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Seed banks of native forbs, but not exotic grasses,
increase during extreme drought

MARINA L. LAFORGIA,1,5 MARKO J. SPASOJEVIC,2 ERICA J. CASE,3 ANDREW M. LATIMER,1 AND SUSAN P. HARRISON
4

1Department of Plant Sciences, University of California, One Shields Ave, Davis, California 95616 USA
2Department of Evolution, Ecology, and Organismal Biology, University of California, 900 University Ave, Riverside, California 92521 USA

3Department of Land, Air and Water Resources, University of California, One Shields Ave, Davis, California 95616 USA
4Department of Environmental Science and Policy, University of California, 900 University Ave, Davis,California 92521 USA

Abstract. Extreme droughts such as the one that affected California in 2012–2015 have been
linked to severe ecological consequences in perennial-dominated communities such as forests. In
annual communities, drought impacts are difficult to assess because many species persist through fac-
ultative multiyear seed dormancy, which leads to the development of seed banks. Impacts of extreme
drought on the abundance and composition of the seed banks of whole communities are little known.
In 80 heterogeneous grassland plots where cover is dominated by ~15 species of exotic annual grasses
and diversity is dominated by ~70 species of native annual forbs, we grew out seeds from soil cores col-
lected early in the California drought (2012) and later in the multiyear drought (2014), and analyzed
drought-associated changes in the seed bank. Over the course of the study we identified more than
22,000 seedlings to species. We found that seeds of exotic annual grasses declined sharply in abundance
during the drought while seeds of native annual forbs increased, a pattern that resembled but was even
stronger than the changes in aboveground cover of these groups. Consistent with the expectation that
low specific leaf area (SLA) is an indicator of drought tolerance, we found that the community-
weighted mean SLA of annual forbs declined both in the seed bank and in the aboveground commu-
nity, as low-SLA forbs increased disproportionately. In this system, seed dormancy reinforces the
indirect benefits of extreme drought to the native forb community.

Key words: drought; exotic; extreme climate event; forb; functional trait; grass; grassland; native; seed bank;
specific leaf area.

INTRODUCTION

Climate change is projected to increase both the frequency
and severity of extreme events, including drought (Easterling
et al. 2000, IPCC 2014, Swain et al. 2016). From 2012 to
2015, California experienced one of the most extreme
droughts in the last 1,200 yr (Griffin and Anchukaitis 2014,
Robeson 2015), causing widespread tree die-offs (Young
et al. 2017) and lower agricultural output (Howitt et al.
2014). The effects of severe drought on annual plant commu-
nities, however, are less clear because many annual plants
produce seeds with multiyear dormancy, leading to the for-
mation of substantial and potentially long-lasting seed banks
(Baskin and Baskin 2014). Previous research on drought
impacts on annual communities has focused almost exclu-
sively on aboveground life stages of plants and not directly
measured abundances in seed banks. This research has identi-
fied some consistent community-level effects of drought:
experimentally imposed drought led to the loss of shallow-
rooted species (Kimball et al. 2016) while long-term observa-
tional data has similarly revealed the disproportionate loss of
high specific leaf area (SLA; g/mm2 dry mass) species under
aridification (Harrison et al. 2010, 2015). Without taking
seed banks into account, however, conclusions about drought
impacts on community composition and diversity remain
tentative, because observed loss of a species aboveground

may not signal a loss of the species from the community. In
this study, we quantify changes in annual plant seed banks
during an extreme drought event and compare these to
aboveground cover estimates to provide a fuller picture of a
diverse annual plant community’s response to drought.
Seed banks spread germination out over time to reduce the

likelihood of large population declines during unfavorable
periods (Baskin and Baskin 2014). This strategy is particu-
larly beneficial in variable environments where lower climatic
predictability leads to higher variability in mean growth rates
(Ellner 1987). By keeping a portion of their seed dormant,
seed banking species incur less of a cost during climatically
bad years, such as a drought (Cohen 1966, Philippi 1993).
Although seed banks strongly affect both the restoration
potential and the resilience of a community (Hopfensperger
2007), we know very little about how communities dominated
by seed banking species respond to severe drought events or
even to climate change in general (Ooi 2012). An increase in
drought frequency and severity could increase the probability
of failed germination or of seedling mortality (Ooi 2012)
while higher soil temperatures have been shown to increase
germination in some species and lower seed viability in other
species (Ooi et al. 2009), all of which could limit above-
ground recovery of these systems after a disturbance.
Species with stronger facultative dormancy are thought

to be generally less drought-tolerant once they germinate
(Brown and Venable 1986), exhibiting lower water use effi-
ciency and higher relative growth rates (Huxman et al. 2008,
Huang et al. 2016). These species also typically have higher
SLA, a trait associated with wetter climates (Westoby et al.
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2002) as well as wetter years (Kimball et al. 2012), while low
SLA species with less persistent seed banks are more reliant
on drought tolerant traits such as deeper roots and higher
water use efficiency (Farooq et al. 2009). Therefore, high-
SLA species that are disappearing aboveground may be
remaining dormant belowground. Species without adaptive
dormancy or drought-tolerant traits are likely to be highly
sensitive to variability in climate and intense droughts.
Diversity in California annual grasslands is dominated by

