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ABSTRACT

Topsoils often are removed from energy production sites and stock-piled for use later in restoration activities. Effects of
this practice on soil seed banks are unknown. We examined seed bank size, species richness, and species composition
of stock-piled topsoils as affected by sampling depth and sampling date at two study sites in the western Rio Grande
Plains, TX, USA. Stock-piled topsoil and adjacent non-disturbed topsoil samples were collected at 0-10, 10-20, 20-30 and
30-40 cm depths on five dates over an 18-month period following stock-pile construction. Seed banks were assessed with
the seedling emergence method. Sampling date had little effect on seed bank characteristics. We detected differences
among depths on the stock-pile, and between stock-piles and undisturbed soil. Seed bank size and species richness gen-
erally decreased with increased stock-pile sampling depth at both sites. Differences between stock-piles and undisturbed
soil varied between sites: at one site, stock-piling effects were common and were expressed in lower seed bank size and
richness in stock-piles compared to undisturbed soils; at the other site, stock-piling had fewer effects on richness or seed
bank size. Prevalence of exotic species varied between sites and likely reflected differences in surrounding vegetation.
Therefore, site-to-site variability precludes strong generalizations. However, density of emerged native seedlings ranged
from < 1 to 3.8 seedlings m™2at both sites. Assuming acceptable species composition, stock-piles supported an adequate
seed bank size at time of sampling for restoration without need for additional seed input.
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Y Restoration Recap ¢

e Topsoil from areas disturbed by oil and gas extraction
often is stock-piled for future restoration use. soil, however, were site-specific and likely reflect differ-
e As a reservoir of native seeds, stock-piled topsoil is a ences in surrounding vegetation.
valuable resource that can influence future restoration e Factors affecting seed bank size were more closely related
success. Important seed bank properties include seed to the season when the stock-pile was constructed and
bank size, species composition, and species richness. then sampled, as well as immediately-preceding climatic
e We show that seed bank size and species richness gen- conditions, than the age (i.e., residence time) of the
erally decrease with increasing depth in soil stock-piles; stock-pile per se.

differences between stock-piles and nearby undisturbed

Stock-piling topsoils from areas disturbed by oil and gas
extraction is a common practice for future site restora-
tion. Topsoils are the major reservoir of seed banks, which
reflect past and present vegetation and can influence future
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community dynamics and structure (Iverson and Wali
1982, Coftin and Lauenroth 1989, Yan et al. 2010, Gioria
and Pysek 2016). Seed banks also affect the sustainability
of a plant species population (Zhang and Chu 2013) and
have important implications for invasive species (Gioria
et al. 2014, Gioria and Py3ek 2016).

Soil seed banks can be valuable for ecological restoration
(e.g., Henderson et al. 1988, Bakker et al. 1996, Vécrin et
al. 2007, Bossuyt and Honnay 2008, Gioria and Osborne
2009, Klaus et al. 2017) when they contain viable seeds
of desired species—species which may or may not occur
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in the current aboveground plant community as well as
species that have dispersed from surrounding areas. This
is particularly true of persistent seed banks because they
can be an effective means to “bridge temporally-unsuitable
habitat conditions” (Klaus et al. 2017, 2) that result from
disturbance associated with energy extraction. Addition-
ally, because replacement of plant species via reseeding may
be expensive or impossible (Augusto et al. 2001, Falk et al.
2017), effective use of soil seed banks can be economically
attractive.

Seed bank species composition, however, often is dif-
ferent from the aboveground composition (Thompson
and Grime 1979, Johnson and Anderson 1986, Dickie et
al. 1988, Kinucan and Smeins 1992, Rosef 2008, Erenler
et al. 2010, Pekas and Schupp 2013, Gioria and Pys$ek
2016). Additionally, soil seed banks can be affected by
management (Auestad et al. 2013). The value of the soil
seed bank, therefore, depends on overall restoration goals
(Milberg 1995, Gioria and Obsorne 2009) as well as past
management of the vegetation that produced the seed bank.
For example, if composition of a seed bank approximates
the desired composition of future established vegetation,
then adding seed to the seed bank may be unnecessary.
When the seed bank is dominated by undesirable species,
adding seed may be needed to achieve long-term restora-
tion goals. Seed ecological and plant reproductive com-
ponents, soil and climatic conditions, and seed predation
and decomposition contribute to the dynamics of soil seed
bank characteristics (Iverson and Wali 1982). Although
seed banks may not result in immediate revegetation of
desired late-successional species (Chambers and MacMa-
hon 1994, D’Souza and Barnes 2008), in the case of drastic
disturbance, protection of the soil from wind and water
erosion, extreme temperatures and water loss, and spills
associated with petroleum drilling and production may
be more important than immediate restoration of climax
plant communities.

Recognizing the potential value of stock-piled topsoils
in restoration processes, our goal was to characterize seed
banks of stock-piled topsoils at two study sites in the west-
ern Rio Grande Plains of Texas, USA. We hypothesized
that both sampling depth and sampling date would be
important factors affecting seed bank characteristics—
sampling depth because the combined effects of seed rain
and fluctuating environmental conditions would impact
surface depths of the stock-pile more than deeper locations
in the stock-pile; and sampling date because of potential
residence-time effects as a stock-pile aged as well as sea-
sonal effects on seed rain. Thus, we hypothesized that, over
time, surface-soil seed banks would be more variable than
deeper-soil seed banks, an effect that would be detected as
a sampling depth-by-sampling date interaction.

Additionally, because different layers of a stock-pile can
be segregated during restoration activities, it is critical to
understand differences in seed bank characteristics as

function of depth in a stock-pile. Therefore, two specific
objectives of this research were to: 1) evaluate emergent
seed bank richness, size (number of seedlings), and spe-
cies composition on stock-piles as affected by sampling
depth and sampling date, and 2) compare seed banks of
stock-piles to seed banks of undisturbed soils to assess the
viability of stock-piling topsoil for future site restoration.

Methods
Study Areas

Study sites were located on two private (Hixon and San
Ysidro) ranches in two counties in the western Rio Grande
Plains of southern Texas. These ranches were selected
because soil stock-piles were less than 45 days old. The
source of the stock-pile material was the top 20 cm of
intact soil at each study site (i.e., the A horizon of Dilley
soil series, Hixon study site; and the A horizon of the
Brundage soil series, San Ysidro study site). The Hixon
Ranch study site is an oil and gas drilling pad located near
the center of La Salle County near Cotulla, Texas (annual
precipitation and temperature averages 53 to 66 cm and
21 to 22°C, respectively [NOAA 2015]). The stock-pile
was approximately 15 m long, 6 m wide and 3 m tall. The
stock-pile was formed from a site characterized by the
Dilley soil series (loamy, mixed, active, hyperthermic, shal-
low Ustic Haplargids [NRCS 2015]). Midgrass-dominated
savannah would have been the historic climax community
for this area of La Salle County, characterized by Tri-
chloris crinita (false rhodegrass), Bouteloua curtipendula
(sideoats grama), T. pluriflora (multiflowered false rhode-
grass), Digitaria californica (Arizona cottontop), and Pap-
pophorum bicolor (pink pappusgrass). Prosopis glandulosa
(mesquite), Aloysia gratissima (whitebrush), Condalia sp.
(condalia), and Lycium carolinianum (wolfberry), along
with diverse forbs are found throughout this area (NRCS
2015). Nomenclature follows Hatch et al. (1990).

