community composition and avoid local extinc-
tion of plant species (Fenner and Thompson 2005).
Thus, knowledge of seed persistence in the soil is of
fundamental importance in understanding the mainte-
nance of biodiversity and genetic diversity in commu-
nities (de Jong et al. 2013; Ozinga et al. 2005).

The environmental conditions in which seeds are
dispersed affect seed persistence through their influ-
ences on seed ageing, dormancy-break and germination
(Bekker et al. 1998; Golos and Dixon 2014; Holzel and
Otte 2001; Long et al. 2015; Ma et al. 2020; Metzner
et al. 2017). For example, low amounts of precipita-
tion enhance longevity of desiccation-tolerant seeds
(Burnside et al. 1996), but increase the probability of
death of desiccation-sensitive seeds (Tweddle et al.
2003). An et al. (2020) have reported that precipitation
rather than temperature directly affected persistence of
the seed bank. Other studies showed that groundwater
level (Bekker et al. 1998) and flooding regime (Holzel
and Otte 2001) also affected seed persistence. In addi-
tion, temporally variable environments, such as deserts
or arid and semi-arid ecosystems where precipitation
trends to be low and unpredictable, are conductive to the
persistence of seeds. Seed persistence in arid habitats
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has been predicted by ecological theory and supported
by empirical data (Cohen 1966, 1967; Venable and
Brown 1988). Since, changes of precipitation, an impor-
tant feature of global climate change in some regions,
can influence seed ageing, dormancy release, germina-
tion and thereby persistence in natural ecosystems (Chen
et al. 2020; Cuena-Lombrana et al. 2020; Hu et al. 2018;
Walck et al. 2011). Thus, information is needed on the
effects of increased or decreased precipitation in arid
ecosystems on persistence of buried seeds. Studies on
the effect of changes in amount of precipitation on seed
persistence, especially in arid and semi-arid ecosystems,
would improve prediction with regard to plant regen-
eration from seeds, migration (move to a more suitable
environment by seeds) and coexistence in a scenario of
climate change.

Generally, precipitation affects or influences the
soil (and seed) moisture content, which could affect
seed persistence by promoting or inhibiting seed ger-
mination (Abedi et al. 2014; Chen et al. 2020; Hoyle
et al. 2008; Hu et al. 2018; Long et al. 2011). For
example, Hu et al. (2018) found that soil moisture
content had a significant effect on seed dormancy
release of four of five widespread weedy species on
the semi-arid Loess Plateau of China. Harrington
(1960) proposed a rule that seed longevity is halved
for each 1% increase in seed moisture content when it
is between about 5 and 14%. In general, the moisture
content of soil may affect seed longevity by changing
the respiration and microbial activity of seeds (Long
et al. 2015). On the other hand, numerous studies
suggested that microbial activity in the soil could
affect seed longevity/persistence (Delgado-Sanchez
et al. 2011; Long et al. 2015; Muller-Stover et al.
2016; Nelson 2018; Zhu et al. 2011). Thus, treat-
ment with fungicides increases seed survival in the
soil (Wagner and Mitschunas 2008), and the effect
of fundicide treatment is stronger in wet than in rela-
tively dry soil (Blaney and Kotanen 2001), suggest-
ing that soil moisture content may have an impact
on the effect of microorganisms on seed persistence.
However, how the interaction of changes in precipi-
tation and microbial activity affects seed persistence
in the soil has rarely been studied (Long et al. 2015).

Seed traits related to dispersal, defense and germi-
nation, such as size, shape, dormancy, longevity and
phenolic content can affect seed persistence in the
soil (Long et al. 2015). Seed size may have negative
(Funes et al. 1999; Hodkinson et al. 1998; Thompson
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et al. 2001; Zhao et al. 2011), positive (Holzel and
Otte 2004; Moles et al. 2003) or no effect (Leishman
and Westoby 1998; Probert et al. 2009) on seed per-
sistence in the soil. Further, seed persistence due to
low predation is promoted by high fiber and phenolic
compound content and/or low oil and energy reserves
(Davis 2007; Dechaine et al. 2010; Lepiniec et al.
2006; Pourcel et al. 2007; Xiao et al. 2008). However,
seed oil content of 195 wild species from 71 families
in habitats ranging from tropical forests to cold deserts
was not positively correlated with seed longevity
(Probert et al. 2009). There could be many reasons for
these controversial results, and one possible reason is
that different methods were used to describe seed per-
sistence. For example, an accelerated aging test was
used to determine the relationship between seed per-
sistence and seed traits in the study by Probert et al.
(2009) and Satyanti et al. (2018); however, seed lon-
gevity in the soil was used to express seed persistence
in the other studies (Davis et al. 2008; Holzel and Otte
2004; Moles et al. 2003; Zhao et al. 2011). Thus the
relationship between seed persistence and seed traits
may vary with environmental conditions that seeds
experienced, but this was not tested in the previous
studies.