native annual forbs, many of which are known for undergo-
ing multiyear seed dormancy. Many of these forbs have bet-
hedging strategies, germinating only a portion of their seeds
each year, and often delay their germination until the onset
of cooler rains that are indicative of more reliable winter
rainfall (Levine et al. 2008, Mayfield et al. 2014). The floral
diversity in this region, however, is threatened by exotic
annual grasses, which dominate the landscape in cover and
biomass. This dominance is due in part to their extremely
high annual seed production (as high as 60,000 seeds/m2),
their high relative growth rates that make them competi-
tively superior to their native counterparts, and their
buildup of thatch that also limits germination in native
annuals (Bartolome 1979, D’Antonio et al. 2007). Instead
of relying on persistent seed banks, these exotic annual
grasses have shorter seed longevity and readily germinate a
larger proportion of their annual seed each year (Thompson
and Grime 1979, Jain 1982).
We analyzed drought-induced changes in the seed bank

by growing out seeds from two sets of soil cores collected in
fall 2012 and fall 2014 in a northern California grassland. A
previous study at the same site found that the extreme 2012–
2014 drought caused aboveground cover of exotic annual
grasses, but not native forbs, to decline even more than
expected based on community responses to normal interan-
nual variability (Copeland et al. 2016). Long-term work at
this site also showed that dry years cause high-SLA forbs to
decline in aboveground cover and diversity relative to low-
SLA forbs (Harrison et al. 2015, 2017). Thus, based simply
on changes in aboveground abundance and seed input, we
predicted that (1) abundance of exotic annual grass seeds in
the seed bank would decline more during the severe drought
than the abundance of native annual forb seeds, and (2)
high-SLA native annual forbs would decline more in the
seed bank than low-SLA forbs, leading to lower community
weighted mean SLA of native annual forbs in the seed bank
in 2014 than 2012. In addition, higher drought-induced
dormancy in forbs than grasses should tend to strengthen
prediction (1), while higher drought-induced dormancy in
high-SLA than low-SLA forbs should tend to weaken pre-
diction (2); to evaluate these possibilities, we compared
changes in seed bank composition to the corresponding
changes in aboveground cover of these functional groups.

METHODS

Collection site and greenhouse study

This study took place in a heterogeneous, annual-dominated
grassland at University of California McLaughlin Natural
Reserve (https://naturalreserves.ucdavis.edu/mclaughlin-reserve)

in the Inner North Coast Range (N 38°520, W 122°260). The
site has a Mediterranean climate with cool wet winters and dry
hot summers; pre-drought annual winter precipitation averaged
46.4 cm (1981–2011) and winter mean temperatures averaged
7.9°C (Flint and Flint 2014). During the recent extreme
drought (2012–2014), winter precipitation at our site averaged
26.6 cm and winter mean temperature averaged 9.3°C. Annual
plants in this community germinate in fall (September–Decem-
ber) shortly after rains begin, are present as seedlings during
winter (December–February), and flower in spring (March–
May) or summer (June–September).
Our study used a set of 80 vegetation-monitoring plots

that were chosen haphazardly and are widely dispersed
across the reserve; 42 are on fertile soils derived from vol-
canic and sedimentary rocks and are dominated by exotic
annual grasses, while 38 are on infertile soils derived from
serpentine rock and have substantially higher native diver-
sity (mean of 17 species per 5-m2 in serpentine soils vs. a
mean of 9 per 5-m2 on non-serpentine soils). Each plot con-
sists of five permanently marked 1-m2 subplots along a
40-m transect where visual estimates of species cover
(“aboveground data”) were recorded twice annually in April
and June to capture peak cover for both early- and late-
flowering species. See Harrison (1999), Elmendorf and Har-
rison (2009), Fernandez-Going et al. (2012), and Harrison
et al. (2017) for further details and previous analyses of
aboveground data from these plots. All vegetation surveys
used in the present study were done using a 1-m2 sampling
frame and were carried out by the same trained and experi-
enced person with a minimum estimate threshold of 0.1%.
Here we chose to focus our analysis on two functional
groups: exotic annual grasses, which form >90% of the cover
and are well known to be the dominant competitors in Cali-
fornian grasslands (Eviner 2016), and native annual forbs,
which comprise 44.5% of the species diversity in our sites
and are the focus of considerable ecological and conserva-
tion interest (Eviner 2016).
In 2012, early in the drought, and again in 2014, late in the

drought, we collected five soil cores per plot (one from each
subplot) and aggregated the cores into one sample per plot,
giving us a total of 80 samples in each year. Soil cores were
5 cm in diameter and were taken from the top 10 cm of soil.
Samples were collected in September of each year in question,
after seeds from the previous growing season had set but
before germination for the next growing season began.
We sifted the samples to remove rocks and large vegeta-

tion fragments. After samples were homogenized, we mixed
a 1 kg subsample with equal parts sand to improve drainage
due to the high clay content of soils from the site. We then
spread out each sample in half flats (10.875 inches
wide 9 10.875 inches long 9 2.25 inches deep) and placed
the flats in a shade house in the UC Davis Greenhouse
Complex where they were open to the natural background
temperature variation. Flats were watered daily throughout
the growing season, stirred before drying down for the sum-
mer, then resumed watering for another growing season.
Every seedling that emerged was identified to species,
recorded, and discarded (“belowground data”). In total, we
recorded just over 11,000 seedlings during each year of the
study from a total of 126 annual species.
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Specific leaf area

