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Abstract We investigated the effects of exotic

species invasion and 3 years of nitrogen (N) fertiliza-

tion on the soil seed bank in Joshua Tree National

Park, California, USA at four sites along an N

deposition gradient. We compared seed bank compo-

sition and density in control (no N added) and

fertilized (30 kg N ha-1 year-1) plots to determine

if the seed bank would reflect aboveground changes

due to N fertilization. Soil samples were collected and

germinated in a greenhouse over 2 years. In the field,

invasive species cover responded positively to N

fertilization. However, we did not observe increased

seed density of exotic invasive species in fertilized

plots. While no significant differences were detected

between treatments within sites, exotic invasive grass

seeds overwhelmed the seed bank at all sites. Signif-

icant differences between sites were found, which may

be due to differences in level of invasion, historic N

deposition, and soil surface roughness. Sites experi-

encing low N deposition had the highest seed bank

species richness for both control and fertilized treat-

ments. Aboveground plant density did not correlate

well with seed bank density, possibly due to the

inherent patchiness of soil seed banks and differential

ability of species to form seed banks. This seed bank

study provided insight into site-specific impacts on

native versus invasive species composition of soil seed

banks, as well as magnitude of invasion and restora-

tion potential at invaded sites.
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Introduction

A soil seed bank is a collection of viable seeds in the

soil that have not yet germinated (Roberts 1981). Many

species use soil seed banks as a bet-hedging strategy in

stochastic environments (Guo et al. 1999; Venable

2007) such as deserts. Annual plants can account for up

to 40 % of desert species and, in periods of drought,

may exist solely in the soil seed bank rather than as part

of the aboveground community (Kemp 1989). Soil

seed banks help to ensure species persistence and

maintain genetic diversity (Templeton and Levin

1979). The composition of the seed bank is influenced

by aboveground species composition, seed output, and

longevity of individual seeds (Coffin and Lauenroth

1989; Benvenuti 2007), as well as soil texture, recent

environmental cues, and disturbance history (Coffin

and Lauenroth 1989; Benvenuti 2007). Soil texture, in

particular, can interact with seed size and morphology

to affect seed entrapment, burial, and seedling emer-

gence (Chambers 1995) with coarse-textured soils
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generally burying seeds more easily than fine-textured,

high-clay soils (Benvenuti 2007). Seed banks can offer

a glimpse into the history of species composition at a

site and also identify buried propagules potentially

available for future plant recruitment.

Seeds stored in soil seed banks can experience a

number of fates including successful germination,

mortality, predation, and failed germination, among

the other factors. One threat to native soil seed banks

that may be overlooked is exotic plant invasion. Exotic

invasive species are widely recognized as having

detrimental effects on aboveground plant communities

(Brooks 2000b; Mack et al. 2000; Cione et al. 2002),

but they can also negatively impact the belowground

plant community by altering the seed bank (Vila and

Gimeno 2007; Cox and Allen 2008; Gioria and

Osborne 2010). In this study, all of the encountered

invasive species were of exotic origins. For clarity of

language, all exotic invasive species will be referred as

‘‘invasive.’’ Invasive species often produce high num-

bers of readily germinable seeds and some invasives

may not be well adapted to use long-term seed banks

(Baker 1974; Wu and Jain 1979). The invasive annual

grass Bromus rubens, for example, possesses 100 %

seed viability at maturity (Wu and Jain 1979) and

exhibits maximum dormancy of 2–3 years (Brooks

2000a). However, seeds of invasive plants can over-

whelm the soil seed bank in the short term (Cox and

Allen 2008) and certain species have demonstrated the

capacity to contribute to the seed bank. For example,

Schismus arabicus, a common invasive annual grass in

Southern California, produces copious amounts of seed

and uses semi-conservative germination, leaving seed

for future growing seasons (Gutterman 1994). Seeds of

Erodium cicutarium, an abundant invasive annual forb

in the western USA, may survive for over 35 years

(Hull 1973), which could confer a competitive advan-

tage during multi-decadal droughts. It is unclear how

long native annual seeds can remain viable in desert

soils (Thompson et al. 1993; Bekker et al. 1998), but it

is commonly assumed that they are adapted for

extended storage periods.

