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Abstract. Soil seed banks represent reservoirs of diversity in the soil that may increase resi-
lience of communities to global changes. Two global change factors that can dramatically alter
the composition and diversity of aboveground communities are nutrient enrichment and
increased rainfall. In a full-factorial nutrient and rainfall addition experiment in an annual
Californian grassland, we asked whether shifts in aboveground composition and diversity were
reflected in belowground seed banks. Nutrient and rainfall additions increased exotic and
decreased native abundances, while rainfall addition increased exotic richness, both in above-
ground communities and seed banks. Under nutrient addition, forbs and short-statured plants
were replaced by grasses and tall-statured species, both above and below ground, and whole-
community responses to the treatments were similar. Structural equation models indicated that
especially nutrient addition effects on seed banks were largely indirect via aboveground com-
munities. However, rainfall addition also had a direct negative effect on native species richness
and abundance of species with high specific leaf area (SLA) in seed banks, showing that seed
banks are sensitive to the direct effects of temporary increases in rainfall. Our findings high-
light the vulnerability of seed banks in annual, resource-poor grasslands to shifts in composi-
tional and trait changes in aboveground communities and show how invasion of exotics and
depletion of natives are critical for these above-belowground compositional shifts. Our findings
suggest that seed banks have limited potential to buffer resource-poor annual grasslands from
the community changes caused by resource enrichment.

Key words: belowground diversity; climate change; coexistence; community recovery; diversity reservoir;
fertilization; grassland; nonnative species; perturbation; precipitation increase; resilience.

INTRODUCTION

Nutrient enrichment and increased rainfall are two
resource-enhancing global change factors that have been
demonstrated to dramatically alter the composition and
diversity of plant communities (Stevens et al. 2004, Sut-
tle et al. 2007, Borer et al. 2014), and that may interact
with each other (Harpole and Tilman 2007, Eskelinen
and Harrison 2015). Nutrient and rainfall additions can
increase productivity and diminish diversity, alter species
composition and ecosystem functioning, and foster
dominance of exotics and resource-acquisitive species
(Thomsen et al. 2006, Suttle et al. 2007, Clark and Til-
man 2008, Isbell et al. 2013a, Eskelinen and Harrison
2015, DeMalach et al. 2017). Effects of nutrient enrich-
ment on grassland communities may last for decades

(Isbell et al. 2013b, Bowman et al. 2018), and changes to
soil seed banks have been suggested to be one mecha-
nism contributing to the lasting effects of these and
other global changes (Bakker and Berendse 1999, Ste-
vens 2016, Payne et al. 2017, Panetta et al. 2018, Ma
et al. 2020, 2021). On the other hand, if seed banks, the
“hidden” biodiversity reservoirs belowground, are resis-
tant to aboveground perturbations such as nutrient
enrichment, they may promote community recovery
after the perturbations (Ma et al. 2021). However,
knowledge is still scant about the extent to which above-
ground community changes imposed by global changes
are reflected in the diversity and composition of seed
banks, and whether the existence of soil seed banks helps
in recovery or whether changes in seed banks contribute
to the lasting effects of global changes in aboveground
communities.
Soil seed banks can maintain genetic, functional, and

species diversity during unfavorable times (Templeton
and Levin 1979, Thompson et al. 1997, Kalamees and
Zobel 2002, Baskin and Baskin 2014, Vandvik et al.
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2016). Dormant seeds in soil seed banks are a prime
example of a life stage that can buffer population growth
in variable and changing environments (Kalisz and
McPeek 1993, Pake and Venable 1996, Clauss and Ven-
able 2000, Gremer and Venable 2014), and can promote
the coexistence of competitors via the storage effect
(Chesson 2000, Adler et al. 2006, Angert et al. 2009). In
summary, seed banks are critical for diversity, and the
ability of communities to recover from global changes
may depend on the persistence of a functionally diverse
species pool in the belowground seed bank (Ooi 2012,
Venable and Kimball 2013, Panetta et al. 2018, Plue
et al. 2021).
However, evidence remains scarce on how seed banks

respond to global change factors, how these compare to
changes in aboveground communities, and the implica-
tions for how communities may recover from change (Ooi
et al. 2009, Ooi 2012, Li et al. 2018). Seed banks may
contain substantial reserves of seeds that are undergoing
long-term dormancy, either fixed or facultative, and per-
sistence of seeds in the seed bank over anthropogenic per-
turbations could increase community resilience and
foster recovery (Plue et al. 2021). Alternatively, when
impacts such as nutrient enrichment and increased rain-
fall lead to dramatic changes in aboveground communi-
ties, seed banks may simply change in parallel, reflecting
the influence of seed input from the newly dominant spe-
cies. In other words, global change factors affect the seed
banks indirectly, through their influence on the above-
ground community. On the other hand, nutrient enrich-
ment and increased rainfall may also directly affect soil
seed banks, independent of compositional changes in
aboveground communities (Basto et al. 2015, Zhang
et al. 2019); for example, they may alter soil nutrient con-
centrations, pH, and the presence or abundance of micro-
bial pathogens that directly influence species-specific
patterns of seed germination, survival in the soil, or other
processes influencing germination or persistence in the
seed bank (Wagner and Mitschunas 2007, Finkelstein
et al. 2008, Ochoa-Hueso and Manrique 2010, Walck
et al. 2011). In these cases, the seed bank has little poten-
tial to contribute to the recovery of the community.
In many arid and semiarid regions, such as the Califor-