The San Ysidro Ranch study site is adjacent to a frack-
ing pond (a temporary, plastic-lined pond used to store
water for hydraulic fracturing) in the south-central area
of Dimmit County near Catarina, Texas (annual precipita-
tion and temperature averages 43 to 61 cm and 22 to 24°C,
respectively [NOAA 2015]). The stock-pile is approxi-
mately 38 m long, 12 m wide and 5 m tall. The Brund-
age soil series (fine-loamy, mixed, active, hyperthermic
Aridic Natrustalfs) is the dominant soil series of this site.
Historic conditions of this area in Dimmit County would
have been a savannah landscape. Midgrasses would have
dominated with some shrub species interspersed through-
out. Grasses that would be expected include T. crinita,
Heteropogon contortus (tanglehead), Setaria macrostachya
(plains bristlegrass), Bothriochloa laguroides (silver blue-
stem), D. californica, Chloris cucullata (hooded windmill
grass), P, bicolor, Tridens eragrostoides (lovegrass tridens),

September 2018 ECOLOGICAL RESTORATION 36:3 ¢ 227



and Hilaria belangeri (curly mesquite). Scattered among
the grasses would have been various forb and woody spe-
cies. For example, Simsia calva (bush sunflower), Wedelia
texana (orange zexmenia), Ambrosia psilostachya (western
ragweed), Acacia berlandieri (guajillo), A. rigidula (black-
brush), and Celtis ehrenbergiana (spiny hackberry) would
have been present (NRCS 2015).

Sampling Procedures

Six 400-g (~656 cm?) soil samples (Ball and Miller 1989,
Eldridge and Lunt 2010) were collected with a bucket
auger at random locations on each topsoil stock-pile on
five sampling occasions (17 June (Hixon) and 26 June (San
Ysidro) 2013; and on both ranches 20 August 2013; 9 April
2014; 19 May 2014; and 28 July 2014). Soil auger samples
were separated into 0-10 cm, 10-20 c¢cm, 20-30 cm, and
30-40 cm depths and placed in marked Nasco® bags. (It
was not possible to collect deeper samples because of soil
compaction). Six samples of undisturbed soil from the A
horizon at each study site (within 50 m of the stock-pile and
on the same soil series) also were collected on each sam-
pling date. Each sample from the undisturbed topsoil was
mixed into a composite sample, as this better represented
the stripped and mixed topsoil in the stock-pile (Mason et
al. 2011). Soil samples were transported from study sites
to the Texas A&M University-Kingsville, Kingsville, TX,
soils laboratory in coolers with ice.

Processing and Greenhouse Procedures

Soil samples were screened in the laboratory within 14 d
of collection with a 5.6 mm sieve to smooth soil aggregates
and remove rocks and large pieces of vegetative debris.
Samples were then spread out on covered tables to air dry
at room temperature. Dried soil samples were transported
in their same marked bags to a Texas A&M University-
Kingsville greenhouse that was maintained at ~30°C during
the day and ~20°C at night; there was no artificial lighting.

The emergence method (Espeland et al. 2010) was used
to assess seed banks. Each soil sample was evenly spread
over 9 cm of clean, coarse sand in a 29.5 cm x 44.5 cm plas-
tic trays with drainage; the soil sample was about 0.5 cm
deep across the top of the sand (Gross 1990). The relatively
thin layer of soil should have facilitated germination of
most viable seeds because only seed near the top layer of
soil will typically germinate, especially in fine soils (Ter
Heerdt et al. 1996, Traba et al. 2004). Results are expressed
in terms of species richness and seed bank size (number
of emerged seedlings) m™.

Six negative control trays and six positive control trays
also were prepared. Negative control trays had only 9 cm
of sand and no soil (Dougall and Dodd 1997, D’Souza and
Barnes 2008, Eldridge and Lunt 2010). Positive control
trays had 9 cm of sand and were inoculated with 20 seeds
each of Leptochloa dubia (green sprangletop), S. calva, and
a mixture of Plantago rhodosperma (redseed plantain) and
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P. hookeriana (Hooker’s plantain). Positive control trays
were implemented to indicate that environmental condi-
tions were appropriate for optimal germination of some
common south Texas grass and forb species. Negative con-
trol trays were used to detect contamination from the sand
that was placed in each tray or from inside the greenhouse.

All trays were positioned on five benches in the green-
house in completely random fashion. Trays were checked
daily for seedling emergence and watered as needed to
maintain field capacity. Trays were fertilized after three
weeks with Miracle-Gro® Liquafeed® Bloom Booster®
liquid fertilizer (12% nitrogen, 9% phosphorus and 6%
potash [Kinucan and Smeins 1992]).

Seedlings were identified as soon as possible after emer-
gence. After a plant was identified and recorded, it was
removed with a pair of scissors or tweezers at its base to
minimize disturbing nearby seeds and seedlings (Thomp-
son and Grime 1979). Each germination trial lasted six
weeks, after which unidentified plants were transplanted
into pots and observed until positive identification. Each
trial took five to eight months to complete.

Statistical Analysis

The soil seed bank of each greenhouse tray was character-
ized by the germinable seed bank size (total numbers of
emerged and identified seedlings) and species composi-
tion based on seedling density. Species richness was cal-
culated for each tray. Neither seed bank size nor richness
are normally distributed (Fritsch and Hsu 1999, Rogers
and Hsu 2001). Therefore, permutation-based analy-
ses (Anderson et al. 2008) were used to test hypotheses
addressing effects of sampling date and sampling depth,
as well as comparisons between stock-piles and nearby
undisturbed soil on seed bank size and richness with
Euclidean distance as a resemblance measure. Two analy-
ses were performed to examine: 1) changes over sampling
dates and sampling depths on the stock-piles; and 2) com-
parison between the stock-piles and undisturbed soil.
The first analysis used a linear mixed model with sample
auger as a random nuisance (block) effect and sampling
depth as an effect of interest in a randomized block design.
Data from the five sampling dates were analyzed together;
in this model, auger sample was nested in date, and the
interaction between auger sample and depth was nested
with sampling date. In the second analysis, seed bank char-
acteristics were compared between undisturbed soil and
stock-piles, with each soil depth analyzed separately in a
comparison with undisturbed soil. Therefore, this analysis
tested effects of location (undisturbed soil or stock-pile)
and sampling date, as well as their interaction using auger
sample nested within date and location as an error term.
These two analyses were also performed on mean spe-
cies composition with a permutation-based multivariate
analysis of variance based on an unweighted Bray-Curtis
similarity measure (Anderson 2001, Anderson et al. 2008).
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For this analysis, trays which failed to produce seedlings
were removed from the data set prior to analysis. When
interactions were significant, simple main effects were
tested, followed by simple effects tests as needed; other-
wise, main effects were analyzed (Kirk 2013). Reported p
values are based on permutation; we used Permanova+
software, v. 6 (Primer-e, Auckland New Zealand [Clarke
and Gorley 2006]).

