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Abstract

Background and Aims Seed bank persistence plays a
highly relevant role for population dynamics. The im-
pact of interacting environmental factors on seed lon-
gevity has only scarcely been investigated. We aimed
to analyse the effects of varied soil substrate type and
moisture on soil seed survival.

Methods Seeds of three Rumex species native to dif-
ferent habitats were buried in pots placed in open-air
basins. The factors substrate (sand, loam, mud), water
table depth (WTD; high, intermediate, low), time, and
their interactions were investigated. Viability was test-
ed after 6, 12, and 18 months.

Results Seeds of R. acetosella (dry habitat) were short-
term persistent with highest survival in low WTD on
sand. Survival in R. acetosa (moist habitat) was very
strongly reduced after 6 months with highest survival
under wet conditions. R. maritimus (wet habitat) had
overall long-term seed survival, where ‘substrate type’
had the strongest impact. Significant interactions of
‘substrate type” and WTD were detected.
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Introduction

Persistence of seeds in the soil is an important parameter
in the life history of plants driving population dynamics
and also “a tool” for restoring populations and habitats
(Bakker et al. 1996; Bossuyt and Honnay 2009;
Saatkamp et al. 2011a, b). Long term establishment of
species regenerating from seeds may even depend
strongly on soil seed survival under specific habitat
conditions (Poschlod et al. 2013). However, the under-
standing of the mechanisms of seed longevity in the soil
is still limited.

Seeds can survive in the soil seed bank up to several
decades or even hundreds of years. Thompson et al.
(1997) developed a method for soil seed bank
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classification and also introduced the Longevity Index
to classify seed persistence in the soil. Neither the
Longevity Index of a species nor their seed bank clas-
sifications are entirely consistent traits (Thompson
et al. 1997; Kleyer et al. 2008). It appears that both
the origin of the examined seeds as well as study
conditions have impacts on longevity and seed bank
survival. Most species, even some which are common-
ly classified to the transient soil seed bank type, can be
persistent in the soil under certain circumstances
(Thompson et al. 1997; Saatkamp et al. 2009).
Different classifications for one and the same species
could potentially be due to at least two non-exclusive
reasons. On the one hand this could well be due to
seeds responding differently in their longevity to dif-
ferent environmental conditions. On the other hand,
this might be caused by methodological reasons.
Differences between ’seed persistence‘ assessed by
the so called ‘seedling emergence method’ and ’seed
survival® assessed with methods of seed burial are the
main source of variations in species seed bank types
(Saatkamp et al. 2009). The seedling emergence meth-
od is an indirect method which exposes soil samples
which were collected mainly at one single date to
‘favorable’ conditions for germination in order to iden-
tify and count seedlings. This method is prone to influ-
ences from various factors, namely dormancy
(Thompson and Fenner 2000), the low seed production
often found in rare species (Thompson and Grime,
1979), vertical distribution of seeds (Bekker et al.
1998b), successional stage (Espinar et al. 2005;
Erfanzadeh et al. 2010) and also timing of sampling
(Saatkamp et al. 2009). Seed burial experiments may
have their own methodological constrains. Survival
could depend on the depth seeds were buried
(Saatkamp et al. 2011a), but also on soil physical,
chemical and biological conditions varying along a suc-
cessional sere. These factors can impact on germination
results, the interpretation of which can lead to differ-
ences in classifications of seed bank types. As far as
responses to different habitat conditions are concerned,
soil seed banks in plant communities with different
environmental conditions have been shown to have
specific species compositions (Bekker et al. 1998a,
Poschlod et al. 2013). This might suggest that different
species’ seed survival is differently impacted upon by
certain soil conditions. Yet, functional explanations on
how such conditions affect not only vegetation but also
soil seed bank persistence are still lacking. Therefore, it
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is necessary to demonstrate and understand the role of
environmental factors in soil seed survival (Saatkamp
et al. 2009).