We focused on SLA because of its known correlation with
both water use efficiency (WUE) and relative growth rate
(RGR; Reich et al. 1999, Wright et al. 2004). Specific leaf
area (SLA) was measured in 2010 on 10 individuals per spe-
cies (Spasojevic et al. 2012) following standard protocols
(Cornelissen et al. 2003). To determine the average SLA of a
community, we calculated community weighted mean SLA
for each plot which weights the SLA contribution of a par-
ticular species to the mean SLA by its relative abundance in
the community (Garnier et al. 2004).

Data analysis

To test for stronger declines in seed bank abundances of
grasses than seed banks of forbs (prediction 1), we used gen-
eralized linear mixed effects models with number of seeds
summed by functional group as the response variable, and
year, functional group (native forb or exotic grass), and their
interaction as the predictor variables, and a random slope
for functional group nested within each plot. Seed counts
were modeled using a negative binomial regression model
because count data were overdispersed.
To compare the aboveground changes to the seed bank

results for Prediction 1, we conducted similar analyses on
cover data. We used a linear mixed effects model on square
root-transformed cover values also summed by functional
group with year, functional group, and their interaction as
the predictor variables, and a random slope for functional
group within each plot. For both analyses, we conducted
multiple comparison tests using the glht function in the
multcomp library (Hothorn et al. 2008) to compare seed
bank abundances and cover across years. We adjusted P-
values using Benjamini–Hochberg corrections to account
for multiple comparisons (Benjamini and Hochberg 1995).
To test for declines in community weighted SLA of forbs

(prediction 2), we used a linear mixed effect model on log-
transformed community weighted SLA data with year and
community type (seed bank or aboveground), and their inter-
actions as the predictor variables, and a random slope for
community type within each plot. We then analyzed changes
in belowground abundance of species with high vs. low SLA
to test whether these changes were driven by low- or high-
SLA species. Species with below-median SLA for a given plot
were classified as low SLA species, while those with above-
median SLA for a given plot were classified as high SLA spe-
cies. We then ran a negative binomial regression model on
summed seed bank abundance at the plot level with year, high
vs. low SLA, and their interaction as predictor variables, and
a random slope for high vs. low SLA species nested within
each plot. For aboveground data, we used a linear mixed
effects model on square root-transformed cover data, also
summed by SLA group, again with year, high vs. low SLA,
and their interaction as predictor variables, and a random
slope for high vs. low SLA species nested within each plot.
We then conducted multiple comparison tests using the glht
function in the multcomp library (Hothorn et al. 2008) to
compare SLA changes across years. We adjusted P-values
using Benjamini–Hochberg corrections to account for multi-
ple comparisons (Benjamini and Hochberg 1995).

Due to the different species composition of grasslands on
serpentine and non-serpentine soils, we also ran all models
including soil type as a predictor as well as its interaction
with other predictors. Although there were significant quan-
titative differences in abundance, cover, and community
weighted SLA changes between soil types, the directional
change of all our variables did not vary by soil type and thus
inclusion of soil type did not qualitatively change the results
(Appendix S1: Tables S1, S2 and Figs. S1–S3). All data anal-
yses were done in Rversion 3.3.1 (RCore Team 2016).

RESULTS

Seed bank abundance

In agreement with Prediction 1, we found that seed abun-
dance belowground of exotic annual grasses significantly
declined from 2012 to 2014 (Z = �7.76, P < 0.001; Fig. 1a)
while native annual forbs significantly increased over the
course of the drought (Z = 9.61, P < 0.001; Fig. 1a). To
determine whether the observed community-level changes
were driven by many or only a few species, we tabulated the
direction of change for each species. We found that the
trends were generally consistent across species. In the seed
bank, 11 of 15 grass species declined in seed bank abun-
dance, while only 4 grass species increased in abundance
(Fig. 2; Appendix S1: Table S3). In contrast, 65 of 81 native
annual forb species increased in abundance in the seed bank,
while only 14 species declined in abundance and 2 species
displayed no change (Fig. 2; Appendix S1: Table S3).

Specific leaf area

In partial agreement with Prediction 2, community weighted
mean SLA of the forb community decreased significantly in
the seed bank from 2012 to 2014 (Z = �1.99, P = 0.05;
Fig. 4). However, rather than being driven by a decrease in
high-SLA forbs as predicted, this pattern was driven by a large
increase in seeds of low-SLA forbs. Although both forb spe-
cies with below-median SLA and forbs with above-median
SLA for a given plot significantly increased in summed abun-
dance (Table 1), below-median SLA species increased by
263% while above-median SLA species increased by 119%.