Alteration of the seed bank by invasive species is

problematic because it creates a new dimension of

competition belowground by reducing the number of

favorable germination sites available to native seed and

increasing propagule pressure. Invasive species often

produce higher numbers of seeds, have an earlier and

more rapid phenology, and use resources more quickly

than native species (Baker 1974). When the soil seed

bank contains invasive species, it can create a positive

feedback cycle for invasives by increasing their density

both above and belowground (Cox and Allen 2008).

Anthropogenic N deposition exacerbates the inva-

sion of exotic plant species, as has been observed in

California’s deserts. N deposition from the combus-

tion of fossil fuels and agricultural fertilizers is

altering soil nutrient levels and fertilizing desert soils

(Fenn et al. 2003; Allen et al. 2009), which are

particularly sensitive to increased soil N. In some

areas, invasive annuals now dominate where natives

once flourished (Brooks 2000b). Changes in above-

ground vegetation due to elevated N may translate into

seed bank composition changes. Increased soil N from

deposition may affect germination from the seed bank,

thereby altering the aboveground community that

populates it (Plassmann et al. 2008). Historically,

California’s deserts have been less developed than the

large coastal urban areas to the west. However, as

urbanization continues to spread eastward, anthropo-

genic pollution and land disturbance increasingly

threaten the desert ecosystems.

In this study, we investigated the effects of N

fertilization and exotic plant invasion on the soil seed

bank in Southern California deserts. The primary

objective was to determine whether the soil seed bank

reflected aboveground community changes associated

with increased N that were observed as part of a N

fertilization study conducted in Joshua Tree National

Park (JTNP) (Allen et al. 2009). We hypothesized that

the seed bank would reflect the increased cover of

invasive plants observed aboveground with N fertiliza-

tion and that seed bank composition would differ

between fertilized and unfertilized plots. An under-

standing of the relationship between vegetation changes

and seed bank changes is critical to conservation

and restoration efforts in invaded or N-eutrophied

communities.

Methods

Study site

This research took place at JTNP in Southern

California, USA. The 320,000 ha park encompasses

portions of both the Colorado and Mojave deserts and

is part of a west-to-east N deposition gradient, with
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deposition being highest at the western edge of the

park and lower near the middle and eastern portions

(Allen et al. 2009; Rao et al. 2009). Much of the N

deposited on the western side of JTNP is generated in

the Los Angeles air basin and funneled into the desert

by westerly winds. This phenomenon has created areas

of relatively high N deposition on the western end of

the park, while eastern areas receive less deposition.

Four sites that were part of the study examining the

effects of N fertilization on native and invasive annual

species were used for this research (Allen et al. 2009).

These sites were paired low and high N deposition sites

in the Colorado and Mojave deserts in JTNP. Two

low elevation sites are located in Pinto Basin [desig-

nated as Creosote Bush Low Deposition (CB Low);

33�49053.72400, 115�45030.24700; elev. 750 m] and wide

canyon [designated as Creosote Bush High Deposition

(CB High); 33�56045.88200, 116�23041.11600; elev.

550 m]. Both sites are dominated by creosote bush

scrub (CB) vegetation (Larrea tridentata). Pinyon-

juniper (PJ) woodland (Pinus monophylla and Juniperus

californica) dominates the high elevation sites located at

Pine city [Pinyon-Juniper Low Deposition (PJ Low);

34�2014.55400, 116�4028.15900; elev. 1,400 m] and Cov-

ington flat [Pinyon-Juniper High Deposition (PJ High);

34�0050.18400, 116�18048.84100; elev. 1,500 m]. N depo-

sition was measured to be 3.4 kg N ha-1 year-1 at CB

Low, 5.2 kg N ha-1 year-1 at CB High, 6.2 kg N ha-1

year -1 at PJ Low, and 12.4 kg N ha-1 year-1 at PJ

High (Allen et al. 2009; Fenn unpublished). Soil texture

is sandy loam at all sites with variable amounts of gravel

and rocks (Allen et al. 2009; Rao et al. 2009). CB Low is

part of a basin that accumulates sand and represents the

least rocky site. CB High is a gravelly debris flow; PJ

Low, the rockiest site, is a rocky alluvial channel; and PJ

High is an alluvial fan (Allen et al. 2009).