Seed longevity in the soil may be affected by differ-
ent parameters. First, there may be effects of species-
specific attributes. Seed traits such as size or seed coat
thickness and also seed germination traits may influ-
ence the longevity of the soil seed bank. These traits
maybe variable within one species as well (Thompson
etal. 1993; Bekker et al. 1998b; Thompson et al. 2003;
Gardarin et al. 2010; Saatkamp et al. 2011a, b).
Secondly, environmental conditions may strongly af-
fect the longevity of the soil seed bank. Soil seed
longevity is associated with soil microbial activity
(Schafer and Kotanen 2003; O’Hanlon-Manners and
Kotanen 2006; Wagner and Mitschunas 2008; Dalling
et al. 2011; Mordecai 2012) and at the same time with
soil properties (Long et al. 2009; Pakeman et al. 2012),
soil nutrients (Bekker et al. 1998c; Davis 2007), soil
temperature (Akinola et al. 1998) and soil moisture and
hypoxia (Murdoch and Ellis 2000; Voesenek and Blom
1992; Bekker et al. 1998d; ). The influence of single
environmental factors on seed longevity has been ex-
amined separately already several times not only in the
field but also under controlled greenhouse conditions.
However, nearly no experiment has studied a combi-
nation of environmental factors (Schafer & Kotanen
2003, Long et al. 2009). Therefore, the results of pre-
vious studies cannot explain the interaction between
environmental factors on seed longevity.

We studied the impacts of soil type and moisture on
soil seed survival of three Rumex species with different
seed bank classifications according to the Soil Seed
Bank Database of the Northwest European flora
(Thompson et al. 1997), BioPop (Poschlod et al.
2003), and LEDA (Kleyer et al. 2008). Soil seed bank
persistence data of all of Rumex acetosa, R. acetosella,
and R. maritimus contained entries for transient, short-
term and long-term persistent in the different data
bases. We aimed at an evaluation of changes in species
seed longevity when soil conditions are varied from
‘similar’ to ‘dissimilar’ as compared to the species
native habitat and therefore varied soil moisture and
soil types/properties in a factorial design. We hypoth-
esize that inconsistent seed bank categories assigned to
certain species are in part due to variable habitat con-
ditions at different sampling sites. We also hypothesize
that soil seed longevity of a species is highest under
conditions most closely resembling conditions in its
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natural habitat. Thus, for our example of three Rumex
species, we asked the following questions:

Can differences in soil properties and soil moisture
conditions explain why Rumex species are assigned
to a variety of different seed bank categories in
respective data bases?

How strongly is the longevity of soil seed banks
affected by soil moisture and soil types?

Are species occurring in dry habitats more sensi-
tive to water logging conditions than species from
wet habitats, and vice versa?

Material and methods
Experimental strategy and choice of species

A pot experiment with different soil types and different
moisture levels was used to bury seeds of three Rumex-
species native to different habitats. Seed viability was
tested 6, 12, and 18 months after burial to test for species
differences in reactions to soil type and moisture.

In this study three Rumex species (R. acetosa, R.
acetosella, R. maritimus) with narrow habitat ranges
concerning soil type and moisture were chosen. R.
maritimus is a common species for wet and muddy soils
of mudflat communities in amphibious habitats such as
river banks and ponds (Oberdorfer 2001). R. acetosella
occurs on dry and sandy soils of Corynephorus canescens-
or Armeria elongata-grassland communities in grazed
(inland) dune habitats. R. acetosa grows on mesic and
loamy soils in Arrhentherum elatius- or Alopecurus
pratensis-meadows. Ripe fruits of each species were col-
lected in the respective communities at three different
localities in Bavaria in summer 2009 (see Table 1).