nia floristic region, grassland ecosystems are dominated
by native annual species, which often show facultative
multi-year dormancy that is responsive to rainfall and
temperature (Levine et al. 2011, Mayfield et al. 2014,
Liu et al. 2020). In these systems, seed-banking strategies
are known to improve long-term fitness and buffer popu-
lations from the negative effects of environmental varia-
tion (Chesson and Huntly 1997, Baskin and Baskin
2014, LaForgia et al. 2018). Seed-banking strategies are
common especially among native annual forbs, while in
contrast, exotic annual grasses that comprise most of the
biomass in Californian grasslands often lack dormancy
and persistent seed banks (Marshall and Jain 1970,
Ewing and Menke 1983, Pavlik et al. 1993, Levine and
Rees 2004, Baskin and Baskin 2014). However, despite

seed-banking strategies having the potential to buffer
from inter-annual environmental variation (DeMalach
et al. 2021), these water- and nutrient-limited systems
could be highly vulnerable to global changes that
enhance essential limiting resources to plants (Harpole
and Tilman 2007, Eskelinen and Harrison 2015, Harpole
et al. 2016). Thus, investigating how seed banks respond
to global changes is critical for understanding plant com-
munity responses to global changes.
Here we examine seed bank responses to treatments

simulating global change factors in an annual-
dominated semiarid grassland in California. In previous
studies focusing on aboveground communities, higher
rainfall and nutrient levels were shown to favor resource-
acquisitive, tall-statured, fast-growing, and exotic species
over short-statured, slower-growing, and native species,
as well as decreasing diversity (Fernandez-Going et al.
2012, Eskelinen and Harrison 2015, Harrison et al.
2015). However, whether these changes are reflected in
the seed banks remains unknown. Three years after the
cessation of a 5-yr experimental rainfall and nutrient
addition treatments, we examined the joint responses of
seed banks and aboveground communities to resource
additions. We expected that this time frame would be
enough to see some recovery in this annual community
(three generations) unless treatment effects lasted at least
over short time scales in the system. We then examined
whether seed bank composition would resist change,
change as an indirect result of treatment effects on the
aboveground community, or change in direct response to
treatments.
We specifically asked whether in rainfall and/or nutri-

ent addition plots, seed banks compared to aboveground
communities would maintain (1) higher relative repre-
sentation of native, short-statured, and/or slow-growing
species (e.g., species with low SLA), which would be con-
sistent with seed banks as a potential source of commu-
nity recovery, or (2) whether exotics, tall-statured, and
fast-growing species (e.g., species with high SLA), usu-
ally responsive to rainfall and nutrient additions in
aboveground communities, would attain greater domi-
nance also in seed banks. We also asked (3) whether
nutrient and rainfall additions affected seed banks
directly, indirectly via the aboveground community, or
both, using structural equation modelling (SEM; Grace
2006).

METHODS

Study system and experimental design

Our experiment took place in the Inner North Coast
Range of California (38°520 N, 122°260 W), at the
University of California McLaughlin Reserve. The cli-
mate in the area is Mediterranean with cool wet winters
and hot dry summers, the mean annual rainfall of
69.6 cm falling mainly in October–April. Mean tempera-
tures are 7°C in January and 25°C in July (Western
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Regional Climate Center 2021). The experimental site of
∼500 × 1,000 m (12-ha area) is located on a heteroge-
neous grassland system where productivity varies
depending on soil depth and the underlying bedrock
material. In this paper we focus on low-productivity
grasslands that occur in nutrient-poor soils on shallow
rocky slopes of serpentine rocks. Vegetation is domi-
nated by native annual forbs and grasses; however, exo-
tic annual grasses and forbs are present in nearby
patches of more productive soils (Eskelinen and Har-
rison 2015). In this system, plants germinate during the
rainy season that occurs during fall and winter, and the
first peak of flowering typically occurs in late March to
mid-April.
We imposed a rainfall and nutrient addition experi-

