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a  b  s  t  r  a  c  t

Restoration  of riparian  plant  communities  on bare  soil requires  germination  of  seeds  and  establishment
of  seedlings.  However,  species  that  are  present  in  the  soil  seed  bank  do not  always  establish  in the
vegetation.  Temperature,  moisture  conditions  and  soil  type  could  play  a  major  role  in the  establishment
of  riparian  plant  communities,  through  impacting  seedling  emergence.

We studied  the  effects  of temperature,  combinations  of temperature  and  moisture  conditions,  and  soil
type  on  seedling  emergence  and  mortality  of perennial  reeds  (Typha  latifolia  and  Phragmites  australis)
and  annual  or  biannual  pioneer  species  (Senecio  congestus,  Rumex  maritimus  and  Chenopodium  rubrum).
The  responses  to  the environmental  conditions  were  species-specific  and  resulted  in  context-dependent
differences  in  proportions  of  species  emerging  from  the  soil  seed  bank. Typha  latifolia  and  S.  congestus
preferred  wet  or  very  wet  conditions,  C.  rubrum  and  R.  maritimus  preferred  dry  to  very dry  conditions.
Phragmites  australis  was  able  to  establish  under  all conditions.  Both  cold  and  very  dry  conditions  resulted
in  low  emergence  and survival,  which  was  not  fully  compensated  for when  conditions  became  favorable
again. Senecio  congestus,  R.  maritimus  and  C.  rubrum  benefitted  from  secondary  seedling  emergence  when,
after  a very  dry  period,  the  weather  became  very  wet  again,  while  T. latifolia  and  P. australis  remained
absent.
ypha latifolia
hragmites australis
enecio congestus
umex maritimus
henopodium rubrum

When  the  conditions  remained  wet, more  seedlings  emerged  from  sand  than  from  clay.  However,  when
the  soil  was  drying  out,  fewer  seedlings  emerged  from  sand  than  from  clay.

We  propose  that  using  information  on plant  species-specific  responses  to abiotic  environmental  con-
ditions  during  germination,  emergence  and  establishment  can help  to restore  different  target  riparian
plant  communities.

© 2016  Elsevier  B.V.  All  rights  reserved.
. Introduction

Natural well-developed banks and shorelines are characterized
y a variety of riparian plant communities. The zone around the
aterline is dominated by perennial reed species such as Phrag-
ites australis and Typha latifolia. In areas where the water level

rops in spring and summer, for example in non-regulated lakes
nd rivers, mudflats emerge with annual or biannual mudflat and

ioneer species such as Senecio congestus, Chenopodium rubrum and
umex maritimus.  The reed zones are important as a breeding habi-
at for fauna and the pioneer communities as a food source for

∗ Corresponding author. Present address: Waternet, P.O. Box 94370, 1090 GJ Ams-
erdam, The Netherlands.

E-mail address: gerard.ter.heerdt@waternet.nl (G.N.J. Ter Heerdt).

ttp://dx.doi.org/10.1016/j.aquabot.2016.09.008
304-3770/© 2016 Elsevier B.V. All rights reserved.
waterfowl (Clevering and Van Gulik, 1997; Lenssen et al., 1999;
Coops et al., 1999; Nijhof, 2002). However, many water systems
have strongly changed due to water regulation, often involving loss
of riparian plant communities. Restoration of riparian plant com-
munities is a major issue; both in North America (Van der Valk and
Pederson, 1989; Van der Valk, 2005) and Western Europe (Coops
et al., 2004; Abrahams, 2006). In the Netherlands, the Water Frame-
work Directive stimulates large-scale restoration measures, such as
(re)construction of gently sloped banks (Clevering and Van Gulik,
1997; Boedeltje et al., 2003a; Everaert et al., 2013), increased fluc-
tuations in water level and drawdowns (Vulink and Van Eerden,
1998; Coops and Hosper, 2002; Sarneel et al., 2014), creating flood-

plain flats (Nijhof, 2002) and removal of the topsoil or vegetation
(Lenssen et al., 1999). These methods all result in bare soil, where
the establishment of riparian plant communities is supposed to
start from seeds (Ter Heerdt and Drost, 1994; Van der Valk et al.,

dx.doi.org/10.1016/j.aquabot.2016.09.008
http://www.sciencedirect.com/science/journal/03043770
http://www.elsevier.com/locate/aquabot
http://crossmark.crossref.org/dialog/?doi=10.1016/j.aquabot.2016.09.008&domain=pdf
mailto:gerard.ter.heerdt@waternet.nl
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992; Boedeltje et al., 2003a). Dispersal is often not considered
 major constraint for establishment of riparian plant species, as
hey generally disperse well by water, wind, birds or mammals
Boedeltje et al., 2003b; Soons, 2006; Vogt et al., 2007; Van Leeuwen
t al., 2012; Stroh et al., 2012) and their seeds remain viable in
he soil seed bank for several years (Ter Heerdt and Drost, 1994;
oedeltje et al., 2003a; Jensen, 2004).