The broad objective of our research was to deter-
mine the effect of interactions between precipitation
and microorganisms on seed persistence and exam-
ine the correlation between seed persistence and seed
traits. Using seeds of 11 species collected from the
Loess Plateau in China, we addressed the following
questions: (i) Whether the increase or decrease of pre-
cipitation affects the persistence of seeds? If so, what
is the role of soil moisture content and microbes in
persistence of buried seeds? (ii) What is the relation-
ship between seed persistence and seed traits? Does
this relationship vary with precipitation and microbial
activity?

Materials and methods

Species and seed collection

Freshly matured seeds of the 11 species used in this
study were collected in Xifeng (hereafter XF) and

Yuzhong (hereafter YZ), Gansu province, China,
in July and September 2018, respectively. Seeds

of Camelina microcarpa, Capsella bursa-pastoris,
Descurainia Sophia, Lepidium apetalum and Ixeris
chinensis were collected in XF (40°54" N, 107°09’
E, 1035 m a.s.l.), where the mean annual tempera-
ture and mean annual rainfall are 9.2 °C and 528 mm,
respectively, with most of it falling from July to Sep-
tember (Wang et al. 2019). Seeds of Amaranthus ret-
roflexus, Chenopodium album, Setaria glauca, S. vir-
idis, Datura stramonium and Hyoscyamus niger were
collected in YZ (35°57' N, 104°10" E, 1700 m a.s.l.),
where the mean annual temperature and mean annual
rainfall are 6.7 °C and 400 mm, respectively, with
most of it falling from July to September (Hu et al.
2014). For these 11 species, H. niger and I. chinen-
sis are biennial and perennial, respectively, the other
species are annuals. Seeds of five species collected in
XF mature in early autumn and seeds of six species
collected in YZ mature in late autumn. These 11 spe-
cies were selected because they are the most common
weeds in the Loess Plateau in China and co-exist in
the same agricultural system, while they vary in life
form and seed dormancy as well as seed germination
requirements based on preliminary research findings.
Infructescences with ripe seeds were collected from
several hundred individual plants of each species and
taken to the laboratory, where seeds were separated
from other plant material. Seeds were dried at room
temperature for 1 week (RH 20-35%, 18-25 °C) and
then stored at -20 °C until used in experiments.

Determination of seed viability

Freshly matured seeds of each species were used to
determine initial seed viability by staining with 2,
3, 5-triphenyl tetrazolium chloride (TTC, Yantuo,
Shanghai, China). Three replicates of 50 seeds were
placed in Petri dishes (10 cm) on two sheets of filter
paper (Shuangquan, Hangzhou, China) immersed in a
solution of 1% TTC. The dishes were wrapped with
two layers of aluminum foil and incubated at 30 °C
from 3 to 16 h, depending on the species. After stain-
ing by TTC solution, seeds were observed under a
stereomicroscope without an eyepiece (Vision, Eng-
land), and seeds that had stained red or pink were
considered to be viable, and those without pigmen-
tation were scored as nonviable (Thorogood et al.
2009).
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Effect of temperature and light on germination of
fresh seeds

To evaluate the effect of temperature and light on ger-
mination of mature seeds, freshly collected seeds of
all species were tested at 10, 15, 20, 25, 30, 10/20,
15/25 and 20/30 °C in light (12/12 h daily photo-
period, white fluorescent tubes, photon irradiance
was 60 pmol m~2 s~ 400-700 nm) or continuous
darkness. For continuous darkness, Petri dishes were
covered with two layers of aluminum foil. For each
treatment, three replicates of 50 seeds were placed
in 10 cm diameter Petri dishes on two sheets of fil-
ter paper (Shuangquan, Hangzhou, China) moistened
with 6-9 ml distilled water, depending on the species.
All Petri dishes were randomly placed in the incu-
bator and distilled water was added daily as needed
to keep the filter paper moist. Germination of seeds
incubated in light was monitored daily for at least
21 days until no further germination occurred for
three consecutive days. Seeds were counted as germi-
nated when the radicle was visible (>2 mm) and any
newly germinated seeds were discarded. Seeds incu-
bated in the dark were examined for germination only
after 21 days.