Experimental setup

This study was set up as an outdoor experiment in the
facilities of the Botanical Garden of Regensburg (DE)

that provides rain-water-filled basins (148 cm * 128 cm)
that allow the adjustment of a constant water level. The
setup consisted of a total of 216 pots (5 1) representing 8
replicates x 3 soil types x 3 water levels x 3 time steps for
seed excavation. Each pot contained seeds of the three
study species (see below for details). A block design was
set up, where each of eight water basins represented one
block containing one replicate of each treatment.
Different water table depths (WTD), and consequently
different soil moistures, were established by placing the
pots on metal grids which were adjusted in different
depth below the water surface, i.e. pots were placed either
on a deep or a shallow grid or on the walkway directly
adjacent the respective basin. On each of a block’s dif-
ferent water levels pots with different soil types were
distributed in a modified latin-square pattern. All pots
were placed adjacent to other pots or to the walls of the
water basins so that direct sunlight could reach the soil
surface but not the faces of the pots. We used 5 L plastic
pots (18.6x18.6x20 c¢cm 1/w/h) that contained a weed
block fabric at the bottom as well as 2.5 cm of sand to
facilitate water flow. Pots were filled (leaving 1 cm brim
at the top) with either of three soil substrates (sand, mud,
loam), which were collected in the respective habitats of
the examined Rumex-species (Table 1). Soils were not
sterilized in order to retain their (micro-) biological char-
acteristics. In each pot 25 seeds of all three Rumex-
species were buried at 5 cm depth, where ambient light
and fluctuating temperature have been found to have no
impact on germination (Van Assche ez al., 2002). Seeds
were contained in small sewn nylon bags (5%6 cm, one
bag per species, see Saatkamp et al. 2011a, b) produced
of 0.2 mm nylon mesh fabric (Blickmann GmbH,
Monchengladbach, DE).

WTD were adjusted with rainwater to either 1 cm
above the seed position (‘high WTD’), or to 10 cm
below seed position (‘intermediate WTD”’), or to en-
tirely drained (‘low WTD’ treatment, positioned out-
side the water basins) and were intended to simulate
wet, intermediate, and dry soil conditions, respectively.
The ‘high WTD’-treatment can be considered to

Table 1 Habitat descriptions of

localities (all in Bavaria, Germany), Species Locality Plant community  Soil substrate Typical soil
where seeds and soil substrates (Union) moisture
were collected
Rumex acetosella  Siegenburg Corynephorion Sand Dry
Rumex acetosa Regensburg Arrhenatherion Loam Moderately moist
Rumex maritimus ~ Charlottenhof  Bidention Muddy substrate ~ Wet
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produce anaerobic conditions for the buried seeds
(Oomes et al. 1996). The experiment was set up in
autumn 2009, when freshly ripened seeds of all species
were available. The time steps of seed retrieval were 1)
April 15th 2010 (6 months after the onset of the exper-
iment), i) October 15th 2010 (12 month) and iii) April
15th 2011 (18 month).

Germination tests

Germination patterns and seed viability of the examined
Rumex species were tested both before the onset of the
experiment (untreated seeds) and after burial for 6, 12, or
18 months, respectively. For testing the untreated seeds,
25 seeds were placed on two 90-mm-diameter filter paper
discs (Sartorius 3 hw) in petri dishes (n=8 per species).
After filter papers were saturated with deionized water,
dishes were placed in a climate chamber. Germination
was tested in diurnally fluctuating temperature (DFT)
(day/night cycle 14 h/10 h; temperature 22 °C/14 °C) in
both light/dark alternation and in constantly dark condi-
tions which have been shown to be suitable germination
conditions for all species. Germination of seeds was
recorded during 45 days. Seeds were considered germi-
nated when the radicle had protruded at least 1 mm. After
45 days viability of non-germinated seeds was checked
by a Tetrazolium test. Seeds were assessed as viable
when both, embryo and endosperm were coloured red
(ISTA, 1996). For testing seeds after burial treatments, all
seeds were sterilized in their nylon bags for two minutes
with sodium-hypochlorite (5 %) and were removed from
the bags to petri dishes for germination tests. All obvi-
ously dead (empty or mouldy seeds) were removed. For
all potentially viable seeds first the germinability was
tested using the DFT regime at light/dark alternation as
described for the fresh seeds. After 45 days, all non-
germinated seeds were then stratified for six weeks at
4 °C and afterwards moved to conditions as described
above to examine germination over a time period of
another 45 days. Finally, for all remaining non-
germinated seeds the Tetrazolium test was applied. The
stratification treatment was not necessary in the case of R.
acetosa and R. maritimus. Seeds of both species were
always non-dormant.