Aboveground comparisons

Aboveground, we found that grass cover significantly
decreased (Z = �6.95, P < 0.001; Fig. 1b) while forb cover
significantly increased (Z = 2.63, P = 0.01; Fig. 1b). These
changes were smaller in magnitude than the corresponding
changes in the seed bank (grasses: �39% aboveground vs.
�52% in seed bank; forbs: +14% aboveground vs. +201% in
seed bank). As we did for seed bank abundance, we com-
pared these functional group level contrasts to trends in
cover of individual species. Aboveground, 11 of 14 grass spe-
cies declined in cover, while only 3 grass species increased
(Fig. 3; Appendix S1: Table S3). In contrast, 52 of 88 native
forb species increased in cover, while 35 decreased and 1 spe-
cies displayed no change (Fig. 3; Appendix S1: Table S3).
Community weighted mean SLA also significantly decreased

aboveground (Z = �2.03, P = 0.05; Fig. 4). Similar to the

Xxxxx 2018 EXTREME DROUGHT EFFECTS ON SEED BANKS 3



FIG. 2. Mean change in seed bank abundance per species (15 exotic annual grass species and 81 native annual forb species). See
Appendix S1: Table S3 for a list of species and their associated changes in abundance.

30

50

70

90

2012 2014

Year

N
um

be
r o

f s
ee

ds
Exotic annual grass

Native annual forb

(a)

10

15

20

25

30

2012 2014

Year

C
ov

er
 (%

)

(b)

FIG. 1. (a) Seed bank abundance and (b) percent cover of grasses (circles; N = 80) and forbs (triangles; N = 80) in 2012 and 2014. Error
bars show standard error at the plot level.

TABLE 1. Means and standard errors (SE) of above- and below-median SLA species in the seed bank (count) and aboveground (cover) in
2012 and 2014 along with model contrasts.

Category and variable

2012 2014

Z P Change (%)Mean SE Mean SE

Above-median SLA species
Seed bank abundance 7.97 0.96 17.45 2.83 4.46 <0.001 119.0
Aboveground cover 4.26 0.84 2.80 0.44 �1.40 0.16 �34.3

Below-median SLA species
Seed bank abundance 8.43 1.13 30.59 4.32 9.78 <0.001 263.0
Aboveground cover 6.51 0.95 7.36 0.97 2.57 0.02 13.1

Note: Bolded values indicate a significance level of P ≤ 0.05.
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change in the seed bank, this change was driven by an increase
in low-SLA forbs; summed cover of species with below-median
SLA significantly increased by 13%, while summed cover of
those with above-median SLA decreased non-significantly
(Table 1). Community weighted mean SLAwas higher for the
seed bank than for the aboveground community in both years
(2012: 20% higher, P < 0.001; 2014: 21% higher, P < 0.001).

DISCUSSION

Together, our results reveal that the grass and forb abun-
dance changed in the same direction both above- and

belowground in response to drought, but that the magnitude
of each functional group’s response was stronger below-
ground. Moreover, these changes were well predicted by
both the drought tolerances and seed dormancy tendencies
of the different functional groups. Exotic annual grasses suf-
fered the strongest negative effects with a 52% decline in
belowground seed bank abundance between 2012 and 2014.
This belowground decline mirrored their 39% decline in
aboveground cover, a decline that significantly exceeded the
drought response predicted from normal interannual vari-
ability (Copeland et al. 2016). Our work supports other
studies on annual grasses that found a large decrease in
grass seed banks during an experimentally imposed drought
(Hild et al. 2001), as well as negative aboveground responses
to decreased rainfall including increased senescence and
mortality (Clary et al. 2004), reduced competitive effects
(Sheley and James 2014), and decreased densities (Salo
2004). While the observed decline in grass abundances may
have resulted from decreased germination, survival (either in
the seed or post-germination stage), growth, and/or seed
production throughout the drought, the even stronger
decreased abundance of seeds attests to a low capacity for
population-level buffering through facultative seed dor-
mancy, also in accord with work in other arid, annual-grass
invaded systems (Forcella and Gill 1986, Harel et al. 2011).
In contrast to grasses, native forbs significantly increased

in both seed bank abundance and aboveground cover during
the drought. The 201% increase in native forb seed bank
abundance was considerably larger than the 14% increase in
cover aboveground, suggesting that the drought induced
much higher levels of seed dormancy in these species, espe-
cially the high-SLA forbs, which did not increase in abun-
dance aboveground. Our results also suggest that the
enlarged native annual forb seed bank during the drought
was mainly driven by the low-SLA, drought-tolerant species,
which increased in abundance belowground and in cover
aboveground in contrast to the drought-intolerant high-SLA
species, which displayed a smaller yet still sizeable increase