Past seed bank studies (Thompson and Grime 1979,
Reichman 1984, Henderson et al. 1988, Coffin and
Lauenroth 1989, Shaukat and Siddiqui 2004, Gioria and
Osbourne 2009) have shown high variability in the distri-
bution of seeds in the soil; thus, a = 0.10 was used to detect
statistical differences. Given high spatial variability in soil
characteristics between study sites and the confounding
effects of different machine operators, it is unlikely that
two stock-piles could reasonably be considered as two
replications. Therefore, in this research, each stock-pile is
defined as the population of inference (Wester 1992), and
soil samples from randomly-selected locations on each
stock-pile are samples from these populations.

Results

Results from negative and positive controls indicated
that greenhouse conditions were suitable for germina-
tion and that sand used in trays was not a source of seed
contamination.

Hixon Study Site—Changes on the Stock-pile

Sampling depth and sampling date interacted in their
effects on species richness (Fi275s = 1.71, p = 0.0842) and
seed bank size (F1,75 = 1.68, p = 0.089; Table 1). Both spe-
cies richness and seed bank size were highest in August
2013 and lower and generally similar at other sampling

dates, a pattern that was strongest at shallower depths and
weakest at 30-40 cm. Richness decreased with increasing
sampling depth in August 2013 (Fs 15 = 3.17, p = 0.0589)
and May 2014 (F 15 = 2.70, p = 0.0856) but was unaffected
(p > 0.588) by sampling depth at other sampling dates.
Seed bank size decreased (Fs15 = 4.07, p = 0.0274) with
increasing sampling depth only during May 2014.

Sampling depth and sampling date also interacted (Fi22o
=1.29, p = 0.0985) in their effects on mean species com-
position (Supplementary Tables S1 and S2). Mean species
composition differed across sampling dates at 0-10 (F4,16 =
3.52, p = 0.0007) and at 10-20 cm (F46 = 3.08, p = 0.0137)
depths but was stable (p > 0.4064) across sampling dates at
deeper depths. Mean species composition also was affected
(Fs,5=8.29, p =0.0238) by sampling depth only during the
last sampling period.

In addition to seed bank size, richness and species com-
position, dynamics of native and non-native species on
stock-piles are of interest in restoration projects. Mean
number of native seedlings was affected by sampling date
(Fans = 18.90, p < 0.0001) and depth (Fs,5 = 2.44, p =
0.0694); these effects, however, acted independently of
each other (F1275 = 1.27, p = 0.2596; Table 2). Native seed-
ling numbers were higher in August 2013 than at other
sampling dates; additionally, native seedlings numbers
decreased with sampling depth. In contrast, effects of sam-
pling date on exotic seed bank size depended on sampling
depth (F1275 = 1.66, p = 0.0629). In particular, exotic seed-
ling numbers generally were higher in August 2013 than at
other sampling dates at all but the deepest sampling depth.
Sampling depth had no effect (p > 0.1315) on seed bank size
except in May 2014 when they decreased with increasing
depth. Native seedling numbers from undisturbed soil were
also highest in August 2013 and exotic seedling numbers
were unaffected by sampling date.

Table 1. Mean (SE) seed bank species richness and seed bank size (m™) in the stock-pile at the Hixon study area at
four sampling depths and five sampling dates. 'Date: F425 = 36.63, p = 0.0001. Depth: Fs7s = 3.47, p = 0.0196. Inter-
action: Fi275 =1.71, p = 0.0842. Sampling date means within a depth followed by the same lowercase letter are not
significantly different (p > 0.10, protected LSD test). *Sampling depth means at a sampling date followed by the
same uppercase letter are not significantly different (p > 0.10, protected LSD test). “Date: F.2s = 16.98, p = 0.0001.
Depth: F3 75 = 3.30, p = 0.0232. Interaction: Fi,75 = 1.68, p = 0.089.

Sampling Date

Depth
(ch;) June 2013 August 2013 April 2014 May 2014 July 2014 Mean
Richness' 0-10 0.64bc’A’ (0.31)  3.18aA (0.0.66)  0.51bcA (0.16)  1.02bA (0.0.25) 0.38cA(0.17) 1.14(0.24)
10-20 0.38bA (0.17) 2.29aBC (0.44) 0.64bA (0.23)  0.64bAB (0.23)  0.64bA (0.23) 0.91 (0.17)
20-30 0.51bA (0.25) 2.67aAB (0.0.43)  0.38bA (0.17) 0.25bB (0.16)  0.38bA (0.17) 0.84 (0.20)
30-40  0.76abA (0.0.20) 1.27aC (0.32) 0.25bcA (0.25)  0.25bcB (0.16)  0.25bcA 0.16) 0.56 (0.12)
Mean 0.57 (0.11) 2.35(0.27) 0.44 (0.10) 0.54 (0.12) 0. 41 (0.09)
Size* 0-10 0.89bcA™* (0.41) 6.48aA (1.95) 0.76cA (0.28) 1.65bA (0.36)  0.51cA(0.25) 2.06 (0.57)
10-20 0.51bA (0.25) 6.35aA (2.42) 0.76bA (0.28)  0.89bAB (0.36) 0.89bA (0.36) 1.88 (0.62)
20-30 0.51bA (0.25) 4.19aA (1.02) 0.38bA (0.17) 0.38bB (0.26)  0.38bA (0.17) 1.17(0.35)
30-40 1.14abA (0.55) 1.65aA (0.46) 0.38bA (0.38) 0.25bB (0.16)  0.25bA (0.16) 0.74 (0.19)
Mean 0.76 (0.19) 4.67 (0.87) 0.57 (0.14) 0.79 (0.18) 0.51 (0.13)
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Table 2. Mean (SE) total number of native' and exotic’ seedlings (m™) in the stock-pile at the Hixon study site over
four sampling depths and five sampling dates, and in undisturbed soil at five sampling dates. 'Date: F4s = 18.90,

p =0.0001. Depth: Fsss = 2.44, p = 0.0694. Interaction: Fi27s = 1.27, p = 0.2596. *Date: F475 = 5.78, p = 0.0018. Depth:
Fs7s = 2.61, p = 0.0581. Interaction: Fi27s = 1.66, p = 0.0629. *Sampling date means for native species followed by
the same lowercase letter are not significantly different (p > 0.10, protected LSD test). *‘Sampling depth means for
native species followed by the same lowercase letter are not significantly different (p > 0.10, protected LSD test).
*Ssampling date means at a depth for exotic species followed by the same lowercase letter are not significantly dif-
ferent (p > 0.10, protected LSD test). *Sampling depth means at a sampling date for exotic species followed by the
same uppercase letter are not significantly different (p > 0.10, protected LSD test). ’Undisturbed date means for an
origin of species followed by the same lowercase letter are not significantly different (p > 0.10, protected LSD test).