ment at the beginning of 2010. We randomly assigned 42,
2 × 2 m, experimental plots to full-factorial treatments
of (1) fertilization with slow-release granular NPK (10-
10-10) with micronutrients (Lilly Miller Ultra Green,
Lilly Miller Brands, Walnut Creek, California, USA;
nutrient addition) and (2) watering with rainwater (rain-
fall addition). Our original design called for 10 replicate
plots per treatment, but we added several extra plots in
case any were lost to disturbance, and indeed some plots
were later destroyed when a heavy vehicle accidentally
drove over them, resulting in 10–12 plots in each of the
four treatments. Our nutrient addition treatment added a
total of 10 g N/m2, 10 g P/m2, and 10 g K/m2 annually,
applied in three equal doses in November, February and
March. This treatment was designed to match the Nutri-
ent Network protocol (Borer et al. 2014), which reduces
nutrient limitation as broadly as possible (NKP +
micronutrients). Our treatment also corresponds with
the upper range of atmospheric nitrogen deposition val-
ues in California (Schlesinger et al. 1982, Fenn et al.
2003). Other nutrients, including P and K, are also pre-
sent in nutrient deposition (Schlesinger et al. 1982, New-
man 1995). The rainfall addition treatment added 2.5 cm
of rainwater applied over a 12-h period at night (to
reduce evapotranspiration) once a week for eight consec-
utive weeks, increasing average annual rainfall by
approximately 18%. To implement the treatment, we
established five rainfall addition lines that brought water
to sprinkler heads in the center of the 2 × 2 m plots,
50 cm above soil surface and sprayed in a 3-m radius
(Mini Rotor Drip Emitters, Olson Irrigation, Santee,
California, USA). This treatment was designed to
lengthen the winter rainy season into early spring, simi-
larly to previous work in Californian grasslands (Suttle
et al. 2007) that was based on then-current predictions
for climate change in California (National Assessment
Synthesis Team 2000). We began the treatment each year
in March or April when rainfall had ceased for at least a
week and none was forecast. Both treatments were
repeated yearly from 2010–2014 after which the manipu-
lations were terminated; however, effects on vegetation
continued to persist after termination of treatments
(A. Eskelinen, personal observation, see Results).

Seed bank sampling

In April 2017, three years after the termination of
treatments, we characterized seed bank composition and
richness in each experimental plot. After removal of
aboveground live vegetation, litter, and large rocks, we
collected one soil core of 25 × 25 cm, 5 cm deep, from
each plot. This depth was chosen because soils in our
study grasslands are thin and rocky and we could not get
deeper; further, most seeds are expected to occur in the
top 5 cm soil (Pake and Venable 1996, Ma et al. 2010,
Basto et al. 2015). The 25 × 25 cm sample was a soil
square, which is larger than the typical soil core used in
seed bank samples (e.g., Pake and Venable 1996, Ma
et al. 2010, Basto et al. 2015). Our aim was to verify that
comparisons at the smaller plot size (25 × 25 cm) were
consistent with comparisons at the larger plot size
(1 × 1 m), similar to Vandvik et al. (2016). Samples were
collected in mid-April 2017 after the previous years’
seeds had germinated but before new seeds were pro-
duced, which captures the persistent seed bank, i.e., the
dormant seeds remaining in the soil after the normal
germination period (Thompson et al. 1997, Baskin and
Baskin 2014). The seeds had therefore been produced in
2016 or earlier and did not germinate in the fall of 2017.
After collection, soils were dried in +32°C, and then
stored in sealed containers in ambient hot, dry condi-
tions over the summer in Davis, California, USA. This
procedure mimics the high temperatures and dryness
that the soils experience in this system during June–
August when temperatures ≥30°C occur for 2–3 weeks
every month, and the maximum temperatures can reach
40°C (Western Regional Climate Center 2021; data from
Knoxville Creek, 15 km from study site). These condi-
tions also mimicked natural cues for after-ripening and
breaking dormancy, thereby potentially stimulating fur-
ther germination (Finch-Savage and Leubner-Metzger
2006, Liu et al. 2020).
To quantify seed bank abundance and composition,

we germinated soil seed bank samples in a common
garden at UC Davis. We removed vegetative parts and
rocks from the soils, broke up soil clumps, and homoge-
nized each sample before spreading in trays. Trays were
52 × 25 × 6 cm and filled with sterile potting soil (75%
potting soil, 12.5% perlite, 12.5% sand), on top of
which the 0.6–1 cm thick sample was spread. Due to
variation in soils across plots and habitats, some soils
were more dense than others. We also deployed trays
with sterile potting soil as controls to assess contamina-
tion by airborne seed, which was limited to a single
seed (Trifolium sp.). Trays were placed in a screen house
with a clear plastic roof and screened walls, allowing
ambient temperature while controlling watering and
preventing seed rain. Trays were watered daily or as
needed to maintain soil moisture. Seedlings were
recorded weekly and removed after identification. Indi-
viduals that were difficult to identify were transplanted
to separate pots and grown to maturity to facilitate
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identification. Soil was gently disturbed periodically to
prevent moss growth in the trays and to further stimu-
late germination of any buried seeds. Two germination
trials (October 2017–May 2018, October 2018–June
2019) were conducted to ensure that we captured seeds
that may have remained dormant during the first trial.
Each trial ended when no new seedlings had emerged
for 3 weeks. Between trials, trays were allowed to fully
dry and experience natural summer heat and drought
as they would in the field from where they originated,
intended to break dormancy and stimulate further ger-
mination (Finch-Savage and Leubner-Metzger 2006).
To ensure that the seeds were exposed to a range of ger-
mination cues, including temperature, photoperiod, and
humidity conditions (Bradford et al. 2002), germination
trials followed the natural cycle of the system: both tri-
als started in October when natural rains initiate germi-
nation in this system, while the soils experienced
drought and heat during the naturally dry and hot sum-
mer months (June–September).