Determination of seed traits

Seed traits including seed mass, seed dimensions,
seed shape, seed toughness, seed water absorption,
total phenolic content, crude protein content and
seed longevity were determined for all species used
in this study. Seed mass was determined by weigh-
ing eight replicates of 100 seeds from each species
(ISTA 2014). Thirty seeds of each species were ran-
domly selected to measure seed dimensions (length,
width and height) using a vernier caliper (10 pm
precision, Chengliang, Chengdu, China). Seed shape
was expressed as the variance in seed dimension after
dividing each dimension by seed length (Thomas
et al. 1993). Seed toughness was defined as the mini-
mum mechanical force required to initiate seed rup-
ture (Zalamea et al. 2018), which was measured by
a digital mechanical force gauge (Handpi, Wenzhou,
China) using 30 seeds for each species (Dong et al.
2017).

Three replicates of 50 seeds for each species were
used to measure seed water absorption. Seeds were
weighed and then immersed in distilled water and
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incubated at 20 °C (Chen et al. 2019). After 24 h,
seeds were removed, dried with filter paper and
weighed. Water absorption of seeds was calculated
as the ration of cumulative water weight to the initial
seed weight.

Total phenolic content and crude protein content of
seeds for each species were determined as described
by Ainsworth and Gillespie (2007) and Mitchell et al.
(1974), respectively. In addition, accelerated ageing
tests were used to evaluate inherent seed longevity
using three replicates of 50 seeds for each species.
Each replicate was placed in a 5 cmX5 cm nylon
mesh bag inside a closed 20 cmx20 cmX 12 cm
alloyed box that contained 2500 mL of distilled
water, and seeds were suspended above the water.
Seeds were aged at 42 °C for different period of time,
depending on the species (Table S1), after which a
germination test was conducted on all seeds, followed
by a TTC test on nongerminated seeds after 21 days
to determine seed viability as described above.

Seed burial tests

To determine the effect of precipitation, microorgan-
isms and their interaction on seed persistence, seeds
of all species were soaked with or without fungi-
cide and buried under three precipitation treatments
(drought (30% precipitation reduction), ambient (nat-
ural precipitation) and wet (30% precipitation addi-
tion)), after which seeds were retrieved regularly and
seed viability determined. The seeds were buried in
YZ, one of the seed collection sites, and they were
buried in August and October 2018 due to inconsist-
ent collection time of seeds.

A precipitation manipulation experiment was
established in July 2018, which included three pre-
cipitation levels as described above (Fig. S1). Each
treatment had three replicates and 9 plots (3 mx3 m)
that were divided into three blocks. The precipita-
tion treatment was controlled by half of eight trans-
parent acrylic tubes (a cylinder with a diameter
of 12.5 cm, Senhuo, Zhejiang, China), which was
divided into two parts by a complete acrylic pipe. The
drought treatment was controlled by the acrylic pipe
with a groove facing up, and 30% of the intercepted
rainwater was collected and stored; it was applied
to the wet plots within 12 h after each precipitation
event with a spray bottle. To account for the effects
of shading, eight acrylic tubes with a groove facing
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down also were installed in the control and wet plots.
In addition, to reduce surface runoff and water leak-
age between adjacent plots, each plot was separated
by four layers of plastic film within 1 m of the verti-
cal surface, and a ridge 30 cm wide was set above the
surface surrounding each plot.

To evaluate the effect of microbes on seed persis-
tence, carbendazim (Guanlong agrochemical, Hebei,
China), which is a systemic fungicide with curative
and protection action, used extensively in agriculture,
was applied to seeds and soils in this test (Pameri
et al. 2016). Fifty percent of seeds were soaked in car-
bendazim (1 g/Kg, recommended by manufacturer)
for 1 h, the other seeds were soaked in distilled water
for the same time as a control, after which the seeds
were taken out and dried in a cool place prior to bur-
ial. Loess soil was collected from YZ and mixed with
carbendazim in a ratio of 1 to 250 (recommended by
manufacturer) in the laboratory prior to seed burial.
Then, 50 seeds were mixed with 20 g of soil treated
with carbendazim (nontreated soil as a control) and
placed into 5 cm X5 cm nylon mesh bag. We buried
126 bags per each species (3 precipitation X2 fungi-
cidex 3 replicates X 7 sampling), for a total of 1386
bags for the 11 study species.