Sampling Date

Species
Depth (cm) oFr)igin June 2013 August 2013 April 2014 May 2014 July 2014 Mean
0-10 Native 0.98 (0.41) 4.57 (1.43) 0.25 (0.16) 0.51 (0.25) 0.51 (0.25) 1.77a* (0.55)
Exotic 0.00c’A° (0.00) 1.91aA (0.67) 0.5TbcA (0.32) 1.14abA (0.38)  0.00cA (0.00) 0.71 (0.21)
10-20 Native 0.38 (0.26) 4.57 (1.79) 0.00 (0.00) 0.13(0.13) 0.76 (0.39) 1.53a (0.62)
Exotic 0.13bA (0.13)  1.79aA (0.78) 0.76aA (0.28) 0.76aAB (0.28)  0.13bA (0.13) 0.71 (0.20)
20-30 Native 0.38 (0.17) 3.05 (0.98) 0.13(0.13) 0.00 (0.00) 0.13(0.13) 0.97ab (0.38)
Exotic 0.13bA (0.13)  1.14aA (0.26) 0.25bA (0.16)  0.38bB (0.26)  0.25bA (0.16) 0.43 (0.11)
30-40 Native 0.64 (0.23) 1.40 (0.0.36) 0.00 (0.00) 0.13(0.13) 0.13(0.13) 0.60b (0.17)
Exotic 0.51aA (0.38) 0.25aA (0.16) 0.38aA (0.38)  0.13aB (0.13)  0.13aA (0.13) 0.28 (0.11)
Native 0.75b* (0.18) 4.46a (0.85) 0.13¢ (0.07) 0.25¢ (0.11) 0.50bcA (0.17)
Mean
Exotic 0.19(0.11) 1.27 (0.29) 0.48 (0.14) 0.60 (0.15) 0.13 (0.06)
Mean
Undisturbed Native 0.25b” (0.0.25) 10.92a (1.36)  0.00b (0.00) 0.38b (0.26) 0.13b (0.13) 2.34 (0.84)
Exotic 0.13a (0.13) 1.50a (1.38) 0.25a (0.16) 2.54a (0.92) 0.51a (0.25) 0.99 (0.36)

Hixon Study Site—Comparisons between
Stock-pile and Undisturbed Soil

Seed bank species richness differed (p < 0.0001) across
sampling dates at all stock-pile sampling depths down to
30 cm (Table 3). Richness was highest in August 2013 at
each of these depths. However, richness was similar (p >
0.2422) between undisturbed soil and the stock-pile at
all depths and effects were consistent (p > 0.1607) across
sampling dates. Sampling date and depth interacted (Fyso
= 5.51, p = 0.009) in their effects on richness only at the
30-40 cm depth, where richness was greater in undisturbed
soil than in the stock-pile and also higher in August 2013
than on other sampling dates.

Effects of sampling date and location (stock-pile vs.
undisturbed soil) on seed bank size were different from
their effects on species richness (Table 3). In particular,
both factors interacted (p < 0.0366) at each depth and
location effects depended on sampling date. Seed bank
size was greater in undisturbed soil than in the stock-pile
at 0-10 and 20-30 cm depths in August 2013, and also
greater in undisturbed soil than the stock-pile at 10-20 and
30-40 cm depths in May 2014. Additionally, seed bank size
was generally larger in August 2013 than at other sampling
dates, a pattern that was more pronounced in undisturbed
sites than on the stock-pile.

Location (stock-pile vs undisturbed soil) interacted with
sampling date in its effect on mean species composition at
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0-10 cm (Fy20 = 2.48, p = 0.0031) and 10-20 cm (F420 =
1.62, p = 0.0572) sampling depths of the stock-pile (Supple-
mentary Tables S1 and S2). Relative to date effects, mean
species composition in undisturbed locations was differ-
ent on August 13 from all other sampling dates but varied
among sampling dates on the stock-pile at these depths.
Relative to location effects, mean species composition of
the stock-pile surface differed from that of undisturbed
soil in August 2013 and July 2014; and composition of the
10-20 cm depth of the stock-pile differed from undisturbed
soil in August 2013 and May 2014. Different patterns were
observed when deeper sampling depths were compared
to undisturbed soil: location effects acted independently
of sampling date (p > 0.3412) and although composition
varied across date (p < 0.0013) it was similar (p > 0.3165)
between locations.

San Ysidro Study Site—Changes on the Stock-pile

Sampling depth and date interacted (Fi,75 = 1.96, p =
0.0409) in their effects on species richness (Table 4). No
seedlings emerged at the 0-10 cm depth in August 2013
but richness was higher during subsequent sampling dates.
At deeper sampling depths, richness was not affected (p >
0.5418) by sampling date. Sampling depth did not affect
(Fs,15 = 0.74, p = 0.5418) species richness in July 2013;
richness, however, decreased (p < 0.0320) with increas-
ing sampling depths during subsequent sampling dates.
Sampling date and depth also interacted in their effects
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Table 3. Mean (SE) seed bank species richness and seed bank size (m?) in the stock-pile and in undisturbed soils

at the Hixon study area at four sampling depths and five sampling dates. 'Date: F4s50 = 24.42, p = 0.0001. Location:
Fi50 =0.11, p=0.7331. Interaction: F4s0 = 0.24, p = 0.9126. ’Date: F4s50 = 25.26, p=0.0001. Location: Fis0 = 3.42, p =
0.0706. Interaction: F4s0 = 3.15, p = 0.0201. 3Date: Fas0 = 22.08, p =0.0001. Location: Fi5 = 0.58, p = 0.4514. Interac-
tion: F450 =7.71, p=0.1607. ‘Date: F4s0 = 21.38, p =0.0001. Location: Fis0 = 3.79, p = 0.0575. Interaction: F4s0 = 2.82,
p = 0.0357. *Date: Fss0 = 29.14, p = 0.0001. Location: F1,s0 = 1.38 p = 0.2422. Interaction: F4s = 1.08, p = 0.3058. °Date:
Fis0 = 26.92, p = 0.0001. Location: Fis0 = 13.29, p = 0.0010. Interaction: Fss = 7.32, p = 0.0002. "Date: F450 = 17.29,

p = 0.0001. Location: Fi50 = 7.41, p = 0.0098. Interaction: F4s = 5.51, p = 0.0009. *Date: F45 = 19.65, p = 0.0001.
Location: F1,s0 = 20.34, p = 0.0020. Interaction: F4s = 13.76, p = 0.0001. *Sampling date means followed by the same
letter are not significantly different (p > 0.10, protected LSD). '°Sampling date means within a location followed

by the same uppercase letter are not significantly different (p > 0.10, protected LSD). ''Location means within a

sampling date followed by the same lowercase letter are not significantly different (p > 0.10, protected LSD).