Soil analysis

Soil moisture in pots was recorded regularly (20 times
in regular intervals, n=5) during the vegetation period
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2010 by use of a moisture meter (Theta Probe ML2x,
Delta-T Devices Ltd, UK). Soil chemistry was ana-
lyzed when first samples were exhumed in 15 April
2010. The dried and sieved samples were extracted
using the CAL method (calcium lactate) and analyzed
for phosphorus contents (Thermo Spectronic UV1),
as well as for potassium, sodium and magnesium con-
tents using an AAS (Solaar Atomic Absorption
Spectrometer Thermo Elemental).

Conductivity (of water extracted samples) and pH
(both of water extracted samples and CaCl, extracted
samples) were measured with the WTW Multi 3401 Set
(WTW GMBH, Weilheim, Germany) using the probe
WTW Tetracon 325 for conductivity and WTW Sentix
41-3 for pH. N and C were measured with a C/N
analyzer Vario EL (Elementar Analysentechnik GmbH,
Germany).

Statistics

Effects of ‘soil type’, "WTD’, ‘duration of burial” and
‘species’ on seed viability (whole data set and split by
Rumex species, Tables 5 and 6) were analyzed with
factorial ANOVAs in a generalized linear mixed model
(GLMM) using SAS statistical software (SAS, Cary
North Carolina, USA). Data were checked for ANOVA
assumptions (homogeneity of variance checked by
Bartlett’s test, normality checked by Kolmogorov-
Smirnov-test). No deviations from homogeneity of
variance assumptions were detected. The assumption
of normality was not fulfilled, which is unproblematic
because of the large enough sample size (Kleinbaum
et al. 2007).

Results
Germination of untreated seeds

Rumex species had different germination patterns
(Table 2). Seeds of all species had high viability (92—
99 %). Both R. maritimus and R. acetosella germinated
only in lighted conditions (99 % germination as com-
pared to 0 % germination in dark conditions and 37 %
germination as compared to 3 % germination in dark
conditions, respectively). By contrast, R. acefosa ger-
minated in darkness as well as light treatment (97 %
germination as compared to 80 % germination in dark
conditions).
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Table 2 Overview of seed germination characteristics and seed traits of the study species prior to burial treatments. Seed bank types are
1: transient, 2: short term persistent and 3: long term persistent. Germination values are mean percentages+SE

Seed germination (%)

Seed traits and soil seed bank types

(22/14) Light (22/14) Dark  Viability ~Seed shape index' Seed mass (mg)®  Seed bank types’ Longevity index'

Species

R. acetosella 37+£2.1 3+1.9 92+0.5
R. acetosa 97+0.4 80+0.7 97+0.4
R. maritimus 99+0.2 0 99+0.2

0.03
0.06
0.05

0.37 1,2,3 0.51
0.55 1,2,3 0.14
0.44 1,2,3 0.58

i (according to Kleyer et al., 2008); ii (according to Thompson et al., 1997; Kleyer et al., 2008)

Soil analysis

The three substrates used in this experiment had differ-
ent physicochemical properties and overall moisture
contents. The used sand and loam differed distinctly
concerning nutrient contents, since the loam contained
roughly by an order of magnitude more nitrogen, phos-
phorus, potassium and magnesium (Table 3). The nutri-
ent content of the muddy substrate lay between those of
the sand and the loam, with the exception of N-contents
and C/N-ratio, which were similar between the loam and
the mud substrate. Concerning pH, the muddy substrate
was more acidic (pH around 4), while both the used
sand and loam were close to neutral or very slightly
acidic. Soil moisture varied considerably with substrate
and WTD (Table 4). On average the sand substrate had
the lowest water contents in each respective WTD,
followed by loam and the mud substrate. Likewise, the