Aboveground community and trait sampling

To assess aboveground community composition, we
visually estimated cover for all plant species in 1 × 1 m
subplots within each 2 × 2 m plot, next to the seed
bank plots at the time of the seed bank sampling, in
April 2017. We repeated the sampling in June 2017 to
capture peak cover values for later flowering species,
and used the highest value for each species (Eskelinen
and Harrison 2015). We grouped species into forbs and
grasses, and exotics and natives (Appendix S1: Table
S1) similarly in aboveground communities and seed
banks. Species categorizations as either native or exotic
to California are based on the flora of California (Bald-
win et al. 2012). To verify that any differences between
aboveground communities and seed bank were not
caused by differences in plot sizes (Vandvik et al. 2016),
we also determined aboveground community composi-
tion from a subset of the 25 × 25 cm biomass samples
(six to eight replicates per treatment combination) that
were collected from seed bank plots prior to soil
removal (see Seed bank sampling). Biomass was sorted
into species, dried in +60°C for 3 d, and weighed. See
Appendix S1: Figs. S1 and S2 for analyses showing the
similarity of community patterns in the smaller and
larger plots.
To understand the compositional effects of the treat-

ments, we also compared responses of community
weighted mean traits (CWM) for both aboveground
communities and seed banks. We calculated CWMs for
four traits associated with the leaf economics spectrum
and responses to soil resources (Wright et al. 2004,
Reich 2014), which have also been shown to be impor-
tant in responses in our system (Eskelinen and Harrison
2015). These included measures of SLA (mm2 leaf area/g
dry mass), foliar C:N, LWC (leaf water content) and
plant height (cm) for all species occurring in the

communities (Eskelinen and Harrison 2015). The traits
were measured on 10 individuals per species following
standard protocols (Perez-Harguindeguy et al. 2013).
CWM trait values for each trait in each plot were calcu-
lated by multiplying each species’ relative cover (in
aboveground communities) or seedling number (in seed
bank) by its mean trait value.

Soil sampling

To test for effects of treatments on soils, and because
soil pH and nitrogen can affect germination and dor-
mancy (Finkelstein et al. 2008, Ochoa-Hueso and Man-
rique 2010, Baskin and Baskin 2014), we also
compared soil pH, total N, ammonium (NHþ

4 ), and
nitrate (NO�

3 ) nitrogen across treatments. In May 2016,
we collected soil samples from all experimental plots
that were dried at +40°C and later analyzed for soil pH
from saturated paste extract, for NHþ

4 -N and NO�
3 -N

concentrations using flow injection analysis, and for
total N using combustion coupled with thermal con-
ductivity/IR detection (LECO FP-528, LECO Corpora-
tion, St. Joseph, Michigan, USA and TruSpec CN
Analyzers, St. Joseph, Michigan, USA), all at UC Davis
Analytical laboratory.

Statistical analyses

To examine whether the functional groups and traits
in aboveground communities and seed banks differed in
their responses to rainfall and nutrient additions, we first
applied beta distribution mixed effects models (with beta
family and logit link; Cribari-Neto and Zeileis 2010)
with relative abundances of exotics, natives, forbs, and
grasses, each in their own model, and nutrient and rain-
fall additions, community type (aboveground or seed
bank), and their interactions as fixed explanatory vari-
ables. Second, we applied linear mixed effects models
(Pinheiro and Bates 2000) with CWM traits (SLA,
LWC, C:N, height) as response variables, each in their
own model, and similar explanatory variables as above.
Third, we applied linear mixed effects models with exotic
and native richness, soil pH, and N forms (total N, NHþ

4
and NO�

3 ) as response variables, each in their own
model, and nutrient and rainfall additions and their
interaction as fixed explanatory variables. We ran species
richness separately by community type (aboveground or
seed bank) as richness can be heavily affected by differ-
ent plot sizes. Fourth, we calculated Bray-Curtis dissimi-
larity between species composition (using relative
abundance values) for seed banks and aboveground
communities and used this dissimilarity measure as a
response variable in similar linear mixed effects model as
above. To ensure that results were robust to the choice of
the metrics, we also calculated three other commonly
used abundance-based dissimilarity metrics: Canberra,
abundance-based Jaccard and Gower (Legendre and De
Cáceres 2003), and tested them with similar models as
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above. The rainfall addition line was used as a random
variable in all above models.
To examine whether nutrient and rainfall additions

affected seed banks directly, indirectly via the above-
ground community, or both, we applied mixed effects
structural equation models (SEMs; Grace 2006, Lef-
check 2016) with rainfall addition line as a random
effect. In the models, nutrient and rainfall additions and
their interactions were included as categorical external
predictors with unidirectional paths to both above-
ground communities and seed banks. As we tested a pri-
ori hypotheses that treatments affected the seed banks
either directly or indirectly through their effect on the
aboveground community, the paths from aboveground
communities to the seed banks were fitted as unidirec-
tional paths. We constructed separate models for
responses of exotics, natives, forbs, grasses, exotic rich-
ness and native richness, and used relative abundances in
the models. The final models were simplified to include
only significant paths (P ≤ 0.05).
We used the nlme package for linear mixed effect