Seed bank sampling design

Field fertilization plots were set up in a randomized

block design at all four sites. At the low elevation sites,

6 9 6 m plots were centered on an individual creosote

bush (L. tridentata). Plots at the high elevation sites

were 8 9 8 m and centered on juniper shrubs (J. cal-

ifornica). Plot size varied in the two vegetation types

to accommodate the different shrub sizes, and dis-

tances between plots varied from *10–50 m within a

block and up to 500 m between blocks, depending on

distances between shrubs. N fertilization treatments

(30 kg N ha-1 year-1) were applied to 10 field plots

every December from 2002 to 2005 using granular

ammonium nitrate in both undershrub and interspace

portions of each plot (for further experimental design

details, see Allen et al. 2009). In October/November of

2006, soil seed bank samples were collected from ten

control and 10 N-fertilized plots each site. A 9-cm

diameter 9 5-cm deep soil corer was used to collect

samples from beyond the drip line on the north and

south side of each shrub (Fig. 1). Four samples were

combined to create a composite sample representing

either the north or south side of the shrub, resulting in

two composite samples per shrub and 156 samples

total from all four sites.

  Creosote 
  or 

 Juniper

= soil sample 

      N 

   S 

Fig. 1 Seed bank sampling design. Four samples were collected

from the north and south sides of shrubs using a 9-cm diameter

soil corer to a depth of 5 cm. The cores were collected from three

sides of a 0.5 m2 plot frame placed at the dripline of the shrub

such that the two outermost samples were 0.5 m from the dripline

of the shrub. Exact sample location varied to avoid high surface

rock cover, rodent burrows, nearby subshrubs, etc., which could

skew seed density results or impede sample collection. Samples

were combined into one north side and one south side sample per

shrub. Samples were collected from shrubs in control (unfertil-

ized) and high fertilized (30 kg N ha-1 year-1) plots at each site.

Plots were centered on a creosote bush (Larrea tridentata) at the

low elevation sites (Pinto Basin and Wide Canyon) or a juniper

(Juniperus californica) at the high elevation sites (Pine city and

Covington flat)
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Although fertilization of high N plots ceased after

2005, vegetation and soil N concentrations were

sampled through 2010. Vegetation was monitored in

1.0 9 0.5 m quadrats beyond the shrub drip line on

the north and south sides of shrubs, for a total of two

quadrats per shrub. Percent cover was measured

within plot frames and species richness was recorded

for the entire plot in April or May each year (Allen

et al. 2009). Extractable soil N (NO3
- and NH4

?) was

measured in the interspace yearly to 5-cm depth in all

plots during July when soils were dry and N concen-

trations were highest for the year, showing maximum

differences between treatments and sites along the N

deposition gradient (Table 1). Extractable N was

determined colorimetrically using potassium chloride

(KCl) extraction and an automated analyzer. Addi-

tional details of soil sampling and determining

extractable N are reported elsewhere (Rao et al. 2010).

Soil surface roughness was measured at each site

using an adaptation of the chain method using a

bicycle chain (modified from Saleh 1993). Three

parallel horizontal measurements were obtained for

each plot by laying the chain across the soil and

measuring the total length across a 1 m frame; surface

roughness increases total chain length, which is

indicated by an index of chain roughness (CR). CR

was calculated as CR = 100 (1-L2/L1), where L1 is

the original chain length and L2 is the length of chain

used to span 1 m on the soil surface (Saleh 1993).

Seed bank germination

Soils were transported to the University of California,

Riverside, air-dried, and stored at 7 �C prior to

germination. Seed bank composition was determined

via emergence (Roberts 1981; Gross 1990; Cox and

Allen 2008). In January 2007, soils were sieved

through a 5-mm mesh to remove large rocks and debris

and a 400-mL subsample was mixed with equal parts

sand to provide adequate substrate for germination and

growth. The soil was placed in 20 9 20 cm polysty-

rene foam trays in a greenhouse and watered daily with

deionized water to stimulate germination. Seedlings

were marked, identified, and recorded daily until

germination ceased, and the soils were allowed to dry

for 3–4 weeks, were stirred, and watering resumed.

During the final germination cycle, a 4 % gibberellic

acid solution was used to induce germination. The

experiment was concluded after three rounds of

germination through multiple seasons. No perennial

species emerged during the study. Two summer

watering treatments, in 2007 and 2008, yielded only

one seedling. Summer greenhouse daytime tempera-

tures averaged 35 �C, while fall, winter and spring

daytime greenhouse temperatures varied from 20 to

25 �C. Germination was done under ambient light and

day length.