However, there is still insufficient knowledge to precisely pre-
ict which communities may  become restored. Some riparian
pecies, though abundant in the soil seed bank, do not establish
fter restoration measures, while others do (Welling et al., 1988;
eck and Simpson, 1995; Brown, 1998; Hopfensperger, 2007). Such
ifferences between species establishment could be caused by
ifferences in environmental conditions and differential seed ger-
ination and seedling mortality of the species present in the soil

eed bank (Galinato and Van der Valk, 1986; Weiher and Keddy,
995; Keddy, 1999). Temperature and moisture content of the soil

argely determine the germination of seeds (Baskin and Baskin,
001), so that knowledge of the response of the species in the
eed bank to these environmental factors should enable us to
redict which communities may  be able to establish after restora-
ion measures. These responses are not known, but can be tested
xperimentally. The fate of the seeds that do not emerge when
onditions are unfavorable is also unknown. Baskin and Baskin
1988) and Baskin et al. (1989) suggested that seeds that did not
erminate due to unfavorable conditions such as drought, may
ecome physiologically dormant. Therefore, not all seeds will ger-
inate when environmental conditions become favorable again

secondary seedling emergence). This might also be species specific,
nd can be tested experimentally.

The present study is based on the experiences during a large-
cale drawdown from 1987 to 1988 in the Oostvaardersplassen
n the Netherlands (52◦26′N, 5◦19′E). The Oostvaardersplassen are
hallow, non-tidal freshwater lakes, without strong water-level
uctuations. The bottom consists of clay. Due to a high grazing
ressure by Greylag geese (Anser anser) most of the helophyte
ommunities with P. australis and T. latifolia disappeared, includ-
ng their rhizomes. As the water level hardly fluctuated, mudflats

ith annual and biennial species became scarce and helophytes
id not re-establish (Wigbels, 1990; Vulink and Van Eerden, 1998;
eemster et al., 2010). The main goal of this drawdown was the
e-establishment of T. latifolia and P. australis stands (Vulink and
an Eerden, 1998). However, during the first year of drawdown
everal other riparian plant communities established. This varia-
ion was not caused by variation in the composition of the soil seed
ank, as all species were present in sufficient numbers to become
bundant or dominant, except P. australis (Ter Heerdt and Drost,
994). The vegetation development appeared to depend on dif-
erent weather conditions during the early establishment of each
ommunity. A community dominated by T. latifolia established dur-
ng a very wet period. Chenopodium rubrum and R. maritimus were
he most abundant species after a very dry period. Senecio conges-
us became dominant when, after a very dry period, the weather
ecame very wet again. Phragmites australis was  present in low
ensities, apparently independent of the weather.

Earlier studies do not provide sufficient detailed information
bout the preferences of these species to understand how dif-
erent communities could arise (Ter Heerdt and Drost, 1994). In
he present study we will test, with a series of experiments, if
ifferential species responses to various moisture conditions and
emperatures could explain the establishment of different com-

unities from the same soil seed bank after a drawdown. As the

oisture content of the soil depends largely on evaporation and,

herefore, on temperature, we tested effects of temperature and
everal combinations of temperature and moisture conditions. As
ermination characteristics may  depend on the history of the seeds
Botany 136 (2017) 82–94 83

(Baskin and Baskin, 1988) we  used seeds collected from a natural
soil seed bank in the Oostvaardersplassen.

In the Netherlands, there are plans to restore riparian vegetation
on clay soils or on pleistocene sandy soils. When moisture condi-
tions determine germination and mortality, this may  vary between
soil types, as clay soils can hold more water than sandy soils. This
we tested in an additional second series of experiments, focusing
on the two major target species for the restoration of riparian veg-
etation: P. australis and T. latifolia. These species disperse seeds in
early spring, when the weather is warm and the water level drops;
therefore we used freshly harvested seeds for the experiments.