models (Pinheiro et al. 2020), the package simba for

Bray-Curtis, Canberra, Jaccard, and Gower dissimilari-
ties in species and trait compositions between above-
ground communities and seed banks (Jurasinski 2012),
the package glmmTMB for beta distribution mixed
effects models (Brooks et al. 2017), the piecewiseSEM
package (Lefcheck 2016) for SEM, and the package car
for assessing significance of beta distribution models
(Fox and Weisberg 2019), all in R version 4.0.0 (R Core
Team 2020).

RESULTS

Overall, aboveground communities and seed banks
did not differ in their responses to nutrient and rainfall
additions, as indicated by lack of significant interactions
between community type and treatments for any of the
functional groups (exotics, natives, forbs and grasses;
Table 1, Fig. 1). Nutrient addition significantly
increased the abundance of exotics and grasses and
decreased the abundance of forbs in both communities,
although community-specific analyses indicated that
natives decreased only in aboveground communities

TABLE 1. Results of models examining aboveground communities and seed banks differed in their responses to rainfall and
nutrient additions.

Parameter

Rainfall (R)
addition

Nutrient (N)
addition Community (C) R × N R × C N × C R × N × C

χ2 F† P χ2 F† P χ2 F† P χ2 F† P χ2 F† P χ2 F† P χ2 F† P

Abundance

Exotics 28.5 <0.0001 32.5 <0.0001 12.4 0.0004 5.3 0.0210 3.2 0.0750 0.6 0.4236 0.3 0.5753

Natives 28.5 <0.0001 32.5 <0.0001 12.4 0.0004 5.3 0.0210 3.2 0.0750 0.6 0.4236 0.3 0.5753

Forbs 3.5 0.0621 54.4 <0.0001 45.8 <0.0001 0.3 0.5995 <0.1 0.9125 <0.1 0.8931 <0.1 0.8511

Grasses 1.2 0.2665 49.6 <0.0001 29.5 <0.0001 <0.1 0.8474 0.4 0.5531 <0.1 0.9927 <0.1 0.9575

Species richness

Exotic AG‡ 8.3 0.0068 1.5 0.2228 – – 0.5 0.4681 – – – – – –

Native AG 0.9 0.3415 12.7 0.0011 – – 0.1 0.7139 – – – – – –
Exotic SB‡ 3.8 0.0586 0.9 0.3369 – – 0.6 0.4402 – – – – – –
Native SB 7.2 0.0112 <0.1 0.8195 – – 2.4 0.1266 – – – – – –

CWM traits

Height 8.6 0.0045 27.1 <0.0001 10.3 0.0020 1.3 0.2517 0.8 0.3886 2.8 0.0971 <0.1 0.8894

SLA§ 0.8 0.3641 3.7 0.0567 33.6 <0.0001 3.9 0.0527 1.8 0.1789 1.8 0.1841 4.4 0.0386

C:N 2.0 0.1596 0.3 0.5590 6.9 0.0107 19.9 <0.0001 2.8 0.1003 0.1 0.7014 0.4 0.5059

LWC 3.6 0.0629 0.3 0.5854 18.0 0.0001 7.4 0.0081 1.5 0.2194 0.1 0.7419 0.6 0.4507

Dissimilarity

Bray-Curtis 0.6 0.4497 1.0 0.3214 – – <0.1 0.8691 – – – – – –

Canberra§ 0.3 0.6164 0.1 0.7513 – – 0.3 0.5800 – – – – – –
Jaccard 0.4 0.5024 1.3 0.2708 – – <0.1 0.8149 – – – – – –
Gower§ 1.0 0.3154 0.7 0.4001 – – <0.1 0.8325 – – – – – –

Notes: Exotics, natives, forbs and grasses were analyzed using beta distribution mixed effects models (with beta family and logit
link) with nutrient and rainfall additions, community type (aboveground or seed bank), and their interactions as fixed explanatory
variables. CWM traits (SLA, LWC, C:N, height) were analyzed with linear mixed effects models with similar explanatory variables.
Species richness and dissimilarity metrics were analyzed with otherwise similar linear mixed effects models but separately per com-
munity type or without community type, respectively. All results with P ≤ 0.06 are shown in boldface type. SLA, specific leaf area;
LWC, leaf water content; C:N, foliar carbon to nitrogen ratio; AG, aboveground; SB, seed bank; –, not evaluated.