FIG. 3. Mean change in percent cover per species (14 exotic annual grass species and 88 native annual forb species). See Appendix S1:
Table S3 for a list of species and their associated changes in cover.
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in abundance belowground and a non-significant decrease
aboveground. Similar patterns of increased dormancy during
dry years have also been observed in desert annual plants
(Pake and Venable 1996, Venable 2007, Angert et al. 2009).
The evident benefit of the drought to the native annual

forb community both below- and aboveground is consistent
with theoretical (Levine and Rees 2004) and previous empir-
ical evidence (Suttle et al. 2007, Dudney et al. 2017) point-
ing to the positive effects of reduced competition from
exotic annual grasses. However, some other studies have
found the direct negative effects of droughts on native
annual diversity to outweigh the positive indirect ones
(Tilman and Haddi 1992, Pfeifer-Meister et al. 2016). One
possible explanation of this discrepancy is that our site
underwent a longer-term trend toward drier winters during
the 12 yr preceding the drought, which was associated with
trends toward lower forb diversity and a lesser prevalence of
drought-intolerant species (Harrison et al. 2015). Thus, the
communities we studied may have already been dispropor-
tionately poor in drought-intolerant species by 2012.
Our findings also support other work that showed that

mesic-adapted species maintain larger proportions of their
populations in a dormant state in the seed bank than species
that are better equipped to tolerate drought stress once ger-
minated (Brown and Venable 1986). The seed bank, acting
as a reservoir for the less drought-tolerant forbs, had a sig-
nificantly higher weighted SLA across years compared to
aboveground communities. We have already seen similar
trends in interannual variability in our system, where local
species richness is higher in wet years, with only a nested,
smaller subset of species appearing in drier, hotter years
(Elmendorf and Harrison 2009, Fernandez-Going et al.
2012). Similarly, extensive work in desert annual systems has
found that stress-tolerant plants with higher water use effi-
ciency and lower relative growth rates have more buffered
population dynamics and higher germination fractions while
species with lower water use efficiency and higher relative
growth rates had more variable survival and fecundity and
much lower germination fractions, indicating a higher ten-
dency for seed banking in these species (Pake and Venable
1996, Angert et al. 2007, Venable 2007, Huxman et al. 2008,
Huang et al. 2016).
The exotic annual grasses that currently dominate Califor-

nian grasslands are found in disturbed environments in their
native range in the Mediterranean basin (Jackson 1985).
They evolved to be highly ruderal and flexible, with high rela-
tive growth rates, high reproductive effort, and rapid germi-
nation allowing them to increase rapidly in wet years
(Jackson 1985, Salo 2004). Such a high-risk, high-reward
strategy becomes less advantageous as the probability of a
wet winter decreases (Ellner 1987). Since their introduction to
California in the mid- to late-1800s (D’Antonio et al. 2007),
there have been no years nearly as dry as 2014 (Griffin and
Anchukaitis 2014). The cumulative 3-yr (2012–2014) Palmer
Drought Severity Index of �14.55 was the worst drought on
record, even more extreme than longer (4–9 yr) droughts
(Griffin and Anchukaitis 2014), indicating that the grasses
have not yet been exposed to a drought of this severity. With
such an extreme response in the annual grass community,
there would likely be a lag before grass populations recover
even with a return to wetter, more favorable conditions. Since

these grasses play critical ecosystem roles, including as com-
petitors with native plants (Barger et al. 2003), forage for live-
stock (Huntsinger et al. 2007), cover for wildlife (Schiffman
2007), food resources for granivores (Schiffman 2007), and
fuel for wildfires (D’Antonio and Vitousek 1992), prolonged
droughts could have many cascading ecosystem consequences
mediated by declines in annual grass abundance.
While these results may give a positive outlook for native

annual forb populations under drought, it is likely perennial
bunchgrasses that have been similarly affected by exotic
annual grass invasion in California will not be as resilient to
increased drought. Perennial bunchgrasses are better
adapted to wetter climates and occur in higher abundances
along the coast of California and in areas with higher sum-
mer rainfall and lower variation in temperature and rainfall
(Clary 2012). These bunchgrasses also tend to be competi-
tion and disturbance intolerant (Dyer and Rice 1999,
Maron and Marler 2008) and to lack a persistent seed bank
(Hild et al. 2001, Gibson 2009). The best recovery targets
for California’s grasslands may therefore be increased popu-
lations of native forbs, rather than native bunchgrasses.
Overall, our results highlight the dramatic negative effect of

severe droughts on annual grass dominance in this system, and
an unexpected neutral-to-positive response in competitively
inferior native forbs. Underlying this response was facultative
seed dormancy in the drought-intolerant competitively inferior
natives, combined with a release from grass competition that
benefited the aboveground success of drought-tolerant, low-
SLA native annual forbs. The drought-intolerant native forbs
appear resilient to a single extreme drought event; however, it
is possible that more frequent severe or prolonged future
droughts could eventually exceed the adaptive capacity of
native species to survive through seed dormancy.