If it is known how temperature, the combination of tempera-
ture and moisture conditions and soil type affect the germination
of the various species in the soil seed bank, it is understood how
this should lead to the establishment of different communities and
it should be possible to predict more precisely which plant com-
munities may  establish. Therefore, the aim of the present study
is to determine if T. latifolia, P. australis, S. congestus,  R. maritimus
and C. rubrum respond differentially to temperature, combina-
tions of temperature and moisture conditions, and soil type. The
responses tested are seedling emergence and mortality, as germi-
nation cannot be determined in buried seeds. We  hypothesize that
(1) seedling emergence and mortality in response to temperature,
the combination of temperature and moisture and soil type dif-
fer between plant species. Based on the Oostvaardersplassen case
study, we  expected that T. latifolia and S. congestus prefer very wet
conditions, C. rubrum and R. maritimus prefer dry conditions and
P. australis is able to establish under all conditions (2) that after
a period with unfavorable conditions for seedling emergence and
survival, some species will emerge when conditions become favor-
able (secondary seedling emergence), while others will not. We
expected that S. congestus should benefit from secondary seedling
emergence when, after a very dry period, the weather becomes very
wet again.

2. Methods

2.1. Experimental setup

We set up a series of experiments where we  measured the emer-
gence and mortality of seedlings of five riparian plant species under
different environmental conditions. The experimental combina-
tions of temperature and moisture were considered as treatments
and were based on the weather conditions during the large-scale
drawdown in the Oostvaardersplassen from 1987 to 1988. During a
very wet period mean evaporation surplus (or precipitation deficit)
was zero mm/day and the intervals between rainy periods were
2–3 days. During a very dry period mean evaporation surplus was
1.70 mm/day and the intervals between rainy periods were up to
two weeks. Therefore we used moisture treatments ranging from
very wet (evaporation surplus = 0.00 mm/day) to very dry (evap-
oration surplus = 1.70 mm/day) and two treatments in between
(Table 1).

The drawdown in the Oostvaardersplassen took place between
March/April and October. Air temperature in this period varied
between near 0 ◦C and over 30 ◦C. During clouded and rainy periods,
the temperature of the upper few mm of the soil would be close to
the air temperature. During summer, temperature at three cm soil
depth in the Netherlands could become 30–34 ◦C during midday.
Due to radiation the upper five mm may  have been several degrees
warmer during hot and dry periods (Ten Berge, 1990). Therefore

we tested temperatures between 3 ◦C and 30–40 ◦C (Table 1). This
study focuses on the first 30 to 40 days of seedling emergence, when
plant coverage is still small and competition for water, light and
nutrients is supposed to play only a minor role. The species used to
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Table 1
Environmental conditions tested in the six experiments. In the first two experiments seedling emergence under five temperature treatments was tested. In the second two
experiments seedling emergence under several moisture treatments was tested. In the last two  experiments the mesocosms from the former experiment were kept wet and
warm  afterwards for 30 days to detect remaining viable, non-dormant seeds. Species tested: Typha latifolia (Tl), Phragmites australis (Pa), Chenopodium rubrum (Cr), Rumex
maritimus (Rm) and Senecio congestus (Sc).

Effect of temperature on seedling emergence and T50 by species; five species on clay

Soil: clay treatment 1 2 3 4 5
Species: Tl, Pa, Sc, Cr, Rm temperature (◦C, night-day) 3–10 5–15 10–20 15–25 20–30
Petri-dishes evaporation low low low low low
Replicates: 5 evaporation surplus (mm/day) 0.0 0.0 0.0 0.0 0.0

Effect  of temperature on seedling emergence and T50 by soil and species; two species on clay or sand
Soil:  clay & sand treatment 1 2 3 4 5
Species: Tl, Pa temperature (◦C, night-day) 3–10 5–15 10–20 15–25 20–30
Petri-dishes evaporation low low low low low
Replicates: 5 evaporation surplus (mm/day) 0.0 0.0 0.0 0.0 0.0

Effect  of temperature and drought on seedling emergence, T50, Emax and % survival by species; five species on clay
Soil:  clay treatment very wet & cold wet & cool dry & warm very dry & hot
Species: Tl, Pa, Sc, Cr, Rm temperature (◦C, night-day) 3–10 10–20 20–30 30–40
Mesocosms evaporation (mm/day) 0.7 1.1 3.3 4.5
Replicates: 6 evaporation surplus (mm/day) 0.00 0.57 1.14 1.70