Each plot was divided into two parts with 30 cm
left in the middle, which were used to bury seeds
soaked with carbendazim and distilled water, respec-
tively. Seventy-seven seed bags (seven bags per
species) with 50 seeds were placed at a soil depth
of 5 cm, and the spacing between bags was 5 cm.
Three replicates of each treatment for all species
were retrieved from burial after 1, 3, 5,7, 9, 11 and
13 months. The numbers of died and germinated
seeds were counted immediately and discarded after
recovery from the plot. The remaining seeds were
put into Petri dishes on two layers of filter paper
for germination test at the optimum temperature as
described above (Table S1). For all germination tests,
seeds that failed to germinate were tested for viabil-
ity as described above. In this study, seed persistence
was expressed by seed survival for 13 months of
burial, which refers to the ratio of the total number
of germinated and viable seeds in the incubator to the
number of initially buried seeds. Physical removal
of weeds within plots was applied every week dur-
ing the experimental period. Soil moisture content
of 3.8 cm below the soil surface was measured 1 or
2 times a week during experimental period in each

plot using a TDR100 (Campbell Scientific Inc., USA)
(Fig. S2-S3).

Data analysis

The effect of precipitation, microorganisms and their
interaction on seed persistence of each species was
tested by fitting generalized linear mixed models
(GLMMs). Precipitation and microorganisms were
used as fixed effects, while replicates were included
as random effects in each model. Seed germina-
tion was a probability ranging from O to 1, hence we
applied a binomial estimation of the model using a
logit link function. Tukey’s test was used to compare
means when significant difference were found. Cor-
relation analysis was used to determine the relation-
ship between seed persistence and seed traits, includ-
ing seed longevity in the accelerated aging test, seed
shape, seed mass, seed toughness, seed water absorp-
tion, total phenolic content, crude protein content and
germination percentage under optimum conditions.

Response ratio was chosen to determine the effect
of precipitation or fungicide-treatment on seed persis-
tence according to Soltani et al. (2018). Effect size is
the natural log of the response ratio (In R) (Hedges
et al. 1999):

InR = 1n<§T - ic),

where fT and Yc are the mean values for survival of
treatments (precipitation and fungicide-treated) and
control seeds. To avoid the log odds ratio from being
infinite due to zero survival in the control and treat-
ment seeds, we added 0.05% to the survival percent-
age data (Robertson et al. 2006).

A generalized linear model (GLM) with binomial
error and probit link function was fitted to the sur-
vival data with time of ageing as an explanatory vari-
able. Both species and treatments were included in
the GLM as factors, thereby fitting the viability equa-
tion (Ellis and Roberts 1980).

v=K;—(p/o)

where v is the viability (in normal equivalent deviates,
NED) of the seed after p days (or months) in storage,
K; initial viability (NED) of the seed and ¢ time for
viability to fall by 1 NED (i.e., the standard deviation
of the normal distribution of seed deaths over time).
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Ps, in this study is the time (day) when seed viability
to decrease 50% in seed accelerated ageing tests. All
data were processed with GenStat, vision 18.0 (VSN
International, Ltd, Hemel Hempstead, UK).

Results

Effect of temperature and light on germination of
fresh seeds

Germination of S. viridis and D. stramonium seeds
was null at all temperatures in both light and dark-
ness. Temperature and light had significant effects on
seed germination of the remaining species (P <0.01),
except for A. retroflexus (Table S2). Germination
percentage of all species increased first and then
decreased as temperature increased regardless of
the light condition. The optimum germination tem-
perature of seeds in this study varies with the spe-
cies (Fig. S4, Table S1). Compare with the constant
temperature, the alternating temperature was more
favorable for seed germination of all species. In
addition, seed germination in light was significantly
higher than that in darkness, depending on tempera-
ture and species. For example, germination percent-
age of C. album was significantly reduced in darkness
compared with that in light at all incubate tempera-
tures except 10 and 15 °C, however, this was only
observed at 15/25 °C for D. sophia seeds (P <0.05)
(Fig. S4). Moreover, the interactive effect between
temperature and light on seed germination were only
found in C. microcarpa, C. album, I. chinensis and
S. glauca (Table S1).