† For species richness and dissimilarity, df = 1,35. For CWM traits, df = 1,74.
‡ Square-root transformed.
§ Log-transformed.
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(Table 1, Fig. 1, see Appendix S1: Table S2, Fig. S1 for
results using absolute values and communities analyzed
separately). Rainfall addition significantly increased exo-
tic abundance and decreased the abundance of natives in
both communities (Fig. 1, Table 1, Appendix S1: Table
S2, Fig. S1). Native forbs were especially strongly nega-
tively affected by rainfall addition, above and below
ground, while exotic forbs increased by rainfall addition
especially in the seed banks (Appendix S1: Table S3,
Fig. S3).
For all CWM traits except for SLA, both above-

ground communities and seed banks responded similarly
to treatments (as indicated by lack of interactions
between treatments and community type; Table 1,
Fig. 2). Both communities showed shifts towards com-
munities with taller species in response to resource addi-
tions: CWM height was enhanced by nutrient addition
in both communities while in seed banks height was also
enhanced by rainfall addition (Table 1, Fig. 2). In both
communities, CWM C:N increased in response to nutri-
ent addition, while it decreased in response to joint addi-
tion of nutrients and rainfall (Table 1, Fig. 2, significant
rainfall × nutrient addition interaction). In seed banks,
CWM C:N was additionally increased by rainfall

addition. Also CWM LWC showed similar trends in
aboveground communities and in seed banks: it declined
in rainfall addition plots, although this decline was sig-
nificant only in seed banks (Table 1, Fig. 2). CWM SLA
showed the largest divergence in responses between com-
munities. CWM SLA increased only with nutrient addi-
tion in aboveground communities (Table 1, Fig. 2) while
in seed banks, CWM SLA declined especially with the
rainfall addition, but not when rainfall addition was
combined with nutrient addition (Table 1, Fig. 2, signifi-
cant rainfall × nutrient addition × community interac-
tion).
We similarly found mainly concordant patterns

between aboveground communities and seed banks for
richness and whole-community composition. Rainfall
addition significantly increased exotic species richness in
both communities (Table 1, Fig. 3). Native species rich-
ness responses to the treatments, however, differed to
some extent between communities: in aboveground com-
munities, native richness declined under nutrient addi-
tion while in seed banks, native richness declined under
rainfall addition (Table 1, Fig. 3). Treatments did not
significantly affect the Bray-Curtis dissimilarities or any
other dissimilarities between aboveground and seed

FIG. 1. Exotic and native species abundances and forb and grass abundances (relative abundances) in aboveground communities
and seed banks (mean � SE) in different treatment combinations. C, control; R, rainfall addition; N, nutrient addition; NR,
nutrient and rainfall addition.
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bank communities (Table 1, Fig. 4), indicating that
treatment effects on whole communities were similar
above and belowground.
Our final SEM models, that were designed to test

direct and indirect effects of global change effects on
seed banks, showed primarily indirect effects of treat-
ments on seed banks via aboveground communities
although there were also some direct effects (Fig. 5).
SEM models fitted the data well (Fig. 5). Based on
SEMs, nutrient addition did not directly affect exotics
and natives in seed banks, but had strong indirect effects
via aboveground communities: it increased exotics and
decreased natives in aboveground communities and
these both exhibited strong positive effects on seed
banks. In contrast, rainfall addition showed a direct pos-
itive effect on exotics and negative effect on natives in
seed banks, although these effects were, in general,
weaker than those of the aboveground community.
Nutrient addition affected grasses and forbs both
directly and indirectly: it had a strong positive effect on
grasses and negative effect on forbs in aboveground
communities, which showed positive relationships to
seed banks; however, it also exerted a direct positive

impact on grasses and a negative impact on forbs in seed
banks. Our SEM revealed that the positive impact of
rainfall addition on exotic richness in seed banks was
indirect via aboveground communities (Fig. 5). In con-
trast, native richness was directly negatively affected by
rainfall addition, additionally there was an indirect neg-
ative effect of nutrient addition via aboveground com-
munities. In the SEM, there was also a positive effect of
the joint addition of nutrients and rainfall, indicating
less negative effects when applied together (Fig. 5).
Soil pH did not differ between treatments (Appendix

S1: Table S4, Fig. S4). Total N, NHþ
4 -N, and NO�

3 -N
were all significantly higher in nutrient addition plots,
while NO�

3 -N was significantly lower in rainfall addition
only plots (Appendix S1: Table S4, Fig. S4).

DISCUSSION

Identifying factors influencing community vulnerabil-
ity or resilience to global changes is crucial for predicting
and mitigating effects on species loss and diversity
(Nadeau et al. 2017, Li et al. 2018). We found that rain-
fall and nutrient additions resulted in largely concordant