Effect of temperature and drought on seedling emergence, T50, Emax and % survival by soil and species; two species on clay or sand
Soil:  clay & sand treatment wet & cool intermediate very dry & warm
Species: Tl, Pa temperature (◦C, night-day) 10–20 15–25 20–30
Mesocosms evaporation (mm/day) 1.4 2.7 4.0
Replicates: 5 evaporation surplus (mm/day) 0.57 1.14 1.70

Effect of previous treatment on secondary seedling emergence by species; five species on clay
Soil:  clay previous treatment (exp. 3) very wet & cold wet & cool dry & warm very dry & hot
Species: Tl, Pa, Sc, Cr, Rm temperature (◦C, night-day) 20–30 20–30 20–30 20–30
Mesocosms evaporation (mm/day) 4.0 4.0 4.0 4.0
Replicates: 6 evaporation surplus (mm/day) 0.0 0.0 0.0 0.0

Effect of previous treatment on secondary seedling emergence by soil and species; two species on clay or sand
Soil:  clay & sand previous treatment (exp. 4) wet & cool intermediate very dry & warm
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est our hypotheses were the five most abundant ones during the
rawdown from 1987 to 1988 (T. latifolia, C. rubrum, R. maritimus
nd S. congestus) or the following years (P. australis).

Saturated, unripened clay that never dried out before and that
as not been subject to soil formation, obtained from the Oost-
aardersplassen reserve, was used for a first series of experiments,
here we tested the performance of five species on clay: T. latifolia,

. australis, C. rubrum, R. maritimus and S. congestus, under different
emperature and moisture regimes. Additionally, in a second series
f experiments with two species, the performance of T. latifolia and
. australis was tested on ripened clay obtained from a former agri-
ultural field and fine grained pleistocene sand obtained from a
uarry.

.2. Seed sources and treatment

.2.1. Experiments with five species on clay
Seeds of T. latifolia, P. australis, C. rubrum, R. maritimus and S.

ongestus used in the first series of experiments were collected
rom the soil seed bank in the Oostvaardersplassen in March 1992.
oil samples were washed on a 0.212 mm  mesh to remove all clay
Ter Heerdt et al., 1996). The remaining mixture of detritus and
eeds was kept wet, dark and cool (4 ◦C) for six to eight months
ntil they were used end 1992. This material contained viable and
on-dormant seeds of the five species that we wanted to test (Ter
eerdt et al., 1996). Special care was taken to supply each replicate
ith the same amount of seeds. In the five-species experiments

n clay with five temperature treatments, five batches of detritus-

eed mixture were split in five equal parts, one for each treatment,
esulting in five replicates per treatment. In the five-species exper-
ment with four combinations of moisture and temperature, two
atches of mixture were split in 12 parts each, three for each treat-
20–30 20–30 20–30
4.0 4.0 4.0
0.0 0.0 0.0

ment, resulting in six replicates for each treatment. After the end
of each experiment, the replicates were stirred and kept wet for
four weeks at 20–30 ◦C to test for remaining viable, non-dormant
seeds (Ter Heerdt et al., 1996). The number of viable, non-dormant
seeds sown was  estimated by the maximum number of seeds that
emerged during the experiments plus the number of seeds that
emerged afterwards. These numbers of seeds were taken as 100%
and are presented in Table 2.

2.2.2. Experiments with two  species on sand and clay
Seeds of T. latifolia and P. australis used were harvested from

plants in the Oostvaardersplassen in November 1998, stored dry,
dark and cool (4 ◦C) for 3–4 months until they were used the begin-
ning of 1999. Before sowing they were soaked in water for at least
24 h. In the temperature experiment, 50 seeds of each species were
sown. In the experiment where we tested the effect of temperature
and moisture combined, 100 seeds per species were sown. After the
end of each experiment, the replicates were stirred and kept wet for
four weeks at 20–30 ◦C to test for remaining viable, non-dormant
seeds (Ter Heerdt et al., 1996). The number of viable non-dormant
seeds sown was  determined by the maximum number of seeds that
emerged during the experiments plus the number of seeds that
emerged afterwards, the same way as in the experiment with five
species on clay (Table 2).