minimum moisture content (after 25 consecutive dry
summer days) was lowest in sand followed by loam
and the mud substrate, and the max. water contents
brought similar results. Concerning the overall effects
of WTD, the step in water contents from the low to the
intermediate WTD was about 100 to 200 % increase
depending on substrate and about 12 to 29 % increase
from intermediate to high WTD. Also, due to the effect
of irregular precipitation, soils in low WTD had more
pronounced variation in soil moisture than the other soil
substrates (Table 4).

Effects of soil substrate and WTD on soil seed
longevity

The multi-way ANOVA results reveal that all main
factors (‘species’, “WTD’, ‘soil type’, ‘duration of
burial’) and their interactions had significant effects

Table 3 Chemical properties of the three used soil substrates: sand, loam, muddy substrate. Soil was sampled from the experiment
6 months after its onset when first samples were exhumed (means+SE for n=3). BDL=below detection limit

Chemical and Sand Loam Muddy substrate

physical properties

WTD Low Inter- High Low Inter- High Low Inter-mediate High

mediate mediate

pH in water 72402  6.240.1 6.0£0.0 6.1+0.1 6.6+0.1 6.7+0.0 4.240.1 4.0£0.1 4.0£0.1

pH in CaCl, 5.7£0.0 5.6£0.0 5.7£0.0 5.9+0.1 6.1+0.1 6.4+0.0 4.2+0.3 3.9+0.1 3.9+0.1

Conductivity 47420 7.743.6 57424  90.0+42.5 263492 64.0+33.8 493.0+159.3 482.0+324.0 244.7+187.4
(dSm™)

Phosphate BDL BDL BDL 10.4+0.8 12.3£7.8  5.8+0.6 2.6+0.8 16.9+10.8  2.2+2.1
(mg k™)

K" (mg kg™) 21.2+1.5 20.5£0.5 20.8+0.5 186.8+13.8 172.5+8.8 184.2+14.4 43.343.6 47.9+14 51.1£5.1

Mg®" (mg kg!) 92405 10.0£1.2 9.6+0.5 51.040.0  52.5+1.1 51.7£0.4  12.2+1.0 13.7+0.6 14.0£1.5

C (mg kg™ BDL BDL BDL 5.0+0.3 47402  5.2+0.3 3.4£1.0 4.6+0.8 3.7+0.7

N (mg kg™ BDL BDL BDL 0.4+0.0 0.3+0.02  0.4+0.0 0.3+0.1 0.4+0.1 0.3+0.1

C/N / / / 13.9+0.9 15.5£0.1 14.5+0.3 11.9+0.3 12.2+0.4 11.5+0.1
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Table 4 Soil moisture (m® m™>, means + SE for #=8) of the three soil substrates: sand, loam, muddy substrate. Measurements were
carried out 20 times in regular intervals during the vegetation period 2010

Sand Loam Muddy substrate
Low Inter-mediate High Low Inter-mediate High Low Inter-mediate High
Min 0.03+£0.01  0.35+0.01 0.38+0.00 0.07+0.01 0.38+0.01 0.46+0.01 0.09+0.03 0.43+0.01 0.5240.01
Max 0.23+£0.02  0.47+0.01 0.54+0.01 0.32+0.01 0.51+0.01 0.63+0.01 0.36+0.02 0.65+0.03 0.79+0.04
Average 0.13+0.01  0.40+0.01 0.45+0.01 0.20+0.02 0.43+0.01 0.54+0.01 0.24+0.02 0.51+0.01 0.66+0.02

on soil seed longevity (Table 5). According to their
high F-values, factors that most strongly influenced
seed longevity were ‘species’ (F=3855.86), ‘duration
of burial” (F=254.20) and ‘species % duration of burial’
(F=107.97), as well as ‘species x WTD’ (F=79.82,
Table 5). Although ‘soil type’ had a significant effect
on viability, its effect was less pronounced than that of
other factors.