ACKNOWLEDGMENTS

We thank the Donald and Sylvia McLaughlin UC Natural
Reserve and its directors, C. Koehler and P. Aigner for their continu-
ous support. E. Dean helped tremendously with plant identification.
We also thanks members of the Latimer lab for their discussions and
feedback. Finally, numerous dedicated UC Davis undergraduate
interns helped record and identify seedlings in both years of this
study. M. L. LaForgia was supported by an NSF Graduate Research
Fellowship and a UC Davis Jastro Shields Research Grant. Latimer
was supported under Hatch Project #CA-D-PLS-2017-H.

LITERATURE CITED

Angert, A. L., T. E. Huxman, G. A. Barron-Gafford, K. L. Gerst,
and D. L. Venable. 2007. Linking growth strategies to long-term
population dynamics in a guild of desert annuals. Journal of
Ecology 95:321–331.

Angert, A. L., T. E. Huxman, P. Chesson, and D. L. Venable. 2009.
Functional tradeoffs determine species coexistence via the storage
effect. Proceedings of the National Academy of Sciences USA
106:11641–11645.

Barger, N. N., C. M. D’Antonio, T. Ghneim, and E. Cuevas. 2003.
Constraints to colonization and growth of the African grass,Melinis
minutiflora, in a Venezuelan savanna. Plant Ecology 167:31–43.

Bartolome, J. W. 1979. Germination and seedling establishment in
California annual grassland. Journal of Ecology 67:273–281.

Baskin, C. C., and J. M. Baskin. 2014. Germination ecology of seeds
in the persistent seed bank. Pages 187–276 in Seeds: ecology,
biogeography, and, evolution of dormancy and germination.
Academic Press, San Diego, California, USA.

6 MARINA L. LAFORGIA ET AL. Ecology, Vol. xx, No. xx



Benjamini, Y., and Y. Hochberg. 1995. Controlling the false discov-
ery rate – a practical and powerful approach to multiple testing.
Journal of the Royal Statistical Society Series B (Methodological)
57:289–300.

Brown, J. S., and D. L. Venable. 1986. Evolutionary ecology of
seed-bank annuals in temporally varying environments. American
Naturalist 127:31–47.

Clary, J. 2012. Determinants of perennial and annual grass distribution
in Mediterranean-climate California. Plant Ecology 213:1203–1208.

Clary, J., R. Save, C. Biel, and F. De Herralde. 2004. Water relations
in competitive interactions of Mediterranean grasses and shrubs.
Annals of Applied Biology 144:149–155.

Cohen, D. A. N. 1966. Optimizing reproduction in a randomly vary-
ing environment. Journal of Theoretical Biology 12:119–129.

Copeland, S. M., S. P. Harrison, A. M. Latimer, E. I. Damschen, A.
M. Eskelinen, B. Fernandez-Going, M. J. Spasojevic, B. L.
Anacker, and J. H. Thorne. 2016. Ecological effects of extreme
drought on Californian herbaceous plant communities. Ecological
Monographs 86:295–311.

Cornelissen, J. H. C., et al. 2003. A handbook of protocols for
standardised and easy measurement of plant functional traits
worldwide. Australian Journal of Botany 51:335–380.

D’Antonio, C. M., C. Malmstrom, S. A. Reynolds, and J. Gerlach.
2007. Ecology of invasive non-native species in California grass-
land. Pages 67–86 in M. R. Stromberg, J. D. Corbin, and C. M.
D’Antonio, editors. California grasslands: ecology and manage-
ment. University of California Press, Berkeley and Los Angeles,
California, USA.

D’Antonio, C. M., and P. M. Vitousek. 1992. Biological invasions
by exotic grasses, the grass fire cycle, and global change. Annual
Review of Ecology and Systematics 23:63–87.

Dudney, J., L. M. Hallett, L. Larios, E. C. Farrer, E. N. Spotswood,
C. Stein, and K. N. Suding. 2017. Lagging behind: Have we over-
looked previous-year rainfall effects in annual grasslands? Journal
of Ecology 105:484–495.

Dyer, A. R., and K. J. Rice. 1999. Effects of competition on resource
availability and growth of a California bunchgrass. Ecology
80:2697–2710.

Easterling, D. R., G. A. Meehl, C. Parmesan, S. A. Changnon, T. R.
Karl, and L. O. Mearns. 2000. Climate extremes: observations,
modeling, and impacts. Science 289:2068–2074.

Ellner, S. 1987. Alternate plant life history strategies and coexistence
in randomly varying environments. Vegetatio 69:199–208.

Elmendorf, S. C., and S. P. Harrison. 2009. Temporal variability
and nestedness in California grassland species composition. Ecol-
ogy 90:1492–1497.

Eviner, V. T. 2016. Grasslands. Pages 449–478 in H. A. Mooney and
E. S. Zavaleta, editors. Ecosystems of California. University of
California Press, Berkely and Los Angeles, California, USA.

Farooq, M., A. Wahid, N. Kobayashi, D. Fujita, and S. M. A.
Basra. 2009. Plant drought stress: effects, mechanisms and man-
agement. Agronomy for Sustainable Development 29:185–212.