2.2.3. Experimental soil layer
Under natural conditions seeds are buried in the soil and, gen-

erally, only seeds in the upper few mms  will germinate (Galinato

and Van der Valk, 1986; Ter Heerdt et al., 1996; Gleason et al.,
2003). Therefore, in all experiments the seeds were mixed with
sand, or clay, and water to a soil-seed mixture and poured in a
3 mm thick layer on the substrate used. Burial, especially in clay,
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Table  2
Number of viable non-dormant seeds detected during the experiments plus additional tests afterwards. These numbers were taken as the total number of seeds present
(100%)  when comparing the effects of the different treatments.

Experiments with five species on clay Experiments with two species on clay and sand

Effect of temperature Effect of moisture
and temperature

Effect of temperature Effect of moisture
and temperature

Batch 1 Batch 2 Batch 3 Batch 4 Batch 5 Batch 1 Batch 2 clay and sand clay sand

T. latifolia 129 116 118 115 125 198 184 50 27 44
P.  australis 8 7 7 11 10 21 23 50 53 66
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S.  congestus 30 24 29 27 25 

R.  maritimus 9 10 13 10 9 

C.  rubrum 70 48 62 58 55 

ecreases germination (Ter Heerdt et al., 1996), which is why
ot all 100 seeds in the two-species experiment, were we tested
he effect of moisture conditions on sand and clay, were able to
merge.

.3. Description of the experiments

All experiments were performed in climate chambers designed
or plant growth experiments. Environmental conditions tested in
he six experiments are summarized in Table 1. Day length was  12 h.
emperature fluctuated diurnally by 10 ◦C differences between day
nd night, as wetland species generally germinate best under these
onditions (Galinato and Van der Valk, 1986).

.3.1. Effect of temperature and soil type on seedling emergence
In the five-species temperature experiment on clay we tested

he emergence of all five plant species in response to five differ-
nt temperature treatments (Table 1) on clay soil. All five species
rew together. This experiment was performed end 1992. In the
wo-species temperature experiment we tested the emergence of
. australis and T. latifolia, in response to the same five different tem-
erature treatments on clay and sandy soils. Seeds of each species
ere sown in separate Petri dishes. This experiment was performed

eginning 1999.
The soil-seed mixture (see Section 2.2.3) was poured in a 3 mm

ayer on paper on water-saturated rock-wool in well-closed 10 cm
etri dishes. The maximum numbers of seeds detected, taken as
00%, are shown in Table 2. The soil-seed mixture was watered
ntil saturation every 2–4 days. The experiment was finished after
5 days. Number of replicates was five. Seedlings were counted and
emoved after emergence, the first three weeks every 2–4 days and
ater weekly.

.3.2. Effect of combinations of moisture and temperature, and
oil type on seedling emergence and mortality

Here we tested differences between riparian species, regard-
ng the effect of combinations of temperature and evaporation
urplus, and soil type on seedling emergence and mortality. Buck-
ts of twelve liters were used as mesocosms. In the five-species
xperiment all five species were compared on clay (Table 1). In
ach mesocosm all five species grew together. The mean initial
oil water content of the saturated clay was 51% (w/w), the meso-
osms contained approximately 7.6 l of water. Number of replicates
as six. In the two-species experiment the effect of soil type (clay

s sand) was additionally tested, but only with P. australis and T.
atifolia (Table 1). The mean initial soil water content of the sat-
rated sand was 16.4% (w/w). Mesocosms with sand contained

pproximately 3.1 l of water. The surface of the mesocosms was
ivided in two equal parts. On one half 100 T. latifolia seeds were
own, on the other half 100 P. australis seeds. Due to the burial
n the soil, not all those seeds emerged as seedlings. The max-
135 139
146 128
197 221

imum numbers of seeds detected, taken as 100%, are shown in
Table 2.

Evaporation depended on four temperature regimes (Table 1)
and was measured by weighing the mesocosms. The four treat-
ments ranged from very wet & cold to very dry & hot (Table 1).
Evaporation surplus was  manipulated by replenishing the weight
loss of the mesocosms with different amounts of water. The water-
ing frequency during the five-species experiment on clay was four,
two or one times per fortnight. Each combination of moisture level
(four treatments) and watering frequency (three frequencies), thus
four × three treatments, was  replicated two times. During the two-
species experiment on sand or clay the watering frequency was four
times per fortnight (very wet & cold), twice per fortnight (interme-
diate) or once per fortnight (very dry & hot). Number of replicates
in the two-species experiment on sand or claywas five. Emerged
seedlings were counted and marked individually twice a week.
Seedlings that had died were counted and removed. Both exper-
iments lasted 30 days. The five-species experiment on clay was
performed the end of 1992 and the two-species experiment on sand
or clay the beginning of 1999.