Data analysis

Seed bank density was calculated as seeds m-2 from

seedlings per tray. Species were divided into func-

tional groups as invasive grass, invasive forb, and

native for analysis. Since only one native grass

seedling emerged, all natives were analyzed together.

Data were analyzed by N treatment to compare

fertilized (30 kg N ha-1 year-1) and control (0 N

Table 1 Extractable soil nitrogen

Extractable soil nitrogen (NH4
?, NO3

-)

Site 2005 2006 2007 2008

Control Fertilized Control Fertilized Control Fertilized Control Fertilized

CB Low 3.6 (0.16) 13.76* (2.5) 5.49 (0.48) 7.53 (1) 7.7 (0.58) 10.51 (0.81) 7.17 (0.51) 8.48 (0.78)

CB High 4.34 (0.44) 10.02* (1.92) 5.92 (0.65) 10.08 (2.72) 9.7 (1.7) 15.22 (2.55) 7.49 (0.72) 9.63 (1.64)

PJ Low 3.45 (0.14) 10.39* (2.15) 10.51 (2.66) 14.15 (2.29) 7.26 (0.58) 9.55 (1.48) 7.75 (0.61) 11.79 (1.28)

PJ High 3.89 (0.28) 16.85* (3.48) 5.64 (0.39) 12.99* (2.32) 9.01 (1.09) 12.13 (1.42) 7.68 (0.4) 11.67 (1.64)

Soil nitrogen concentrations [lg g-1 extractable NH4
? plus NO3

- (SE)] were measured in response to fertilizer treatments (control

and 30 kg N ha-1 year-1) in the years before, during, and after seed bank collection and prior to plant density determinations. Soil

cores were 5-cm deep. Fertilization ceased prior to the 2006 soil collection. Significant differences (p \ 0.05) between fertilized and

control in each year are denoted by an asterisk (*). p values are not listed in the table
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added) plots. Seed bank density and richness data were

non-normal and resisted transformation; therefore, the

Kruskal–Wallis test for non-parametric data was used.

Independent Kruskal–Wallis tests for block effect

showed no significant differences between blocks.

Non-normal data are common for seed bank studies

due to the high number of zero values encountered and

are often resistant to transformation (King and Buck-

ney 2001; Gioria and Osborne 2009). Post hoc tests

were done using Tukey’s honestly significant differ-

ence (a = 0.05). Chain roughness values were com-

pared using Student’s t test (a = 0.05). Data were

analyzed using JMP� statistical software (JMP, Ver-

sion 8).

Community composition data were not collected

during the year prior to (2007) or immediately after

seed bank analysis (2008) due to drought, so above-

ground plant density data from 2009 to 2010 were used

to create a regression between percent cover and

density. Data from both the years were analyzed

together to improve the regressions, and there were no

significant differences between years. Plant density

data were transformed (log ? 0.5) to linearize the

data. These regressions were used to estimate density

in the seasons before and after seed bank analysis. Due

to the low occurrence of invasive forbs, invasive forb

and invasive grass densities were added together and

analyzed as total invasive density. Aboveground

percent cover data from 2006 were used to compare

seed bank density with the ‘‘seed bank donor popu-

lation’’ from the season prior to seed bank sampling.

Due to low rainfall, no vegetative data were recorded

at CB Low in 2006, so 2005 data were used for that

site. Extreme drought in 2007 again prevented germi-

nation at the four sites, so vegetative data from 2008

were used to compare seed bank density with the

aboveground community that emerged following seed

bank collection. Linear regression was used to relate

seed bank density with calculated aboveground plant

density. Sørensen’s similarity index was calculated to

determine similarity between treatments within sites

and similarity between treatments among sites. Søren-

sen’s similarity index is calculated as IS = [2C/

(A ? B)] 9 100, where C is the number of species

each site has in common and A and B represent the

number of species found in each sample. Nomencla-

ture follows Hickman (1996), except for Bromus

rubens (Barkworth et al. 2007), which is the more

widely used name.

Results

In total, 1,632 seedlings from 27 species in 14 families

emerged from the soil seed bank (Table 2). Thirty-

three seedlings were unidentifiable due to premature

death. Five of the identified species were invasive and

22 were native. CB Low had the highest number of

seeds germinate (583), while PJ Low had the lowest

(230).