Effect of precipitation and microorganisms on seed
persistence

Precipitation, microorganisms and their interac-
tion had significant effects on seed persistence of
all species, except for the interactive effect on A.
retroflexus (P <0.05) (Table 1). Seed persistence
of all tested species decreased significantly as pre-
cipitation increased (P <0.05). Fungicide treatment
significantly improved seed persistence of all spe-
cies (P<0.05). In addition, the effect size of fungi-
cide treatment on seed persistence increased with
increased precipitation, except for seeds of S. glauca.
For example, the effect size of fungicide treatment on
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the persistence of I. chinensis seeds was 0.40, 1.61
and 5.32 under reduction, ambient and additional
precipitation, respectively. Moreover, the effect size
(absolute value) of precipitation reduction or addi-
tion on seed persistence was lower for seeds and
soil treated with fungicide compare with the con-
trol, except for seeds of S. glauca under precipitation
reduction (Fig. 1-2, S5-S6).

The relationship between seed longevity and seed
traits

In the accelerated ageing tests, seed longevity (Ps)
was positively correlated with seed mass, seed tough-
ness, total phenolic content and crude protein con-
tent, however, it was negatively correlated with seed
germination (P <0.05) and not correlated with seed
shape or seed water absorption (Table 2).

The relationship between seed persistence and seed
traits

The relationship between seed persistence during
burial and seed traits varied with environmental con-
ditions. Seed persistence was positively correlated
with Ps,, seed toughness and total phenolic content
in all treatments. Depending on the environmental
condition, seed persistence was either positively or
not correlated with seed mass and crude protein con-
tent. A significant negative relationship was found
between seed persistence and seed germination,
except for precipitation addition without fungicide
treatment (P <0.05). In addition, seed persistence was
not correlated with seed shape, except for precipita-
tion reduction with fungicide treatment. Seed water
absorption showed no correlation with seed persis-
tence (Fig. 3).

Discussion

Effect of precipitation and microorganisms on seed
persistence

It is clear from our results that seed persistence of all
tested species decreased as precipitation increased.
These results are consistent with those from a study by
Burnside et al. (1996), in which seed persistence was
longer with reduced rainfall than that with increased
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Table 1 ‘Eff.ect Species Source Wald statistic  n.d.f  Fstatistic  F-pr
of precipitation,
microorganisms and Camelina microcarpa  Precipitation (P) 53.05 2 26.52 <0.001
;iig;g}fiicé}o;’lo;‘pZifgs Microorganism (M) 3225 1 32.25 <0.001
using generalized linear P*M 5.11 2 2.55 0.119
mixed model (GLMMs) Capsella bursa-pastoris  Precipitation (P) 141.97 2 70.99 <0.001
Microorganism (M)  172.09 1 172.09 <0.001
P*M 33.38 2 16.69 <0.001
Descurainia sophia Precipitation (P) 355.96 2 177.98 <0.001
Microorganism (M)  321.63 1 321.63 <0.001
P*M 106.44 2 53.22 <0.001
Lepidium apetalum Precipitation (P) 57.20 2 28.60 <0.001
Microorganism (M) 54.15 1 54.15 <0.001
P*M 35.54 2 17.77 <0.001
Ixeris chinensis Precipitation (P) 41.04 2 20.52 <0.001
Microorganism (M) 33.69 1 33.69 <0.001
P*M 14.15 2 7.07 0.012
Amaranthus retroflexus Precipitation (P) 182.46 2 91.23 <0.001
Microorganism (M) 76.89 1 76.89 <0.001
P*M 0.76 2 0.38 0.693
Chenopodium album Precipitation (P) 171.46 2 85.73 <0.001
Microorganism (M) 42.46 1 42.46 <0.001
P*M 19.70 2 9.85 0.003
Setaria glauca Precipitation (P) 134.53 2 67.26 <0.001
Microorganism (M) 26.76 1 26.76 <0.001
P*M 2.92 2 1.46 0.271
Setaria viridis Precipitation (P) 108.36 2 54.18 <0.001
Microorganism (M) 56.68 1 56.68 <0.001
P*M 20.92 2 10.46 0.002
Datura stramonium Precipitation (P) 84.39 2 42.19 <0.001
Microorganism (M) 33.68 1 33.68 <0.001
P*M 0.23 2 0.12 0.891
Hyoscyamus niger Precipitation (P) 147.13 2 73.56 <0.001
Microorganism (M) 64.10 1 64.10 <0.001
P*M 4.83 2 242 0.139