The above multi-way ANOVA with ‘species’ as a
factor merely gives general information, while the fol-
lowing ANOVA analysis are carried out for the three
Rumex-species individually (Table 6). Seed viability
values varied strongly between species and, as an overall
assessment, were reduced along the moisture gradient
from dry to wet conditions (Fig. 1). Viability of R.
acetosella seeds was strongly affected by ‘duration of

Table 5 Results of multi-way ANOVA for effects of ‘species’,
‘water table depth’ (WTD), ‘soil type’, and ‘duration of burial®
on seed viability. Total variation in seed viability explained by
this model was 95 %

Factors df F-value P-value
Species 2 3855.86 <0.001
WTD 2 3458  <0.001
Soil Type 2 1346 <0.001
Duration of Burial 2 25420 <0.001
SpeciesxWTD 4 79.82  <0.001
SpeciesxSoil Type 4 972 <0.001
SpeciesxDuration of Burial 4 10797 <0.001
WTDxSoil Type 4 1687 <0.001
WTDxDuration of Burial 4 2699 <0.001
Soil TypexDuration of Burial 4 591 <0.001
Speciesx WTDxSoil Type 8 7.74 <0.001
Speciesx WTDxDuration of Burial 8 9.76 <0.001
SpeciesxSoil TypexDuration of Burial 8  6.31 <0.001
WTDxSoil TypexDuration of Burial 8 5.46 <0.001
Speciesx WTDxSoilxDuration of Burial 16 4.21 <0.001
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burial’ (F=289.63, Table 6) and “WTD’ (F=122.52,
Table 6). Seed viability was slightly reduced along the
moisture gradient after 6 months (Fig.1a), but showed a
clear and significant decline especially in wet loam and
wet mud after 12 and after 18 months of burial
(Fig. 1b, c). Dry mud substrate sustained the highest
proportion of viable R. acetosella seeds (Fig. 1c). In R.
acetosa ‘duration of burial’ (F=80.35, Table 6) and
‘WTD’ (F=27.75, Table 6) and their interactions had
strong effects on soil seed viability. Seeds retrieved after
6 months of burial showed viability significantly increas-
ing with soil moisture (Fig. 1d). Over the entire course of
the experiment, viability strongly decreased. While after
12 months viable seeds were still found (Fig. 1e), there
were nearly no viable seeds left after 18 months in all
conditions (Fig. 1f). Time of burial (F=80.35, Table 6),
moisture (F=27.75, Table 6) and their interactions had
the main effect on soil seed viability. In the case of R.
maritimus, ‘duration of burial’ was not significant
(Table 6) and seed viability was generally higher than
80 % in all treatments and time steps (Fig. 1g—i). Only
‘soil type’ (F=15.32, Table 6) and interaction of ‘soil
type’ x “‘WTD’ (F=3.57, Table 6) had a significant effect
on seed survival, which mainly shows up in muddy
substrate in the high water level treatment, where
viability as compared with the other treatments is
reduced (Fig. 1g-).

Discussion

Species-specific attributes and environmental factors
affecting soil seed survival

The aim of this study was to explore the impact of
environmental factors (WTD, soil type, and their inter-
actions) on survival of three different species. Clearly,
before the impact of environmental factors can be
discussed, we need to first consider in how far the
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Table 6 Results from multi-way ANOVA performed individually for the three Rumex species for effects of ‘water table depth’ (WTD),
‘soil type’, and ‘duration of burial” on seed viability. (Bold values indicate statistical significance)

Species Variation explained Factors df F-value P-value
by the model (R?)