Fernandez-Going, B. M., B. L. Anacker, and S. P. Harrison. 2012.
Temporal variability in California grasslands: soil type and spe-
cies functional traits mediate response to precipitation. Ecology
93:2104–2114.

Flint, L. E., and A. L. Flint. 2014. California basin characterization
model: a dataset of historical and future hydrologic response to
climate change. U.S. Geological Survey Data Release.

Forcella, F., and A. M. Gill. 1986. Manipulation of buried seed
reserves by timing of soil tillage in Mediterranean-type pastures.
Australian Journal of Experimental Agriculture 26:71–77.

Garnier, E., et al. 2004. Plant functional markers capture ecosystem
properties during secondary succession. Ecology 85:2630–2637.

Gibson, D. J. 2009. Grasses and grassland ecology. Oxford Univer-
sity Press, New York, New York, USA.

Griffin, D., and K. J. Anchukaitis. 2014. How unusual is the 2012–2014
California drought? Geophysical Research Letters 41:9017–9023.

Harel, D., C. Holzapfel, and M. Sternberg. 2011. Seed mass and
dormancy of annual plant populations and communities decreases

with aridity and rainfall predictability. Basic and Applied Ecology
12:674–684.

Harrison, S. P. 1999. Native and alien species diversity at the local
and regional scales in a grazed California grassland. Oecologia
121:99–106.

Harrison, S. P., E. I. Damschen, and J. B. Grace. 2010. Ecological
contingency in the effects of climatic warming on forest herb
communities. Proceedings of the National Academy of Sciences
USA 107:19362–19367.

Harrison, S. P., E. S. Gornish, and S. Copeland. 2015. Climate-driven
diversity loss in a grassland community. Proceedings of the
National Academy of Sciences USA 112:8672–8677.

Harrison, S. P., M. L. LaForgia, and A. M. Latimer. 2017. Climate-
driven diversity change in annual grasslands: drought plus deluge
does not equal normal. Global Change Biology. doi: 10.1111/gcb.
14018. [Epub ahead of print]

Hild, A. L., M. G. Karl, M. R. Haferkamp, and R. K. Heitschmidt.
2001. Drought and grazing III: root dynamics and germinable
seed bank. Journal of Range Management 54:292–298.

Hopfensperger, K. N. 2007. A review of similarity between seed bank
and standing vegetation across ecosystems. Oikos 116:1438–1448.

Hothorn, T., F. Bretz, and P. Westfall. 2008. Simultaneous inference
in general parametric models. Biometrical Journal 50:346–363.

Howitt, R. E., J. Medellin-Azuara, D. MacEwan, J. R. Lund, and
D. A. Sumner. 2014. Economic analysis of the 2014 drought for
California agriculture. Center for Watershed Sciences, University
of California, Davis, California, USA.

Huang, Z., S. Liu, K. J. Bradford, T. E. Huxman, and D. L. Venable.
2016. The contribution of germination functional traits to popula-
tion dynamics of a desert plant community. Ecology 97:250–261.

Huntsinger, L., J. W. Bartolome, and C. M. D’Antonio. 2007.
Grazing management on California’s Mediterranean grasslands.
Pages 233–253 in M. R. Stromberg, J. D. Corbin, and C. M.
D’Antonio, editors. California grasslands: ecology and manage-
ment. University of California Press, Berkely and Los Angeles,
California, USA.

Huxman, T. E., G. Barron-Gafford, K. L. Gerst, A. L. Angert, A. P.
Tyler, and D. L. Venable. 2008. Photosynthetic resource-use effi-
ciency and demographic variability in desert winter annual plants.
Ecology 89:1554–1563.

IPCC. 2014. Climate change 2014: impacts, adaptation, and vulner-
ability. Part A: global and sectoral aspects. In C. B. Field, V. R.
Barros, D. J. Dokken, K. J. Mach, M. D. Mastrandrea, T. E. Bilir,
M. Chatterjee, K. L. Ebi, Y. O. Estrada, R. C. Genova, B. Girma,
E. S. Kissel, A. N. Levy, S. MacCracken, P. R. Mastrandrea, and
L. L. White, editors. Contribution of Working Group II to the
Fifth Assessment Report of the Intergovernmental Panel on
Climate Change. Cambridge University Press, Cambridge, UK
and New York, New York, USA.

Jackson, L. E. 1985. Ecological origins of California’s Mediter-
ranean grasses. Journal of Biogeography 12:349–361.

Jain, S. K. 1982. Variation and adaptive role of seed dormancy in
some annual grassland species. Botanical Gazette 143:101–106.

Kimball, S., J. R. Gremer, A. L. Angert, T. E. Huxman, and D. L.
Venable. 2012. Fitness and physiology in a variable environment.
Oecologia 169:319–329.

Kimball, S., J. L. Funk, M. J. Spasojevic, K. N. Suding, S. Parker,
and M. L. Goulden. 2016. Can functional traits predict plant
community response to global change? Ecosphere 7:e01602.

Levine, J. M., A. K. McEachern, and C. Cowan. 2008. Rainfall
effects on rare annual plants. Journal of Ecology 96:795–806.