rainfall in a 17-year buried seed study of 41 weedy
species in eastern and western Nebraska (USA). Gen-
erally, changes in seed moisture content resulting from
changes in amount of precipitation play a key role in
affecting seed persistence through its influence on
seed metabolism, germination and dormancy release
(Baskin and Baskin 2014; Long et al. 2015). Firstly,
seed moisture content can affect seed metabolism and
thus accelerate seed aging, which has been reported in
many previous studies (Kibinza et al. 2006; Lee et al.
2019; Zhang et al. 1995). Secondly, especially in the
natural state of arid and semi-arid ecosystems, seed

moisture content is beneficial to seed germination
when it increases to a certain degree, especially for
seeds at shallow soil depths (Baskin and Baskin 2014;
Fenner and Thompson 2005; Wagner et al. 2011).
Consistent with this, our results also clearly showed
that germination percentage of all species in the field
increased with increased precipitation. Furthermore,
seed moisture content has been found to have a sig-
nificant effect on seed dormancy release (Chen et al.
2020; Hu et al. 2018), and thus it consequently affects
seed germination and seed persistence.
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Fig. 1 Effect of precipitation, microorganisms and their
interaction on seed persistence of 11 species. Different letter
indicate significant difference at 0.05 level for each species. —

On the other hand, soil microbial communities
(e.g., soil fungi) could increase with increasing pre-
cipitation, which promotes seed decay and death,
thereby decreasing seed persistence (He et al. 2017;
Leishman et al. 2000). Thus, as expected, fungicide
treatment promoted survival of burial seeds of several
grass species Schafer and Kotanen (2004), Mimosa
pigra in northern Australia (Lonsdale 1993), pioneer
trees in Panama (Dalling et al. 1998) and old field
species in southern Ontario (Blaney and Kotanen
2001).

In addition, soil microbes can promote seed ger-
mination by degrading allelochemicals that inhibit
germination (Zhu et al. 2011). We found that with-
out fungicide treatment germination percentage of
all species in the field were improved significantly,
consequently reduced seed persistence. On the other
hand, some soil microbes can suppress the growth
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Treatment

W, CK and+W defines as three precipitation levels, 30% pre-
cipitation reduction, ambient and 30% precipitation addition,
respectively. The same below

of pathogenic microbes, thereby protecting seeds
from being killed (Nelson 2004). These controversial
results may be due to the diversity of soil microbial
and their many interactions with seeds (Chee-Sanford
et al. 2006; Wagner and Mitschunas 2008). In the pre-
sent study, although fungicide treatment improved
seed persistence of all species, the effect size of fun-
gicide on seed persistence varied a lot with species.
The difference among species may be due to differ-
ences in seed traits and microbial communities they
carries, but this has not been investigated.

In addition, a significantly interactive effect
between precipitation and fungicide on seed persis-
tence was found in ten of 11 species in our study, in
which the effect size of fungicide on seed persistence
increased with the increase of precipitation, one pos-
sible reason is that the fungicide works better at high
than low moisture levels. Indeed, there is evidence
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Fig. 2 Effect size for seed persistence with fungicide versus
no fungicide. Error bars are referring to 95% confidence inter-
vals. No overlap of error bars with zero indicate that fungicide-

that fungal pathogens generally are more prevalent
in moist soil than in dry soil (Blaney and Kotanen
2001). Blaney and Kotanen (2001) also reported
that fungicide addition improved seed survival more
strongly in wetland soils than drier upland soils.
Therefore, these results indicated that levels of seed
mortality due to fungal decay may depend on soil
moisture content (Wagner and Mitschunas 2008), and

Table 2 The relationship between eight traits of seeds of
11 species. Ps, refers to the time for seed viability to decrease
50% in seed accelerated ageing tests, germination defines as
germination percentage of seeds at optimum temperature under

Effect size (In R)

treated significantly affect seed persistence compare with con-
trol, the value of effect size is greater or less than zero means a
positive and negative effect, respectively

there is some evidence for the activity of microbial
being highest at intermediate soil moisture levels that
promote fungal growth (Kiewnick 1964). However,

supplement

watering did not promoted morality of

Convolvulus arvensis, Lotus corniculatus, Medicago
lupulina and Rubus fruticosus seeds treated with fun-
gicide (Leishman et al. 2000). Moreover, our results
showed that the effect size of fungicide treatment on

light, other traits of seeds were described at the section of
Materials and Methods. “ and ™ indicate a significant correla-
tion at 0.05 and 0.01 levels, respectively. The same below