Sampling Date

Sampling
Depth in
Pile (cm) Response Location June 2013 August 2013 April 2014 May 2014 July 2014 Mean
0-10  Richness' Pile 0.64 (0.31) 3.18 (0.66)  0.51(0.16) 1.02(0.25) 0.38(0.17) 1.14a(0.24)
Undisturbed 0.38 (0.26) 3.43(0.64) 0.25(0.16) 0.76(0.37)  0.51(0.16) 1.07a(0.27)
Mean 0.51bc’ (0.20)  3.31a(0.44) 0.38¢c(0.11) 0.89b (0.18) 0.44c (0.11)
Size’ Pile 0.89bA'*'" (0.41) 6.48aA (1.95) 0.76cA (0.28) 1.65bA (0.36) 0.51cA (0.25) 2.70 (0.74)
Undisturbed ~ 0.38cA (0.26) 12.45aB (2.53) 0.25cA (0.16) 2.92bA (0.99) 0.64cA (0.23) 4.37 (1.32)
Mean 0.64 (0.25) 9.46 (1.77)  0.51(0.17) 2.29(0.54) 0.57(0.17)
10-20  Richness® Pile 0.38 (0.17) 2.29(0.44) 0.64(0.23) 0.64(0.23) 0.64(0.23) 0.91a(0.17)
Undisturbed 0.38 (0.26) 3.43(0.65) 0.25(0.16) 0.76(0.28) 0.51(0.16) 1.07a (0.26)
Mean 0.38b° (0.15) 2.86a (0.41) 0.44b (0.15) 0.70b (0.17) 0.57b (0.14)
Size* Pile 0.51bA (0.25)  6.35aA (2.42) 0.76bA (0.28) 89bB (0.36) 0.89bA (0.36) 1.88 (0.62)
Undisturbed  0.38cA (0.26) 12.45aA (2.53) 0.25cA (0.16) 2.92bA (0.99) 0.64cA (0.23) 3.33 (1.01)
Mean 0.44 (0.17) 9.40(1.91) 0.51(0.17) 1.91(0.59) 0.76 (0.21)
20-30  Richness® Pile 0.51 (0.25) 2.67(0.43) 0.38(0.17) 0.25(0.16) 0.38(0.17) 0.84a (0.20)
Undisturbed 0.38 (0.26) 3.43(0.64) 0.25(0.16) 0.76(0.28) 0.51(0.16) 1.07a (0.26)
Mean 0.44b° (0.17) 3.05a(0.39) 0.32b0.11) 0.51b (0.17) 0.44b (0.11)
Size® Pile 0.51aA''" (0.25) 4.19bA (1.02) 0.38aA (0.17) 0.38aA (0.26) 0.38aA (0.17) 1.17(0.35)
Undisturbed ~ 0.50cA (0.34) 12.45aB (2.53) 0.25cA (0.16) 2.92bA (0.9) 0.64cA (0.23) 3.33(1.01)
Mean 0.44 (0.17) 8.32(1.80) 0.32(0.11) 1.65(0.62) 0.51(0.14)
30-40  Richness’ Pile 0.76abA'""" (0.20) 1.27aB (0.32) 0.25bA (0.25) 0.25bA (0.16) 0.25bA (0.16) 0.73 (0.16)
Undisturbed  0.38bA (0.26)  3.43aA (0.64) 0.25bA (0.16) 0.76bA (0.28) 0.51bA (0.16) 1.40 (0.35)
Mean 0.75(0.22) 3.08 (0.61) 0.33(0.19) 0.67(0.24) 0.50(0.16)
Size® Pile 1.14abA (0.55)  1.65aB (0.46) 0.38bA (0.38) 0.25bB (0.16) 0.25bA (0.16) 0.74 (0.19)
Undisturbed  0.38cA (0.26) 12.45aA (2.53) 0.25cA (0.16) 2.92bA (0.99) 0.64cA (0.23) 3.33 (1.01)
Mean 0.76 (0.31) 7.05(2.04) 0.32(0.20) 1.59(0.63) 0.44(0.15)

on seed bank mean species composition (Fs 13 = 1.56, p =
0.0742 (analysis based on August 2013, April 2014 and May
2014 sampling dates). In particular: 1) depth effects were
not significant (p < 0.24) at any sampling date; and 2) date
effects were strong (F,.14 = 5.95, p < 0.001) at 0-10 cm
and non-detectable (p > 0.114) at deeper sampling depths
(Supplementary Tables S3 and S4).

Sampling date and depth also interacted (F4 ;5 = 2.58, p
=0.0061) in their effects on seed bank size (Table 4). Seed
bank size was reduced (Fs»s = 3.17, p = 0.0334) in the
0-10 cm depth at the June 2013 sampling date compared
to later sampling dates; however, size was similar across
sampling dates at all other depths (10-20 cm: Fy 55 = 1.79,
p=0.1613; 20-30 cm: F4»5 = 1.29, p = 0.2995; 30-40 cm:
Fizs = 0.60, p = 0.6625). Relative to depth comparisons,
at the June 2013 sampling date, seed bank size was similar

across depths (F3 15 = 0.74, p = 0.5418); at all other sampling
dates, seed bank size decreased as sampling depth increased
(August 2013: F5 15 = 5.97, p = 0.0056; April 2014: F; 5 =
3.77, p = 0.0320; May 2014: Fs15 = 6.91, p = 0.0036; July
2014: F315 = 9.71, p = 0.0008).

Only five exotic species seedlings emerged from San
Ysidro samples, which were too few to analyze. Therefore,
dynamics of the native species seedlings are sufficiently
described by the total number of seedlings analysis.

San Ysidro Study Site—Comparisons
between Stock-pile and Undisturbed Soil

Sampling location and date interacted in their effects on
mean species richness at the 0-10 cm (Fas0 = 2.24, p =
0.0672) and 10-20 cm (F450 = 2.69, p = 0.0380) sampling
depths (Table 5). Richness of the stock-piled soil seed bank
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Table 4. Mean (SE) seed bank species richness and seed bank size (m?) in the stock-pile at the San Ysidro study

area at four sampling depths and five sampling dates. 'Date: F475 = 1.95, p = 0.1290. Depth: Fs s = 11.69, p = 0.0001.
Interaction: Fi27s = 1.96, p = 0.0409. ’Date: F475= 2.45, p =0.0781; Depth: F375=19.65, p = 0.0001. Interaction: Fi275=
2.58, p=0.0061. *Sampling date means at a depth followed by the same lowercase letter are not significantly differ-
ent (p > 0.10, protected LSD test). *Sampling depth means within a sampling date followed by the same uppercase

letter are not significantly different (p > 0.10, protected LSD test).