There were no statistical differences in seed bank

composition or density between the north and south

sides of shrubs; therefore, data from north and south

sides were combined for statistical analysis. Few seed

density differences were found between control and

fertilized plots within sites with the exception of CB

High, which showed higher native seed density in

control versus fertilized plots (H = 4.8, 1 df,

p = 0.0284). Despite the lack of an N effect within

sites, differences were detected between sites. PJ Low

had higher native seed density in the control treatment

(H = 15.62, 3 df, p = 0.0014), as well as the highest

native seed density in fertilized plots, although it was

not different from CB Low (H = 22.33, 3 df,

p \ 0.0001). Invasive seed density was the lowest at

PJ Low in control and fertilized plots (H = 18.74, 3

df, p = 0.0003, H = 18.37, 3 df, and p = 0.0004,

respectively) and CB Low consistently had the

numerically highest density of invasives, mostly

invasive grasses (Table 3).

Although seed species richness per tray (400 mL

field soil) did not differ by treatment within sites,

between site differences did exist (Fig. 2). PJ Low and

CB Low had the highest species richness in both

control (H = 17.65, 3 df, p = 0.0005) and N-fertil-

ized (H = 19.48, 3 df, p = 0.0002) plots, although

richness was low at all sites.

Invasive seedling emergence decreased over suc-

cessive germination periods; however, seeds of Schis-

mus species continued to germinate in low numbers

throughout the study. Native winter annual forbs

germinated throughout the study. The first summer

watering treatment failed to stimulate any germination

and one summer annual grass, Bouteloua aristidoides,

germinated during the second summer watering.

Relationships between aboveground plant density

and seed bank density were weak. The strongest

relationship between seed bank and aboveground

density was represented by invasive density in PJ

Low control plots in 2006 (R2 = 0.40). R2 values
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Table 2 Seed germination by species

Functional group Family Species CB Low CB High PJ Low PJ High

Invasive grass Poaceae Bromus rubens 0 0 32 394

Schismus arabicus & Schismus barbatus 531 366 73 16

Invasive forb Brassicaceae Brassica tournefortii 0 6 0 0

Geraniaceae Erodium brachycarpum 0 0 3 0

Erodium cicutarium 1 0 19 0

Native forb Asteraceae Chaenactis stevioides 2 2 1 2

Filago depressa 0 1 3 0

Boraginaceae Amsinckia tessellata 1 0 4 0

Cryptantha angustifolia 12 6 2 0

Cryptantha spp. 0 0 1 0

Pectocarya heterocarpa 5 1 0 0

Brassicaceae Descurainia pinnata 0 0 10 0

Lepidium lasiocarpum 0 0 1 0

Crassulaceae Crassula connata 0 1 0 0

Euphorbiaceae Chamaesyce albomarginata 0 1 51 0

Chamaesyce setiloba 0 0 1 0

Hydrophyllaceae Phacelia fremontii 0 0 2 0

Phacelia spp. 0 0 2 0

Lamiaceae Salvia columbariae 0 0 0 3

Molluginaceae Mollugo spp. 0 0 7 1

Onagraceae Camissonia claviformis 2 0 0 0

Polemoniaceae Gilia spp. 0 0 1 0

Portulacaceae Calyptridium monandrum 0 0 0 1

Portulaca halimoides 0 0 7 0

Native grass Poaceae Bouteloua aristidoides 0 0 1 0

Native legume Fabaceae Lotus strigosus 7 0 3 0

Native dicot Unknown Unknown 22 1 7 3

Seed germination results are from soils collected in Joshua Tree National Park from four sites: CB Low, CB High, PJ Low, and PJ

High. The table displays the number of seedlings that germinated per species by site. Twenty-eight species from 14 families were

identified. Schismus arabicus and Schismus barbatus are similar and were not differentiated from trays, but both species exist at these

sites. The numbers correspond to number of germinants m-2

Table 3 Mean seed density by site and nitrogen treatment

Seeds m-2

Functional group, treatment CB Low CB High PJ Low PJ High p value

Native control 138b (31.3) 56b (19.2) 382a (119.8) 38b (18.4) 0.0014*

Invasive forb control 0b (0) 38ab (37.5) 118a (49) 0b (0) 0.0008*

Invasive grass control 1594 (292.3) 1038 (683.6) 479 (172.8) 1213 (494.7) 0.0003*