Ps,  Seed shape Seed mass Seed toughness Seed water Total Crude Germination
absorption  phenolic content protein content
Ps, 1.000 -0.597 0.610" 0.676" -0.248 0.839" 0.694" -0.780"
Seed shape 1.000 -0.113 -0.206 0.140 -0.268 0.049 0.646"
Seed mass 1.000 0.778" -0.313 0.508 0.451 -0.349
Seed toughness 1.000 -0.471 0.530 0.388 -0.416
Seed water 1.000 -0.103 -0.156 0.266
absorption
Total phenolic 1.000 0.763" -0.673"
content
Crude protein 1.000 -0.404
content
Germination 1.000
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Fig. 3 The relationship between seed persistence and eight
traits of seeds of 11 species. N and Y means seeds and soil
used in burial tests treated with and without fungicide, respec-

seed persistence of different species was different, and
it increased with increasing precipitation. Thus, this
difference between species may be one reason for the
controversial results in the previous studies (Burnside
et al. 1996; Nelson 2004; Tweddle et al. 2003; Zhu
etal. 2011).

Our study clearly showed that a change in pre-
cipitation will affect seed persistence, however, the
response is complex and varies greatly in direction,
magnitude and seasonality, especially in the arid and
semi-arid ecosystems (Burrows et al. 2011; Long
et al. 2015). Ma et al. (2020) used a structural equa-
tion model to explore underlying mechanistic basis of
climate change on seed bank along an elevation gra-
dient, they have found that rainfall not only affects
soil moisture content and soil microbial communi-
ties, but it also affects soil chemical factors (pH,
total nitrogen, total phosphorus, available nitrogen,
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Seed persistence (%)

tively. R refers to the correlation coefficient and the number in
bold red indicate a significant relationship between seed persis-
tence and seed trait

available phosphorus, soil organic matter), and thus
consequently affecting seed persistence. Thus, more
biotic and abiotic factors should be considered when
quantifying how changes in precipitation affect seed
persistence in future studies. Moreover, changes in
precipitation also affect soil temperature, which in
turn affects the persistence of burial seeds. Generally,
higher temperature experienced by seed can acceler-
ate seed aging (Ellis and Roberts 1981) and alleviate
dormancy of physical (Baskin 2003) and physiologi-
cal (Iglesias-Fernandez et al. 2011), and thus decreas-
ing seed persistence. However, our results showed
that changes in precipitation do not affect the soil
temperature (Fig. S7), a possible reason is that soil
moisture content would not remain in a high level for
a long time even for precipitation increasing treat-
ment on the study area (semi-arid region), and conse-
quently show less effect on soil temperature.
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The relationship between seed persistence and seed
traits

It generally has been assumed that total phenolic
compounds in seeds can enhance their longevity via
their antimicrobial, antioxidant and anti-predation
characteristics (Davis et al. 2008; Lepiniec et al.
2006; Pourcel et al. 2007; Xiao et al. 2008). We found
a significant relationship between seed persistence
(or Pyy) and total phenolic compound content, both
in the burial tests and accelerated ageing tests, sug-
gesting that these compounds can play a crucial role
in determining the susceptibility of seeds to ageing
and microbial degradation. In addition, seed persis-
tence was positively correlated with seed toughness
both in the burial tests and in the accelerated ageing
tests. High seed toughness would make it difficult for
predators to eat them (Blate et al. 1998; Lundgren and
Rosentrater 2007) and for microorganisms to destroy
them (Gardarin et al. 2010). In general, our results
indicate that total phenolic contents and seed tough-
ness are perhaps the two most reliable predictors of
seed persistence, even in a changing environment
(Zalamea et al. 2018).

By comparison of seed persistence and seed lon-
gevity under rapid ageing conditions (45 °C and 60%
RH) for 27 northwest European species, Long et al.
(2008) found a significantly positive correlation.
However, given that seed persistence is a continu-
ous variable and the natural environment is complex,
further studies are needed to test the applicability
of using seed longevity to predict seed persistence
under changing environment, especially in the arid
and semi-arid ecosystems (Long et al. 2008). Our
study clearly showed that seed persistence was posi-
tively correlated with Py, in all treatments. Thus, Py,
is a reliable predictor of seed persistence, even in a
changing environment, which complements the study
of Long et al. (2008).