Sampling Date

Depth
(cri;) June 2013 August 2013 April 2014 May 2014 July 2014 Mean

Richnesss  0-10  0.00b°A*(0.00)  1.02aA (0.32)  1.14aA(0.17)  1.40aA (0.31)  1.52aA (0.62) 1.02(0.18)
10-20  0.38aA (0.26)  0.25aB (0.16)  1.27aA(0.58)  0.64aAB (0.31)  0.51aA (0.16)  0.61 (0.15)
20-30  0.13aA(0.13)  0.51aB (0.25) 0.51aAB (0.25) 0.38aBC (0.17)  0.13aB (0.13)  0.33 (0.09)
3040  0.13aA(0.13)  0.25aB (0.16)  0.38aAB (0.26)  0.13aC (0.13)  0.00aB (0.00)  0.18 (0.07)
Mean 0.16 (0.08) 0.51 (0.13) 0.83 (0.18) 0.64 (0.15) 0.54 (0.20)

Size? 0-10  0.00C’A*(0.00)  1.91bA (0.64) 3.68abA (1.24)  2.92abA (0.80)  4.19aA (1.33)  2.54 (0.48)
10-20  0.38aA (0.26)  0.25aB (0.16)  2.79aAB (1.51)  1.02aB (0.54)  1.02aB (0.48)  1.09 (0.36)
20-30  0.13aA(0.13)  0.51aB (0.25)  0.76aB (0.39)  0.38aB (0.17)  0.13aC (0.13)  0.38 (0.11)
3040  0.25aA (0.25)  0.25aB (0.16)  0.38aB (0.26)  0.13aB (0.13)  0.00aC (0.00)  0.20 (0.08)
Mean 0.19 (0.09) 0.73 (0.22) 1.91 (0.55) 1.11 (0.32) 1.33 (0.48)

at the 0-10 cm depth was lower than the undisturbed soilat ~ Discussion

the June 2013 sampling date and higher than undisturbed
soil in April 2014; species richness was similar between
undisturbed soil and the stock-pile at this depth at other
sampling dates. Species richness was higher in undisturbed
soil than stock-piled soil at the 10-20 cm depth at each
sampling date except April 2014.

Sampling date did not affect species richness at the
20-30 cm (Fas50 = 1.41, p = 0.2448) or 30-40 cm (Fas50 =
125, p = 0.2971) depths (Table 5). Species richness was
higher in undisturbed soil than the stock-pile at both the
20-30 cm (Fy50 = 18.83, p = 0.0001) and 30-40 cm (Fy 50
=25.30, p = 0.0001) depths.

At the 0-10 cm depth, mean species composition dif-
fered across date (F43; = 2.86, p = 0.0001) and undisturbed
species composition was different (F; 3, =2.29, p = 0.0268)
from the pile. Sampling date and location interacted at the
10-20 cm (Fa37 = 1.49, p = 0.0578) and 30-40 cm (F3 50 =
1.50, p = 0.067) depths. Mean species composition was not
affected by either sampling date (Fa,,4 = 1.23, p =0.195) or
location (Fy 24 = 1.45, p = 0.1604), nor did date and location
interact (F424 = 1.18, p = 0.2195; Supplementary Tables S3
and S4) at the 20-30 cm depth.

Sampling location (stock-pile vs undisturbed) and date
acted independently in their effects on seed bank size at
each sampling depth. Seed bank size was not affected by
sampling date at any depth (0-10 cm: Fys50 = 1.51, p =
0.2139;10-20 cm: F4 50 = 0.39, p = 0.8278; 20-30 cm: Fy 50 =
0.58, p = 0.6959; and 30-40 cm: F4 50 = 0.49, p = 0.77; Table
5). Seed bank size was identical between undisturbed soil
and the 0-10 cm depth of the stock-piled topsoil but was
smaller at deeper depths in the stock-pile compared to the
undisturbed soil (10-20 cm: F; 50 = 4.00, p = 0.0285; 20-30
cm: Fy 50 = 14.78, p = 0.0002; and 30-40 cm: Fy 50 = 17.55,
p =0.0001); seed bank size did not differ across sampling
dates (F421 = 0.51, p = 0.7579) at these depths.
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Seed bank size, species composition (including presence/
absence of invasive species) and richness can affect out-
comes of future restoration (e.g., Gioria and Pysek 2016).
These properties were compared at two study sites as a
function of sampling depth and sampling date after con-
struction of soil stock-piles. In general, species richness and
seed bank size decreased with increasing soil depth at both
sites; other seed bank features differed between study sites.

Soil seed banks at Hixon study site were, in general, very
different from the San Ysidro study site with respect to
size, richness and composition. Differences were expected
because of differences in micro-climate, soil order, and past
and present management. Study sites differed in other ways
as well. For example, stock-piles were made by different
machine operators on different dates. Without specific
instructions, operators use their own methods for remov-
ing and piling soil. These confounding factors are typical
of on-the-ground management practices.

Changes Over Time

At the Hixon study site, sampling date strongly influenced
nearly every aspect of our results. The August sampling date
(with the largest seed bank size and highest richness) was dif-
ferent from all other sampling dates. Seed bank composition
also changed over sampling date on the stock-pile as well as
between stock-pile depths and undisturbed soil. Differences
among sampling dates might be attributed in part of environ-
mental changes associated with woody vegetation removal
prior to stock-pile construction. Woody vegetation removal
affects air movement patterns important to seed dispersing
seeds such as Cenchrus ciliaris (buffelgrass [Olsson et al.
2012]) as well as light, temperature and moisture conditions
at the soil surface which in turn can affect dormancy and
germination (e.g., Wester 1995, Baskin and Baskin 2001).

September 2018 ECOLOGICAL RESTORATION 36:3


https://uwpress.wisc.edu/journals/pdfs/ERv36n03_08_Wester_SupplementaryMaterials.pdf
https://uwpress.wisc.edu/journals/pdfs/ERv36n03_08_Wester_SupplementaryMaterials.pdf