2.3.3. Secondary seedling emergence
In the experiments where we  studied secondary seedling emer-

gence, we  tested how unfavorable conditions with respect to the
combination of evaporation surplus and temperature, followed by
subsequent favorable conditions, affect seedling emergence in the
second cohort. We  used the mesocosms of the five- and two-species
moisture experiments (see Section 2.3.2). At the end of these exper-
iments, we  removed all seedlings and kept all mesocosms under
optimal conditions for wetland seedling emergence, i.e., saturated
soils and a temperature of 20 ◦C at night and 30 ◦C at day (Ter Heerdt
et al., 1996). This combination of high temperature and saturated
soil is unlikely to occur for more than a few days under field con-
ditions, but is commonly used to determine the composition of the
soil seed bank. Seedlings in the second cohort were counted and
removed, until no new seedlings emerged (after 30 days). Number
of replicates was the same as in five- and two-species moisture
experiments; 6 and 5 respectively.

2.4. Data analyses

The highest number of seedlings per species per experiment,
including the check for viable seeds afterwards, was considered as
the number of viable and not dormant seeds that was sown and
taken as 100% (Table 2). Percentage seedling emergence was calcu-
lated for each sampling date. Maximum emergence capacity (Emax)
in each mesocosm was calculated per species and treatment as per-
centage of the number of seeds sown. Mortality was  expressed

as percentage of the seedlings that emerged. Time to reach 50%
seedling emergence (T50) was  calculated in each mesocosm as a
proxy of emergence rate (Grime et al., 1981; Joosen et al., 2010).
Cumulative emergence data were used to calculate T50. Secondary
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Table 3
Five species on clay. Overview of the effects of species identity and temperature
regime on T50 and Emax. Bold values represent statistically significant differences.

T50 Emax

F P df F P df

Species 117.48 <0.001 4/100 2.70 0.035 4/100

s
n
e

E
t
r
d
i
L
t
s
o
i
t
a
T

3

3

3

i
r
t
d
p
t
a
6
b
d
p
t
T

p
(
f
t
s
s
b
s
A

3

t
a
d
d
P
D

Fig. 1. Effect of temperature regimes on A: emergence rate (T50) and B: maximum
emergence capacity (Emax). Comparison between Typha latifolia, Phragmites australis,
Chenopodium rubrum, Rumex maritimus and Senecio congestus on clay. Marks indi-
cate means, error bars indicate ± S.E. of the mean (n = 5). Temperature regime is
temperature (◦C) during night and day (Table 1).

Table 4
Two  species on clay and sand. Overview of the effects of species identity, tem-
perature regime and soil type on T50 and Emax. Bold values represent statistically
significant differences.

T50 Emax

F P df F P df

Species 43.21 <0.001 1/77 121.96 <0.001 1/77
Temperature 1632.62 <0.001 4/77 378.86 <0.001 4/77
Soil  4.08 0.047 1/77 417.73 <0.001 1/77
Spec × temp 15.11 <0.001 4/77 14.64 <0.001 4/77
Spec × soil 17.57 <0.001 1/77 298.69 <0.001 1/77
Temp × soil 3.16 0.019 4/77 10.79 <0.001
3-way 3.29 0.015 4/77 7.61 <0.001 4/77
Temperature 652.35 <0.001 4/100 0.44 0.781 4/100
Spec × temp 28.76 <0.001 16/100 3.82 <0.001 16/100

eedling emergence was calculated as percentage of the potential
umber of viable seeds, left at the end of the previous moisture
xperiments.

The data were analyzed with general linear models using T50,
max and percentage mortality as response variables. Species iden-
ity, temperature, the combination of temperature and moisture
egime, watering frequency and soil type were used as fixed factors,
epending on the experiment. Residuals were tested for normal-

ty with a Shapiro test and for homogeneity of variances with a
evene’s test. T50 data were log-transformed in all experiments
o obtain a normal distribution of the residuals. The numbers of
eeds were sufficient to detect significant effects of treatments. The
nly exceptions are the numbers of P. australis and R. maritimus

n the five-species temperature experiment on clay, which were
oo low to detect an effect of temperature on Emax. All statistical
nalyses were carried out in R version 2.13.0 (R Development Core
eam).