Numerous studies have reported other potential
correlates of Py in accelerated ageing tests, including
seed mass, crude protein content and seed germina-
tion (Davis et al. 2008; Gardarin et al. 2010; Lepiniec
et al. 2006; Merritt et al. 2014; Satyanti et al. 2018;
Waterworth et al. 2010). Consistent with this, our
results clearly found a significant positive relation-
ship between Ps, and seed mass and crude protein
content, but a negative relationship with seed germi-
nation. Seed mass is often a significant factor in seed

longevity studies with longevity generally increasing
with seed mass across 172 Australian species (Merritt
et al. 2014). However, seed longevity and seed mass
may be negatively related (Satyanti et al. 2018) or
not relatedd at all (Probert et al. 2009; Walters et al.
2005). Clearly presence of proteins for repair and pro-
tection against oxidative help determine seed longev-
ity (Hundertmark et al. 2011; Waterworth et al. 2010)
and Rajjou and Debeaujon (2008) have described
some of the seed longevity proteins. Furthermore,
higher germination percentages are not conducive to
seed survival, leading to low seed longevity (Baskin
and Baskin 2014; Long et al. 2015; Soltani et al.
2018; Wagner and Mitschunas 2008).

Although seed mass, crude protein content and
seed germination were key factors for seed longev-
ity in accelerated ageing tests, seed persistence was
not necessarily correlated with these traits in all
treatments. Seed persistence was negatively corre-
lated with seed germination, except for precipitation
addition without fungicide treatment. One possible
reason is that germination percentage of all spe-
cies in the field was significantly increased under
precipitation addition and without fungicide treat-
ment. Thus, these two positive effects may weaken
the relationship between seed persistence and seed
germination. This result indicated that environmen-
tal factors are as important as innate seed traits in
determining the relationships between seed persis-
tence and seed traits. The persistent soil seed bank
tends to have smaller seeds than the transient seed
bank (Funes et al. 1999; Hodkinson et al. 1998;
Thompson et al. 2001; Zhao et al. 2011). However,
there are exceptions to this size-persistence rela-
tionship in which large seeds live longer than small
seeds (Holzel and Otte 2004; Moles et al. 2003)
and where there is no correlation between persis-
tence and seed mass (Leishman and Westoby 1998;
Probert et al. 2009). Since environmental condi-
tions such as rainfall characteristics and wind speed
and species composition of the vegetation, have
been suggested to have an effect on the relationship
between seed persistence and seed traits (Yu et al.
2007), a primary reason for the difference between
studies may be that seeds came from different eco-
systems. Thus, the factors determining seed per-
sistence depend on the species, biomes, the scale
of study, as well as the combinations of variables
included (Satyanti et al. 2018). According to Long
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et al. (2015), “Contradictory results do not neces-
sarily discount the contribution of seed traits to
seed persistence, as the influence biota and abiotic
factors may determine whether their contribution is
significant or not.” In any case, our results clearly
showed that Ps,, seed toughness and total phenolic
content could be used to predict the persistence of
seeds well, even in a changing natural environment.

Seed persistence (or Ps;) was not correlated with
seed shape in either the burial or the accelerated age-
ing tests. This result is different from the previous
studies (Funes et al. 1999; Gomez-Gonzalez et al.
2011; Thompson et al. 2001), in which rounded
seeds tended to persist in the soil for a longer time
than elongated or flattened seeds. A possible reason
may be that there were only 11 species used in our
study and ten of them are roughly rounded in shape.
In addition, seed moisture content is closely related
to seed persistence as described above. Generally,
seeds persist longer if seeds does not absorb water
or if water absorption is low. However, no correla-
tion between seed persistence (or Ps,) and seed water
absorption was found in our study, suggesting that the
variation of seed persistence (or Ps) is independent
of this trait, at least in our study. One possible reason
is that seeds of all species may reach a water balance
within a short period of time, although seed water
absorption differs among the species.

Conclusions

In summary, seed persistence decreased as precipi-
tation increase. Fungicide treatment improved seed
persistence of all tested species, while the effect size
of fungicide treatment on seed persistence increased
with precipitation. Further, Ps,, seed toughness and
total phenolic content could be used to predict the
persistence of seeds, even in a changing environ-
ment. These results indicated that environmental fac-
tors, such as precipitation and microbial activity, not
only affect seed persistence but also the relationship
between seed persistence and seed traits. Therefore,
environmental factors should be considered in studies
using seed traits to predict seed persistence.
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