Native fertilized 181ab (54.8) 25b (25) 340a (108.8) 25b (11.5) \0.0001*

Invasive forb fertilized 6 (6.25) 0 (0) 35 (28.2) 0 (0) 0.2379

Invasive grass fertilized 1725a (338.4) 1250ab (538.3) 250b (126.6) 1350ab (322.5) 0.0004*

Significant differences are shown with superscripts across rows (between sites). The values in parentheses represent standard error of

the mean (SE). Values that do not share similar letters are significantly different (p \ 0.05) and denoted by an asterisk (*). Values

with no superscript letters or symbols are not significantly different

1282 Plant Ecol (2012) 213:1277–1287

123



ranged from 0.00 to 0.40 with few significant p values

(Table 4), indicating a few relationships between seed

bank density and plant density. The ratio of field plant

density to seed bank density was typically below 1

(Table 4); however, in 2008, the ratio of field to seed

bank density was greater than 1 for native species in

both treatments at PJ High and control plots at CB Low

(Table 4).

At three sites, one or more species emerged that that

had not been observed as a part of the aboveground

community since the fertilization experiment began in

2003. Three novel species emerged from PJ Low soils:

the invasive forb Erodium brachycarpum and the

native annual forbs Euphorbia setiloba and Portulaca

halimoides. Chaenactis stevioides, a native annual

forb, had not been recorded at CB Low or CB High and

Chamaesyce albomarginata was novel for CB Low.

Sørensen’s similarity index was used to compare

seed bank species composition between treatments.

Similarity was low between control and fertilized plots

within sites, ranging from 40 % at CB Low to 55 % at

CB High; other sites had intermediate values. These

low values likely reflect high spatial variability of the

vegetation at this scale, rather than an effect of N on

species composition.

Chain roughness (CR) measurements showed sig-

nificant differences between sites. PJ Low had the

highest CR (104.6) and CB Low has the lowest (100.9)

(p \ 0.0001). PJ High and CB High had intermediate

roughness (102.1 and 101.9, respectively) and were

not significantly different from one another.

Discussion

Nitrogen and soil texture impacts on seed banks

The hypothesis that the seed bank would reflect

aboveground plant community changes that occurred

under N fertilization was not supported. However,

seed bank differences between sites were detected.

This may be evidence that short-term N inputs are not

enough to alter desert seed bank dynamics, but long-

term differences due to site-specific characteristics

such as soil rockiness and long-term N deposition can

influence species dynamics. Increased N at sites with

low surface rock cover, such as PJ High and CB Low,

may create a more hospitable environment for inva-

sive species to establish as compared to low N, rocky

sites such as PJ Low. In general, sandy soils offer a

more hospitable environment for soil-stored seed

banks as compared with very fine-textured soils, such

as clay, by allowing for easier, deeper burial (Benve-

nuti 2007; but see Chambers 1995). The soils at these

sites were all sandy loam (Rao et al. 2009), but surface

rock and gravel content varied. Soil surface roughness

measurements confirmed casual observations of high

gravel to pebble-size cover at PJ Low, a sandy surface

at CB Low, and intermediate gravel to pebble cover at

the other two sites.

Soil rockiness has been suggested to influence

invasion dynamics, with rocky sites being less invaded

(Rao et al. 2009). Although surface and subsurface

rocks can increase soil moisture by reducing evapo-

ration rates (van Wesemael et al. 1996), they can also

create impediments for seeds and roots. We propose

that high surface roughness may affect the number and

location of safe sites and impede seed burial and

subsequent germination of some species, especially

those invasive species seeds that are larger than native

desert annuals (Chambers 1995; Schneider 2010).

Furthermore, high soil rockiness disrupts soil structure

and creates a fragmented environment for roots to

navigate. Invasive annual grass species such as

Schismus spp. and B. rubens typically have shallow,

fibrous roots, and may be negatively impacted by

Fig. 2 Average seed bank species richness under control and

high-fertilized treatments. Average seed bank richness was

calculated per tray (400 mL seed bank soil). Significant

differences were determined within control (* denotes associ-

ated p-value) and high fertilized (** denotes associated p-value)

treatments between sites using p \ 0.05. Values separated by

different letters are significantly different; upper case letters
compare species richness of control treatments between sites

and lower case letters compare high-fertilized treatments

between sites
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rockiness. The highest density of invasive grasses

occurred at the lowest deposition site, CB Low, which

also has the lowest surface roughness. The magnitude

of invasion at CB Low is comparable to its paired high

N deposition site, CB High. This differs from the

relationship between PJ Low and PJ High, where PJ

Low is much less invaded than PJ High. In the field

fertilization study, the rockiest site, PJ Low, showed

no change in invasive grass cover with N fertilization,

but native forbs did increase (Allen et al. 2009). PJ

Low also had higher native forb seed density than any

other site, suggesting that this relationship should be

further investigated. This is one possible explanation

to the patterns we have observed, but more research is

needed.