FIG. 2. Community weighted mean traits (CWM) for height, specific leaf area (SLA), leaf water content (LWC), and foliar car-
bon to nitrogen ratios (CN) in aboveground communities and seed banks in different treatment combinations. C, control; R, rain-
fall addition; N, nutrient addition; NR, nutrient and rainfall addition.
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changes in aboveground communities and seed banks,
including invasion of exotics, depletion of natives,
replacement of forbs and short-statured species by
grasses and tall-statured species, similar whole-

community shifts, and alteration of functional trait com-
positions. Changes in seed banks, especially in native
and exotic abundances, were largely driven by the indi-
rect effects of global change manipulations via altered
aboveground communities, although rainfall addition
also exerted direct effects on seed bank communities.
Our findings demonstrate that replacement of natives by
exotics in seed banks is one mechanism by which
resource additions can erode species diversity in semiarid
annual grassland communities. These findings highlight
that seed banks may not be a robust source of resilience
in annual grassland communities undergoing resource-
enhancing global changes.
Shifts in natives and exotics, functional groups, com-

munity weighted mean traits, and whole-community
composition were surprisingly similar in aboveground
communities and seed banks, suggesting that seed banks
can strongly depend on, and be vulnerable to, composi-
tional changes in aboveground communities. In general,
our results contrast with other studies, which have found
that seed banks are either resistant to aboveground com-
munity changes or that seed bank and aboveground
community responses to global change factors are diver-
gent (Schneider and Allen 2012, Venable and Kimball
2013, Basto et al. 2015, 2018, Zhang et al. 2019, Plue
et al. 2021, but see LaForgia et al. 2018), although none
of these had a similar combination of experimental
resource enhancing global change treatments. In our
semiarid and nutrient-poor grassland system, above-
ground communities changed greatly in response to rain-
fall and nutrient additions (Eskelinen and Harrison
2015), which, together with results from this study, high-
lights the power of resource additions in resource-
limited systems to alter both above- and belowground
communities. Our SEM results underscore these pat-
terns, indicating that changes in seed banks are indirect
responses to resource additions that are primarily driven
by altered aboveground communities, at least in our
annual system.
Our finding that exotic grasses benefited from fertil-

ization while natives declined both above and below
ground is consistent with many other studies of above-
ground communities (Suding et al. 2004, Eskelinen and
Harrison 2015, Seabloom et al. 2015, Clark et al. 2019);
however, whether these patterns are also manifested in
seed banks has received less attention. In contrast to our
results, Schneider and Allen (2012) found that the effects
of nitrogen fertilization on exotics in aboveground com-
munities was not reflected in seed banks, possibly
because their study was shorter in duration than ours.
Seed banks in perennial communities, as was the case in
Schneider and Allen (2012), may also respond more
slowly to altered environmental conditions than seed
banks in annual communities (Dı́az et al. 2019), where
population growth depends entirely on seed production
(Cole 1954) and many species, including exotic grasses,
produce extremely high numbers of seeds (D’Antonio
et al. 2007). Many exotics responding to nutrient

FIG. 3. Species richness of exotics and natives (mean � SE)
in aboveground communities and seed banks in different treat-
ment combinations. C, control; R, rainfall addition; N, nutrient
addition; NR, nutrient and rainfall addition.

FIG. 4. Bray-Curtis dissimilarity (mean � SE) between
aboveground communities and seed banks in different treat-
ment combinations. C, control; R, rainfall addition; N, nutrient
addition; NR, nutrient and rainfall addition.
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FIG. 5. Structural equation models exploring whether nutrient and rainfall additions affected seed banks directly or indirectly
via the aboveground community. Exotic, native, forb, and grass abundance values are based on relative abundances. A green arrow
represents positive effect on the response variable and a purple arrow represents negative effect. Arrow from the joint treatment of
nutrient and rainfall addition indicates significant interaction term (synergistic, green; antagonistic, purple). Numbers adjacent to
arrows represent standardized path coefficients and percentage values below response variables indicate conditional R2 values (vari-
ance explained) based on a model with fixed and random effects. Models were simplified to include only significant paths and only
significant (P ≤ 0.05) paths are shown in the figure. Goodness-of-fit test results are given under each model. *P < 0.05;
**P < 0.01; ***P < 0.001.
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addition in our study were tall grasses with high C:N
and low LWC, reflected in the greater height and C:N
ratio, and lower LWC in fertilized plots both above and
below ground. Furthermore, annual exotics (especially
grasses) are not expected to form persistent (>1 yr) seed
banks in our system (Marshall and Jain 1970, Wu and
Jain 1979, Ewing and Menke 1983, Levine and Rees
2004, Baskin and Baskin 2014). Findings from our study
contradict these earlier assumptions of exotic seed long-
evity in the seed bank. Seeds in our soils were at least
1.5 yr old when we started the first germination trial and
at least 2.5 yr old at the time of second germination trial
when we still had a lot of exotic germination especially
in rainfall addition plots (see Table S5). Given the mas-
sive amount of seeds that exotic grasses produce every
year (D’Antonio et al. 2007), it is not surprising that
there was sufficient quantity of seeds to accumulate in
the seed bank, but it is surprising that they persisted in
the seed bank. Our results suggest that global changes
that add essential limiting resources to plants, favor exo-
tics, and that once exotics have established in above-
ground communities, especially in annual systems, they
can also transform the soil seed bank.
We found strong responses in seed banks even three