Levine, J. M., and M. Rees. 2004. Effects of temporal variability on
rare plant persistence in annual systems. American Naturalist
164:350–363.

Maron, J. L., and M. Marler. 2008. Field-based competitive impacts
between invaders and natives at varying resource supply. Journal
of Ecology 96:1187–1197.

Mayfield, M. M., J. M. Dwyer, A. Main, and J. M. Levine. 2014. The
germination strategies of widespread annual plants are unrelated to
regional climate. Global Ecology and Biogeography 23:1430–1439.

Xxxxx 2018 EXTREME DROUGHT EFFECTS ON SEED BANKS 7

https://doi.org/10.1111/gcb.14018
https://doi.org/10.1111/gcb.14018


Ooi, M. K. J. 2012. Seed bank persistence and climate change. Seed
Science Research 22:S53–S60.

Ooi, M. K. J., T. D. Auld, and A. J. Denham. 2009. Climate change
and bet-hedging: interactions between increased soil temperatures
and seed bank persistence. Global Change Biology 15:2375–2386.

Pake, C. E., and D. L. Venable. 1996. Seed banks in desert annuals:
implications for persistence and coexistence in variable environ-
ments. Ecology 77:1427–1435.

Pfeifer-Meister, L., S. D. Bridgham, L. L. Reynolds, M. E. Goklany,
H. E. Wilson, C. J. Little, A. Ferguson, and B. R. Johnson. 2016.
Climate change alters plant biogeography in Mediterranean
prairies along the West Coast, USA. Global Change Biology 22:
845–855.

Philippi, T. 1993. Bet-hedging germination of desert annuals:
beyond the first year. American Naturalist 142:474–487.

R Core Team. 2016. R: a language and environment for statistical
computing. R Foundation for Statistical Computing, Vienna,
Austria.

Reich, P. B., D. S. Ellsworth, M. B. Walters, J. M. Vose, C. Gresham,
J. C. Volin, and W. D. Bowman. 1999. Generality of leaf trait
relationships: a test across six biomes. Ecology 80:1955–1969.

Robeson, S. M. 2015. Revisiting the recent California drought as an
extreme value. Geophysical Research Letters 42:6771–6779.

Salo, L. F. 2004. Population dynamics of red brome (Bromus
madritensis subsp rubens): times for concern, opportunities for
management. Journal of Arid Environments 57:291–296.

Schiffman, P. M. 2007. Ecology of native animals in California
grasslands. Pages 180–190 in M. R. Stromberg, J. D. Corbin, and
C. M. D’Antonio, editors. California grasslands: ecology and
management. University of California Press, Berkely and Los
Angeles, California, USA.

Sheley, R. L., and J. J. James. 2014. Simultaneous intraspecific facili-
tation and interspecific competition between native and annual
grasses. Journal of Arid Environments 104:80–87.

Spasojevic, M. J., E. I. Damschen, and S. Harrison. 2012. Patterns
of seed dispersal syndromes on serpentine soils: examining the
roles of habitat patchiness, soil infertility and correlated func-
tional traits. Plant Ecology & Diversity 7:401–410.

Suttle, K. B., M. A. Thomsen, and M. E. Power. 2007. Species inter-
actions reverse grassland responses to changing climate. Science
315:640–642.

Swain, D. L., D. E. Horton, D. Singh, and N. S. Diffenbaugh. 2016.
Trends in atmospheric patterns conducive to seasonal precipita-
tion and temperature extremes in California. Science Advances 2:
e1501344.

Thompson, K., and J. P. Grime. 1979. Seasonal variation in the seed
banks of herbaceous species in 10 contrasting habitats. Journal of
Ecology 67:893–922.

Tilman, D., and A. E. Haddi. 1992. Drought and biodiversity in
grasslands. Oecologia 89:257–264.

Venable, D. L. 2007. Bet hedging in a guild of desert annuals. Ecology
88:1086–1090.

Westoby, M., D. S. Falster, A. T. Moles, P. A. Vesk, and I. J. Wright.
2002. Plant ecological strategies: some leading dimensions of vari-
ation between species. Annual Review of Ecology and Systematics
33:125–159.

Wright, I. J., et al. 2004. The worldwide leaf economics spectrum.
Nature 428:821–827.

Young, D. J. N., J. T. Stevens, J. M. Earles, J. Moore, A. Ellis, A. L.
Jirka, and A. M. Latimer. 2017. Long-term climate and competi-
tion explain forest mortality patterns under extreme drought.
Ecology Letters 20:78–86.

SUPPORTING INFORMATION

Additional supporting information may be found in the online version of this article at http://onlinelibrary.wiley.com/doi/10.1002/ecy.
2160/suppinfo

8 MARINA L. LAFORGIA ET AL. Ecology, Vol. xx, No. xx

http://onlinelibrary.wiley.com/doi/10.1002/ecy.2160/suppinfo
http://onlinelibrary.wiley.com/doi/10.1002/ecy.2160/suppinfo