. Results

.1. Effect of temperature on seedling emergence

.1.1. Five species on clay
For all five species, the emergence rate increased with increas-

ng temperature, as T50 decreased (Table 3, Fig. 1A). The emergence
ate also depended on the interaction between species identity and
emperature regime, indicating that the tested species responded
ifferently to changes in temperature regimes (Table 3). For exam-
le, T. latifolia had the lowest emergence rate of all species at low
emperature, while it had the highest emergence rate of all species
t high temperature (Fig. 1A). For this species, seedlings emerged
.7 times as fast at high than at low temperature. Differences in T50
etween temperatures could be nearly 20 days. Some other species
id not have such strong variation in emergence rates across tem-
erature. For example, S. congestus seedlings emerged just over 2
imes faster at high than at low temperature and the difference in
50 between temperatures was only 5 days.

There was no general relationship between Emax and tem-
erature across the different species (Table 3). For some species
e.g. T. latifolia) Emax increased at higher temperature, while
or other species (e.g. S. congestus)  Emax decreased at higher
emperature (Fig. 1B). Some species (e.g. P. australis) did not
how a clear relationship between Emax and temperature. The
pecies × temperature interaction indicated a significant difference
etween the response of the various species (Table 3). The time
eries on which these results are based are shown in Appendix
.

.1.2. Two species on clay and sand
Seedling emergence rate increased with increasing tempera-

ure (Table 4, Fig. 2A). The interaction between species identity
nd temperature regime indicated that the two species responded

ifferently to changes in temperature regimes (Table 4), but the
ifferences were very small (Fig. 2A). Soil type did not affect T50 of
. australis, but for T. latifolia T50 was lower in sand than in clay.
ifferences in T50 were relatively small, three days or less, but sta-
tistically significant. Both T50 and Emax were affected by the 3-way
interaction between species identity, temperature regime and soil
type, by all 2-way interactions between these factors and by the
main effects of these factors (Table 4).

Overall, Emax increased with temperature, was higher in sand
than in clay and was  on average higher for P. australis than for T.
latifolia (Table 4, Fig. 2B). The interaction effects in Emax (Table 4)
may  be explained by the relatively low Emax of T. latifolia in clay, as
compared to T. latifolia in sand and P. australis in both sand and clay.
Moreover, T. latifolia in clay had the lowest Emax of all soil × species
combinations, while T. latifolia in sand had the highest Emax. The
time series where these results are based on are shown in Appendix
B.
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Fig. 2. Effect of temperature regime on A: emergence rate (T50) and B: maximum
emergence capacity (Emax). Comparison between Typha latifolia and Phragmites aus-
tralis on clay and sand. Marks indicate means, error bars indicate ± S.E. of the mean
(n  = 5). Temperature regime is temperature (◦C) during night and day (Table 1).
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Fig. 3. Effect of moisture and temperature treatment on A: emergence rate (T50),
B:  maximum emergence capacity (Emax), C: percentage mortality. Comparison

est under very dry & warm conditions and on sandy soil (Fig. 4C).
Mortality, however, was low as only a few seedlings died within
.2. Effect of combined temperature and moisture conditions on
eedling emergence and mortality

.2.1. Five species on clay
All variables, i.e. T50, Emax and percentage mortality, were

ffected by an interaction between species identity and com-
ined temperature and moisture conditions, indicating that species
esponded differently to the droughts imposed by the evapora-
ion moisture treatments (Table 5). For all species T50 decreased
ith increasing temperature and evaporation surplus, indicating

hat under drier and warmer conditions, species emerged faster
Fig. 3A). Senecio congestus emerged faster under very wet & cold
nd cool & wet conditions than the other four species (Fig. 3A). All
pecies showed an optimum Emax at the two intermediate mois-
ure treatments (Fig. 3B). Senecio congestus and T. latifolia had their
ptimum at wet & cool conditions. For the other three species, the
ptimum was at dry & warm conditions. Moreover, under very wet

 cold conditions all species had an extremely low maximum emer-
ence capacity, only S. congestus was performing relatively well.
ortality was  affected by moisture conditions. No seedlings died

t the two wetter treatments, but under very dry & hot conditions
 large number of the seedlings died (Fig. 3C). The time series on
hich these results are based are shown in Appendix C.