Research on the effects of elevated soil N on seed

bank density and composition is lacking in the

literature. Studies suggested that elevated N from

atmospheric deposition could alter soil seed bank

germination (Plassmann et al. 2008; Ochoa-Hueso and

Manrique 2010); however, this was inferred from

enhanced germination of seeds following fertilization

Table 4 Relationship between aboveground plant density in the field and soil seed bank density

Site:

nitrogen

treatment

Average native

field density

(plants m-2)

Average native

seed bank density

(seeds m-2)

Native

field:seed

bank

density

Average invasive

field density

(plants m-2)

Average exotic

seed bank density

(seeds m-2)

Invasive

field:seed

bank density

2006 PJ Low:

control

10 382 0.03 12 597 0.02*

PJ Low:

fertilized

15 340 0.04 42 285 0.15

PJ High:

control

35 38 0.92* 216 1,213 0.18*

PJ High:

fertilized

14 25 0.55 182 1,350 0.13

CB Low:

control

112 138 0.82 300 1,594 0.19

CB Low:

fertilized

47 181 0.26 317 1,731 0.18

CB High:

control

28 56 0.5 13 1,075 0.01

CB High:

fertilized

19 25 0.75 41 1,250 0.03*

2008 PJ Low:

control

60 382 0.16 34 597 0.06

PJ Low:

fertilized

61 340 0.18 33 285 0.12*

PJ High:

control

46 38 1.23 139 1,213 0.11

PJ High:

fertilized

31 25 1.25 159 1,350 0.12

CB Low:

control

143 138 1.04 52 1,594 0.03

CB Low:

fertilized

81 18 0.45* 54 1,731 0.03

CB High:

control

118 56 2.09 34 1,075 0.03

CB High:

fertilized

80 25 3.2 35 1,250 0.03*

Average field and seed bank densities were calculated per m2 for native and invasive species in 2006 and 2008. Linear regression was

used to assess the relationship between aboveground plant and seed bank density. Most of the relationships were not statistically

significant but those that were are marked with an asterisk. (* denotes significance p \ 0.05; p-values are not listed in the table)
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in a greenhouse. In this study, we examined whether

multiple years of fertilization in the field altered seed

bank composition and density when compared with

unfertilized plots. No N was added in the greenhouse.

N deposition has the potential to affect seed bank

composition because of its effects on aboveground

vegetation and seed germination. Elevated soil N can

enhance biomass production of plants in the desert

(Brooks 2003; Allen et al. 2009; Rao and Allen 2010;

Rao et al. 2010), which could lead to increased seed

production because biomass and fecundity may be

positively correlated (Cousens and Mortimer 1995).

Studies have shown that elevated N can increase seed

production (Zhao et al. 1993; Baldwin et al. 1998) and

nitrogenous compounds are well-known germination

stimulants (Hendricks and Taylorson 1974; Plassmann

et al. 2008), affecting both inputs into and germination

out of the seed bank.

In this study, only CB High showed significant

differences in seed bank density, with higher native

seed density in control versus fertilized plots. This

effect is likely the result of an increase in invasive

cover in fertilized plots in 2005, which led to low

native cover and, in turn, low native seed production.

Although N deposition varied between sites, initial

extractable soil N did not differ. Fertilization

increased soil N compared to control treatments at

all sites across all years of the study.

This study also demonstrates that less invaded areas

tend to have a higher density native seed bank,

whereas highly invaded sites reflected the invasion in

both the seed bank and aboveground vegetation. This

was evidenced by the high density of native seeds at PJ

Low, the least invaded site. Furthermore, Sørensen’s

similarity index was between 40 and 50 % for control

and fertilized plots within the same site. These

differences in species composition suggest that

although N fertilization did not affect seed density of

native and invasive species, species composition may

be altered. Taken together, the results of this study

imply that invasions can influence seed bank dynam-

ics, although it remains uncertain to what extent this is

occurring. Previous studies have shown that highly

invaded areas and those subject to post-invasion type

conversion can suffer extreme degradation of the soil

seed bank (Cox and Allen 2008; Gioria and Osborne

2010). If conditions continue to favor the success of

exotic invaders, this could pose a serious threat to the

native plant communities in JTNP.