Table 5. Mean (SE) seed bank species richness and seed bank size (m™) in the stock-pile and in undisturbed soils
at the San Ysidro study area at four sampling depths and five sampling dates. 'Date: Fss0 = 1.61, p = 0.1864. Loca-
tion: Fis0 = 2.24, p = 0.1372. Interaction: Fss0 = 2.24, p = 0.0672. ’Date: F4s50 = 1.51, p = 0.2154. Location: Fi50 = 0,

p = 1.000. Interaction: Fss0 = 1.47, p = 0.2251. *Date: F4s50 = 0.31, p =0.8741. Location: Fi 50 = 18.15, p = 0.0043.
Interaction: F4s0 = 2.69, p = 0.0380. “‘Date: F450 = 0.39, p = 0.8209. Location: Fi50 = 5.00, p = 0.0318. Interaction:
Fis0 = 1.37, p = 0.2575. *Date F450 = 1.41, p = 0.2448. Location: F1 s = 18.83, p = 0.0001. Interaction: F4s0 = 1.57, p =
0.2025. °Date: F450 = 0.58, p = 0.6776. Location: Fi,s0 = 14.78, p = 0.0007. Interaction: F4s0 = 0.55, p = 0.7037. "Date:
Fas0 = 1.25, p=0.2971. Location: Fis0 = 25.30, p = 0.0001. Interaction: F4s0 = 1.75, p = 0.1569. 8Date: F4s0 = 0.49,

p = 0.7479. Location: Fis0 = 17.55, p = 0.0001. Interaction: F4s0 = 0.58, p = 0.6801. *Sampling date means within a
location followed by the same lowercase letter are not significantly different (p > 0.10, protected LSD). °Location
means within a sampling date followed by the same uppercase letter are not significantly different (p > 0.10, pro-
tected LSD). ""Location means followed by the same letter are not significantly different (p > 0.10, protected LSD).
2sampling date means followed by the same letter are not significantly different (p > 0.10, protected LSD).

Sampling Date

Sampling
Depth in
Pile (cm) Response Location June 2013 August 2013 April 2014 May 2014 July 2014 Mean
0-10 Richness' Pile 0.00bB*'° (0.00) 1.02aA (0.32) 1.14aA (0.17) 1.40aA (0.31) 1.52aA (0.62) 1.02(0.18)
Undisturbed  1.65aA (0.46) 2.16aA (1.95) 0.38aB (0.26) 1.79aA (0.43) 1.27aA (0.32) 1.45(0.25)
Mean 0.83 (0.33) 1.59 (0.51) 0.76(0.19)  1.59(0.26)  1.40 (0.34)
Size? Pile 0.00 (0.00) 1.91(0.64) 3.68(1.24) 2.92(0.80) 4.18(1.33) 2.54a'' 0.48)
Undisturbed  1.79 (0.51) 3.81(1.99) 1.65(1.37) 3.05(0.86) 2.41(0.89) 2.54a(0.53)
Mean 1.17a'*(0.47)  3.75a(1.36) 3.50a(1.22) 3.92a(0.73) 4.33a(1.06)
10-20 Richness® Pile 0.38a°B'° (0.26) 0.25aB (0.16) 1.27aA (0.58) 0.64aB (0.31) 0.51aB (0.16) 0.61 (0.15)
Undisturbed 1.65aA (0.46) 2.16aA (0.95 0.38aA (0.26) 1.78aA (0.43) 1.27aA (0.32) 1.45(0.25)
Mean 1.01 (0.32) 1.21(0.54) 0.83(0.33) 1.21(0.21)  0.89(0.21)
Size* Pile 0.38 (0.26) 0.25(0.16)  2.79(1.51)  1.02(0.54) 1.02(0.47) 1.09b"(0.36)
Undisturbed ~ 1.78 (0.51) 3.81(1.99) 1.65(1.37) 3.05(0.86) 2.41(0.89) 2.54a(0.51)
Mean 1.08a'7(0.24) 2.03a(1.29) 2.22a(0.99) 2.03a(0.57) 1.71a(0.52)
20-30 Richness® Pile 0.13 (0.13) 0.51(0.25)  0.51(0.25) 0.38(0.17)  0.13(0.13) 0.33b"' (0.09)
Undisturbed  1.65 (0.46) 2.16(0.95) 0.38(0.26) 1.79(0.43) 1.27(0.32) 1.45a(0.25)
Mean 0.89a'* (0.32) 1.33a(53) 0.44a(0.17) 1.08a(0.30) 0.70a (0.24)
Size® Pile 0.13 (0.13) 0.51(0.25) 0.76 (0.39)  0.38(0.17)  0.13(0.13) 0.38b''(0.11)
Undisturbed ~ 1.79 (0.51) 3.81(1.99) 1.65(1.37) 3.05(0.86) 2.41(0.89) 2.54a(0.53)
Mean 0.95a'*(0.35) 2.16a(1.08) 1.21a0.69) 1.71a(0.58) 1.27a(0.54)
30-40 Richness” Pile 0.13 (0.13) 0.25(0.17)  0.38(0.26)  0.13(0.13)  0.00 (0.00) 0.18b''(0.07)
Undisturbed ~ 1.65 (0.46) 2.16(0.95) 0.38(0.26) 1.79(0.43) 1.27(0.32) 1.45a(0.25)
Mean 0.89a'”(0.32) 1.21a(0.54) 0.38a(0.18) 0.95a(0.32) 0.64 (0.25)
Size® Pile 0.25 (0.25) 0.25(0.16)  0.38(0.26)  0.13(0.13)  0.00 (0.00) 0.20b'' (0.08)
Undisturbed ~ 1.79 (0.51) 3.81(1.99) 1.65(1.37) 3.05(0.86) 2.41(0.89) 2.54a(0.53)
Mean 1.02a'2 (0.36)  2.03a(1.09) 1.02a(0.69) 1.59a(0.60) 1.21a (0.56)

Precipitation events prior to the August sampling date
also may have contributed to increases in emerged seed-
lings (Figure 1). One possible explanation begins with
precipitation events prior to sampling in June 2013 that
resulted in a flush of germination of a large portion of resi-
dent seeds in the seed bank resulting in the depletion of the
seed bank (Barton 1962). This could explain the relatively
low number of emerged seedlings in the June greenhouse
trial. In addition, seedlings which resulted from this flush
of germination flowered after being triggered by a period
of low precipitation (Grime 1977, Kozlowski and Pallardy
2002) in July and August and consequently contributed a
significant and immediate input of seeds into the soil seed
bank of both undisturbed soil and the stock-pile which was
subsequently recovered in the August greenhouse trial.
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Although sampling date had little effect on species rich-
ness at the San Ysidro study site, both seed bank size and
species composition were affected by a sampling date-by-
depth interaction. This may be a result of dispersing seeds
(“seed rain” [Caughlin et al. 2016]) from nearby vegetation
which affect the soil surface more immediately than soil
depths below the surface (e.g., Dickie et al. 1988). Precipi-
tation events (Figure 2) may have influenced seed bank
dynamics in a similar manner, though to lesser extent than
at the Hixon study site.

Duration of residence in a stock-pile caused no dis-
cernible effects on seed bank characteristics at our study
sites after 18 months of storage. Seed banks of these soils
either are evidently resilient to environments typical of
stock-piles, or alternatively the resident seed bank of this
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Figure 1. Total precipitation in 2013 (A) and 2014 (B) and mean total number of seedlings (m2) at four depths
in the stock-pile and in undisturbed soil on five sampling dates (plots on top) at the Hixon study site, Texas, USA.
Black dots at the specified dates represent cumulative precipitation three weeks prior to sample collection. Precipi-

tation data for Cotulla Airport, Texas, USA (NOAA 2015).

area may consist of mainly transient seeds which may be
missed in seedling emergence trials and would be expected
to decline in stock-pile conditions (Milberg 1995, D’Souza
and Barnes 2008).