R. acetosella 0.87 WTD 2 122.52 <0.001
Soil Type 2 12.04 <0.001
Duration of Burial 2 289.63 <0.001
WTDxSoil Type 4 19.61 <0.001
WTDxDuration of Burial 4 19.73 <0.001
Soil TypexDuration of Burial 4 12.46 <0.001
WTDxSoilxDuration of Burial 8 8.29 <0.001

R. acetosa 0.67 WTD 2 27.75 < 0.001
Soil Type 2 1.66 0.193
Duration of Burial 2 80.35 <0.001
WTDxSoil Type 4 1.56 0.186
WTDxDuration of Burial 4 28.45 <0.001
Soil TypexDuration of Burial 4 0.89 0.474
WTDxSoil TypexDuration of Burial 8 1.53 0.150

R. maritimus 0.24 WTD 2 1.75 0.177
Soil Type 2 15.32 <0.001
Duration of Burial 2 0.71 0.494
WTDxSoil Type 4 3.57 <0.001
WTDxDuration of Burial 4 0.08 0.988
Soil TypexDuration of Burial 4 0.36 0.838
WTDxSoil TypexDuration of Burial 8 0.92 0.505

examined species have certain seed and germination
traits that might affect soil seed bank persistence. Clear
differences could be found for germination properties,
but not for other seed attributes (see Table 2). Especially
species reactions to light can explain soil seed longevity
(Grime 1989; Saatkamp et al. 2011a), and the fact that R.
acetosa germinates in darkness (Table 2) and therefore,
also germinated in the soil is an explanation of its short
soil seed longevity compared to the other two species.
Seed shape index and seed mass were found to be
approximately similar between species (Table 2).
Hence, these traits have, in this particular case, no
explanatory power for the species soil seed longevity,
although on a more general basis they are claimed by
Bekker et al. (1998b) to be important traits to understand
soil seed bank longevity.

Considering our results on the impact of environ-
mental factors, WTD is, along with species-specific
attributes, a strong factor impacting on seed longevity
in the soil (F=79.82, Table 5). In addition, ‘Soil type’
had significant effects and intensely cross-interacted

with WTD (Tables 5 and 6), supporting the thesis of
a high importance of WTD. This confirms that under
experimental and likely under natural conditions not
only species-specific attributes but also environmental
factors define soil seed longevity.

Habitat-specific soil moisture limiting seed survival
and species occurrence

One of the central questions in plant and vegetation
ecology is why a species occurs where it occurs. Since
the soil seed bank and its persistence may buffer against a
population’s extinction, we may ask the question whether
a species' seed bank persistence is highest in soil condi-
tions a species encounters in its main natural habitat
(Dalling et al. 2011). The answer to this appears to be
twofold and to depend on species. In the case of species
with a persistent soil seed bank non-sensitive to environ-
mental factors (such as R. maritimus in this study) high
seed survival in all treatments demonstrates that seed
survival is not a limiting factor for the species'
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Fig. 1 Seed viability values of three Rumex species (means =+
SE, n=8) in different combinations of soil substrate x water level.
Upper row (panels a—c): R. acetosella; middle row (panels d—f):
R. acetosa; lower row (panels g—i): R. maritimus. Seeds were
retrieved from soil after different duration of burial. Within rows,

occurrence. In such cases habitat conditions cannot play a
pivotal role in seed survival. Thus, other factors like
germination, establishment of seedlings from fresh seeds,
or further ecological parameters also limiting the niche of
the adult plant may play more important roles for the
occurrence of non-sensitive species. On the other hand, in
the case of species sensitive to environmental factors (R.
acetosella and R. acetosa), the outcome is different. High
WTD acts as a limiting factor for the survival of seeds of
R. acetosella, but it does increase soil seed survival for R.
acetosa. This result suggests that seeds of species from
dry habitats can only scarcely persist in wet soils and
likewise species from wet habitats can only scarcely
persist in dry soils. This interpretation is consistent with
studies showing that seed survival of species from dry
habitats is diminished at higher soil moisture. Seeds
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reading from left to right, duration of burial was 6 months (winter
season), (panels a, d, g), 12 months (panel b, e, h), and 18
(panels ¢, f, i). The extend to which the underlying multi-way-
ANOVAs on the included factors explained total variation in
seed viability was species dependent and can be found in Table 6