years after the experimental treatments were terminated.
While effects of nutrients might be expected to last for
multiple years since nutrients can accumulate in the soil,
we found that temporary increases in rainfall can also
have similarly long-lasting effects. These multiyear
responses, especially replacement of natives by exotics
both above and below ground, suggest slow recovery
and formation of a novel, exotic and grass-dominated
state that is self-sustaining at least over the time scale we
examined here. Changes in seed bank composition and
abundance can also feedback to influence aboveground
communities through altered seed density and composi-
tion in the soil, a process that could reinforce the already
existing changes in aboveground communities (Ma et al.
2021). In California, where native-dominated grasslands,
like our originally low-productivity serpentine grassland
with scarce exotics (Eskelinen and Harrison 2015), are
small islands in a matrix of exotic-dominated grasslands,
possibilities for natural recolonization may be rare and
considerable restoration efforts may be required to
reverse these changes.
Rainfall addition experiments have likewise focused on

aboveground communities rather than seed banks (Suttle
et al. 2007, Wu et al. 2011, Kimball et al. 2014, Eskeli-
nen and Harrison 2015, Harrison and LaForgia 2019;
reviewed in DeMalach et al. 2017). We found that while
native richness declined most strongly in response to
nutrient addition in aboveground communities, native
richness in seed banks most strongly declined in response
to rainfall addition. Our SEM revealed that rainfall addi-
tion directly altered seed bank richness, rather than
reflected aboveground community responses (see Ma
et al. 2020 for similar findings). Several mechanisms
could have, in principle, caused this direct negative effect

on richness. Some studies find that germination is trig-
gered by altered soil pH, and by increased ammonium or
nitrate (Finkelstein et al. 2008, Ochoa-Hueso and Man-
rique 2010) but we did not find such effects of rainfall
addition on soil chemistry (see Appendix S1: Fig. S4).
The decline in native richness in rainfall-amended plots
coincided with increase in exotic forbs with high SLA,
which did not occur in aboveground communities
(Fig. 2, Appendix S1: Fig. S3, Table S3). High SLA spe-
cies could germinate better in more moist conditions and
die later during drier periods (Harrison et al. 2015, Har-
rison and LaForgia 2019), leading to their depletion from
seed banks; however, our rainfall addition treatment was
applied in the spring, whereas germination normally
occurs in fall. If high SLA is intrinsically associated with
traits that could make seeds more susceptible to soil
moisture or fungal pathogen attacks on seed banks under
higher soil moisture (Wagner and Mitschunas 2007), e.g.,
seed coat thickness and permeability (Saatkamp et al.
2019), it could be linked to increased seed mortality in
the soil under watering (Walck et al. 2011), and explain
loss of native richness. More research is needed on the
roles of traits in different life stages (seeds, seedlings, and
adults) predicting composition and richness responses to
global changes (Harrison and LaForgia 2019) both
aboveground and in seed banks.
Our results that rainfall addition drove exotic forb

increases and declines of native richness and abundance,
and abundance of high SLA species in seed banks, con-
tradict findings from a perennial-dominated grassland in
England (Basto et al. 2018) where watering had no effect
on seed banks. Greater water limitation in our semiarid
system and the importance of water as both a germina-
tion requirement, as well as a cue signaling the onset of
the wetter growing season in annual communities (Brad-
ford 2002, Levine et al. 2011, Baskin and Baskin 2014)
may explain this disparity. Consistent with our study, a
study of a natural drought in an annual Californian
grassland (LaForgia et al. 2018) found that drought
favored natives but diminished exotics both in above-
ground communities and in seed banks. Together these
findings demonstrate that, in semiarid annual grass-
lands, changes in rainfall can exhibit dramatic impacts
on seed banks. Further, they highlight that even tempo-
rary increases in rainfall can have direct effects on seed
bank native richness, which may impede community
recovery in annual grassland systems (Suttle et al. 2007).
Persistent life stages, such as dormant seeds in the soil,

can play a critical role in buffering populations and bio-
diversity from changing in variable environments
(Angert et al. 2009, Venable and Kimball 2013, Baskin
and Baskin 2014, DeMalach et al. 2021). Depleted seed
banks have been suggested to inhibit recovery from
nutrient enrichment (Bakker and Berendse 1999, Stevens
2016, Payne et al. 2017). Here, we demonstrate that seed
banks are vulnerable to compositional changes after
nutrient enrichment in an annual grassland system, and
that their responses closely track those of aboveground
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communities, especially changes in exotic-native domi-
nance relationships. Further, our results indicate rela-
tively strong and long-lasting responses to temporarily
enhanced rainfall both above and below ground. Our
results come from an annual-dominated semiarid grass-
land that is strongly driven by annual seed production
and is limited by both water and nutrients, which may
combine to make aboveground communities and seed
banks in this system especially vulnerable to resource-
enhancing global changes. More research is needed to
disentangle whether these patterns apply to perennial
and less resource-limited systems. However, the shifts
described in our system provide a mechanism by which
seed bank communities may contribute to the lasting
community and ecosystem changes after nutrient-
enrichment and changes in rainfall, potentially foreshad-
owing extinctions and altered ecosystem functioning,
and reinforcing novel alternative states (Isbell et al.
2013b, Payne et al. 2017, Ma et al. 2021).
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