Changes by Depth

Species richness decreased with increasing depth at both
study sites, indicating death or depletion of species which
are transient or more sensitive to environmental condi-
tions. Seed bank size at the Hixon site decreased with
increasing depth only on the May 2014 sampling date. At
the San Ysidro site, however, size decreased with increas-
ing sampling death on all but the June 2013 sampling date
(consistent with Rivera et al. 2013); this suggests that the
duration of storage in the stock-pile is nearing an age at
which seed viability and density are reduced. Seed rain
likely was involved; additionally, upper stock-pile depths
would have been more been more quickly exposed to tem-
perature fluctuations, possibly relieving dormancy of seeds
near the surface. Therefore, after eight months of storage,
the seed bank of the stock-pile at the San Ysidro study
site developed a profile by depth similar to what would be
expected in an undisturbed soil profile (Inverson and Wali
1982, Rosef 2008).

Mean seedling densities at both sites generally met the
industry standard for restoration and exceeded the one
plant per m? standard considered acceptable in arid and
semi-arid environments (Cox and Jordan 1983, Dahl et al.
1988). Potential of the seed bank of these stock-piled soils
for restoration efforts would be increased if native species
dominated the soil seed bank, thereby reducing the need
for seeding native species. In this study, both the mean
number of exotic seedlings and mean number of native
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seedlings were affected by sampling date at the Hixon
study site. However, depth had no effect on exotics species,
whereas native species declined in the deeper stock-piled
soil. Changes in mean numbers of exotic and native spe-
cies over sampling date may be a function of precipitation
or other seasonal factors such as temperature. Changes
did not appear to be affected by the age of the stock-pile.
Decline of native seedling germination with increasing
depth suggests that native species may be less able to
withstand these conditions than exotic species. At the San
Ysidro study site, very few exotic species emerged which
hindered analysis of differences in natives and exotics.

Because emerged exotics were virtually absent in the San
Ysidro stock-pile seed bank, comparisons of characteristics
can be made between mean total number of seedlings at the
San Ysidro and the native seed bank of the Hixon study site.
There were similarities between native seed banks in the
stock-piles of both study sites. Mean numbers of seedlings
at the San Ysidro site decreased as depth increased in all but
the June 2013 sampling date; this is similar to the decrease
in native species with increasing depth in the Hixon stock-
pile seed bank. And although mean total number of seed-
lings declined in the Hixon study site stock-pile at the May
2014 sampling date, depth did not have an effect at other
sampling dates. It is possible that the resilience of exotic
species at deeper stock-pile depths masked the effects of
depth on seed bank size, which were revealed when native
species were analyzed separately.

Stock-piled Soil vs. Undisturbed Soil

The effect of stockpiling on seed banks can be directly
assessed by comparing seed bank properties of stock-
piles to those of undisturbed soil collected at the same
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Figure 2. Total precipitation in 2013 (A) and 2014 (B) and mean total number of seedlings (m™2) at four depths in
the stock-pile and in undisturbed soil on five sampling dates (plots on top) at the San Ysidro study site, Texas, USA.
Black dots at the specified dates represent cumulative precipitation three weeks prior to sample collection. Precipi-
tation data for Carrizo Springs Weather Station, Texas, USA (NOAA 2015).

date; because of potential depth effects in stock-piles, this
comparison is most meaningful when a given depth in
a stock-pile is compared to undisturbed soils. Stockpil-
ing had little effect on seed bank species richness at the
Hixon study site: richness was higher in undisturbed soil
than stock-piled soil on only one sampling date and at one
depth. When stockpiling effects were detected on seed bank
size (20% of the comparisons), undisturbed soils had more
seedlings than stock-piled soils. In contrast, at the San
Ysidro site stockpiling reduced seed bank richness and size
in 80% and 75%, respectively, of the comparisons between
stock-piled and undisturbed soil. These observations are
compatible with Iverson and Wali (1982) who found that
both numbers and diversity of seeds decreased as depth in
the stock-pile increased.

Many studies of seed banks in stored topsoil have found
that duration and depth in the stock-pile affected seed
bank characteristics (Iverson and Wali 1982, Dickie et al.
1988, Rokich et al. 2000, Scoles-Sciulla and DeFalco 2009,
Rivera et al. 2012). Studies of mixed grass prairies in North
Dakota (Iverson and Wali 1982), woodlands in Australia
(Rockich et al. 2000), the Mojave Desert in Nevada (Scoles-
Sciulla and DeFalco 2009) and annual dominated grassland
in Spain (Rivera et al. 2012) concluded that seedlings
decreased as time in the stock-pile increased. A range of
six to 13 months was considered sufficient to negatively
impact seed bank dynamics. Our results differ from many
of these studies. This is not unexpected because seed bank
dynamics are specific to the ecology of the specific seed
bank being studied.

Our study addressed the readily germinable portion of
the soil seed bank that would be available for immediate
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germination under ideal climatic conditions after the top-
soil is redistributed. The emergence method does not detect
dormant seeds or seeds which require specific conditions
such as cold stratification. It is therefore likely that some
seeds were not accounted for in our results. Additionally,
we were only able to conduct seed bank trials to examine
the piles up to 18 months of storage. It would be beneficial
to continue this process and gather data on the characteris-
tics of these same seed banks at older ages of the pile. This
is an important finding from our study because it suggests
that stock-piles may not be as effective as many practitio-
ners have assumed because they differ in fundamental ways
from nearby intact soils.

Management Implications

Averaged over soil depth, seed bank size at the Hixon study
site ranged from 4.6 seedlings m ™ in August to less than 1
seedling m™ at other sampling dates (3.8 native seedlings
m™? in August to less than 1 native seedling m™ at other
sampling dates). At the San Ysidro study site, emergence
ranged from 2.3 native seedlings m™ to less than 1 seedling
m™>. These ranges fall within recommended plant estab-
lishment guidelines. Given the preponderance of native
species in the seed bank (especially at the San Ysidro
study site), there would have been little reason to re-seed
these stock-piles had they been used for restoration on
the dates sampled. It is also true, however, that both seed
bank richness and size often were reduced in stock-piles
at depth compared to intact soil, especially at San Ysidro,
suggesting that whereas the restoration seed bank may
have been “adequate”, it was nevertheless “not equivalent”
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to that of intact soil. We detected no apparent patterns to
changes in seed bank dynamics of the stored soil that could
be attributed solely to storage time (up to the 18-month
sampling period of this study). Future restoration success
likely would be improved if stock-piled soil could be segre-
gated in the restoration process during seasons appropriate
for adequate precipitation to enhance chances of success.
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