susceptible to high soil moisture are thought to suffer
from deleterious fungi and bacteria that are favored under
these conditions (Blaney and Kotanen 2001; Schafer and
Kotanen 2003; Dalling et al. 2011). In even wetter soils,
conditions become anoxic so that microbial activity is
inhibited and cannot have the effects described above
(Griffin 1972). It is assumed that for certain species
anoxic conditions disrupt metabolic processes and thus
cause high seed mortality (Bekker et al. 1998d). This
appears to be the case for the drought-adapted R.
acetosella. By contrast, R. acetosa, which occurs in
wetter habitats than R. acetosella, showed higher seed
survival in moist soils and also in the presumably anoxic
conditions of high WTDs. Seeds of species from wet
habitats may better tolerate anoxic conditions
(Skoglund and Hytteborn 1990; Murdoch and Ellis
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2000; Poschlod et al. 1996; Oomes et al. 1996), which
can be attributed to adaptations allowing their basic me-
tabolism to endure (Bekker et al. 1998d). Conversely,
such species may be more susceptible to high oxygen
levels in dry soils (Hendry 1993; Bahin et al. 2011) or
simply to drought (Schiitz 2000).

Interaction of environmental factors

The interaction of different habitat conditions with soil
seed survival is not yet fully understood. This is partly
due to experimental restrictions as already mentioned in
the introduction. Results from field observations are
often hard to interpret, because various environmental
factors depend on each other and are hard to vary indi-
vidually (Voesenek and Blom 1992; O’Hanlon-Manners
and Kotanen 2006; Davis et al. 2005; Pakeman et al.
2012). While 'substrate type' was found to have no effect
in a study by Long et al. (2009), soil type did have
considerable effects in our study (significant for both R.
acetosella and R. maritimus). In R. maritimus, ’Soil type’
interacted with WTD, and seed survival in muddy sub-
strate x high WTD was reduced in comparison to any
other “WTD x substrate type’ combination (see also
Fig. 3). While this is in contrast to our hypothesis that
seeds can survive better under those conditions where
the species occurs, it still demonstrates that interactions
of environmental factors need to be included in the study
of seed bank longevities.

Methodological concerns of soil seed bank persistence
classifications

Soil seed bank persistence is not a fixed trait, even
within each individual species, but varies strongly
from transient to long-term persistent in different stud-
ies (Table 2; Thompson et al. 1997). Considering our
own results, Rumex species have different soil seed
longevities: R. acetosa can only survive a compara-
tively short while, mostly only some months (Fig. 2).
By contrast, in the case of R. maritimus, soil seed
survival can last very long, over up to several years,
resulting in a long-term persistent seed bank. For a
third species, R. acetosella, we found an intermediate
longevity with seeds surviving one year or, depending
on soil conditions, even more (Fig. 1, Table 6).
However, both R. acetosella and R. maritimus have
been assigned to the same Longevity Index according
to Kleyer et al. (2008).

Therefore, edaphic conditions and especially soil
moisture should be taken into account when classifying
species seed banks, especially if this classification is
based merely on a few references reporting on the
species. For Central Europe, for instance, this could be
done by using vegetation relevées from the soil seed
bank sampling sites and calculating the average
Ellenberg Indicator Value for soil moisture. Otherwise,
divergence from such classification would need to be
expected due to the impacts of diverse environmental
factors. One example from our study is R. acetosella.
Judging merely from results from the treatment ‘high
WTD’ x ‘muddy substrate’, this species might be clas-
sified as ‘short-term’, as seed viability after 12 months
was reduced from initial 92 % to less than 5 %. In
another treatment, though, ‘low WTD’ x ‘muddy sub-
strate’, seed survival after 18 months was still at about
75 %, and classification would be rather ‘long-term’.
With these considerations in mind we suggest that future
classifications of seed longevity indices ought to evolve
from assigning a species to a single class to assignments
to a range of classes that takes environmental impacts
into account.
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