Considerations for soil seed bank studies

There has been much discussion over methods for

quantifying seeds stored in the soil seed bank (Roberts

1981; Gross 1990; Ter Heerdt et al. 1996; Caballero

et al. 2008). One limitation of germination assays in

seed bank studies is that some species have specific

germination requirements and not all annual species

germinate in the field each year. Furthermore, the

greenhouse environment can vary from field condi-

tions in terms of temperature, light, humidity, and

natural processes such as wind and animal distur-

bance. Since native annual forbs in the desert are

adapted to long-lived seed banks and conservative

germination (Kemp 1989; Venable 2007), it is likely

that native seeds remain un-germinated in the soil

samples we collected.

Furthermore, soil seed bank sampling is affected by

extreme spatial and temporal variation of seed distri-

bution (Reichman 1984), which is often patchy and is

affected by biotic and abiotic factors such as seed size

and shape, granivory, and dispersal (Chambers and

MacMahon 1994) as well as habitat type, soil micro-

topography, variation in persistence of species, pre-

cipitation, and seasonality (Thompson and Grime

1979). Therefore, accurate sampling of soil seed banks

is difficult, some samples may contain few or no seeds

(Busso and Bonvissuto 2009), and seed bank densities

are rarely strongly correlated with measured above-

ground field densities (King and Buckney 2001; Vila

and Gimeno 2007).

Here, we used a composite sampling method in an

effort to homogenize patchy seed distribution, but still

found very weak relationships between above and

belowground species composition and density. The

ratio of aboveground plant density to seed bank

density was often less than one, indicating the

conservative germination of species that use soil seed

banks. The rare instances when the plant to seed bank

density ratio was higher than one may be explained by

spatial patchiness of soil seed banks, temporal dispar-

ity between time of seed bank and aboveground

sampling, and rainfall variation affecting inputs and

outputs to the seed bank. This lack of correlation

demonstrates the complexity of both aboveground

vegetation and seed bank dynamics, which encompass

long-term processes, stochastic events, and large

variation between years. Despite the difficulties asso-

ciated with examining soil seed banks, emergence
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studies can be useful for revealing the prevalence of

readily germinating species. At JTNP, it appears that

the seeds of invasive species overwhelm the soil seed

bank at all sites, even though cover and density of

invasive grasses was higher than native forbs at only

two sites.

Implications for monitoring and restoration

As urbanization continues to increase throughout

California’s deserts, anthropogenic N deposition is

likely to also increase. The positive effects of

increased N on invasive annuals in the desert have

been well documented (Brooks 2003; Fenn et al. 2003;

Allen et al. 2009). However, in a plant community

largely comprised of bet-hedging annuals, seed bank

dynamics may play an important role during the

invasion process, as well.

The soil seed bank can provide important informa-

tion about population and community level dynamics,

both of which can be useful to plant ecologists, land

managers, and restoration ecologists (Gioria and

Osborne 2010). Information about long-term invasion

effects and both passive and active restoration

potential at a site can be partly elucidated from seed

bank studies, and the resiliency of a site to disturbance

will rely, in part, on the state of its soil seed bank

(Luzuriaga et al. 2005). The ability of some invasive

species to contaminate the soil seed bank highlights

the need for invasive species management to be

implemented on both the vegetative and seed bank

communities. Management of invasive plant seed

banks may be labor intensive but can be attempted

using solarization (Horowitz et al. 1983), stimulating

germination during inopportune times, or pre-emer-

gent herbicide. If this is not possible, it is important for

aboveground removal projects to be timed appropri-

ately to prevent invasive plant seed deposition into the

seed bank. Studying plant communities at multiple

spatial and temporal scales strengthens conservation

efforts by producing a more accurate description of

species composition and density at a site. Continuing

to understand soil seed bank dynamics will also help to

create a more complete picture of the effects of exotic

invasions and to understand the long-term implica-

tions of invasion at multiple scales.
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