Watering frequency had a significant effect on T50. Emer-
ence was slower when there were longer periods of drought.
n interaction between watering frequency and moisture condi-

ions influenced mortality (Table 5). This indicated that mortality

f seedlings increased when watering frequency was reduced, but
nly in the dry & warm and very dry & hot treatments.
between Typha latifolia, Phragmites australis, Chenopodium rubrum, Rumex maritimus
and Senecio congestus on clay. Marks indicate means, error bars indicate ± S.E. of the
mean (n = 6). Moisture and temperature treatments are described in Table 1.

3.2.2. Two species on sand and clay
Combined temperature and moisture regime affected T50

(Table 6). Soil type did not affect T50 and T50 did not differ sig-
nificantly between the two species (Table 6). For T. latifolia and P.
australis, both in sand and clay, emergence was  faster under very
dry & warm conditions than under wet & cool conditions (Fig. 4A).
Moisture affected Emax of both species (Table 6) and Emax was  opti-
mal  at the intermediate moisture regime (Fig. 4B). Various 2- and
3-way interactions between species identity, moisture regime and
soil type affected Emax (Table 6). This indicated that the two species
responded differently and that the effect of moisture treatment
depended on soil type. Under wet & cool conditions, Emax of T. lati-
folia was higher than of P. australis. In contrast, at the two drier and
warmer treatments P. australis had a higher Emax than T. latifolia. In
sandy soil both P. australis and T. latifolia emerged less than in clay
soil (Fig. 4B), thus Emax was affected strongly by soil type. Mortality
was affected by moisture and soil type (Table 6), and was high-
30 days. The time series on which these results are based are shown
in Appendix D.
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Table 5
Five species on clay. Overview of the effects of species identity, moisture conditions and watering frequency on T50, Emax and percentage survival. Bold values represent
statistically significant differences.

T50 Emax Percentage mortality

F P df F P df F P df

Species 48.97 <0.001 4/53 10.79 <0.001 4/63 10.75 <0.001 4
Moisture 740.56 <0.001 3/53 37.46 <0.001 3/63 121.96 <0.001 3
Frequency 4.02 0.024 2/53 2.05 0.137 2/63 14.10 <0.001 2
Spec  × moist 5.23 <0.001 10/53 3.00 0.003 11/63 6.46 <0.001 10
Spec  × freq 1.92 0.076 8/53 0.20 0.991 8/63 3.98 0.001 8
Moist  × freq 1.56 0.176 6/53 0.81 0.566 6/63 4.36 <0.001 6
3-way 0.72 0.783 20/53 0.13 0.999 22/63 3.13 <0.001 20

Table 6
Two species on clay and sand. Overview of the effects of species identity, moisture conditions and soil type on T50, Emax and percentage survival. Bold values represent
statistically significant differences.

T50 Emax Percentage mortality

F P df F P df F P df

Species 0.02 0.887 1/30 4.38 0.042 1/48 2.34 0.132 1
Moisture 17.59 <0.001 2/30 35.67 <0.001 2/48 5.33 0.008 2
Soil  0.96 0.336 1/30 177.99 <0.001 1/48 14.14 <0.001 1
Spec  × moist 0.45 0.640 2/30 20.00 <0.001 2/48 1.25 0.295 2
Spec  × soil 0.04 0.838 1/30 1.54 0.220 1/48 0.48 0.494 1
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Moist  × soil 0.13 0.876 2/30 18.47 

3-way  NA NA NA 6.31 

.3. Effect of previous treatment on secondary seedling
mergence

When the mesocosms with clay and sand were kept wet  and
arm after the end of the previous moisture experiments, in all

ases less than 100% of the potential viable seeds had emerged
Fig. 5A and B). Secondary seedling emergence of T. latifolia and P.
ustralis decreased with increasing temperature and drought dur-
ng the previous treatment (Fig. 5A and B). Senecio congestus and
. maritimus had an optimum when the previous conditions were
et & cool (Fig. 5A). Secondary seedling emergence of C. rubrum

ncreased as temperature and drought during the previous treat-
ent increased (Fig. 5A). In both the five-species experiment on

lay and the two-species experiment on sand or clay, the effect
f the previous treatment was statistically significant (Table 7). In
he five-species experiment on clay, the various species responded
ifferently to the previous moisture treatment, as the interaction
etween species and treatment shows (Table 7A). In the two-
pecies experiment on sand or clay the two species did not show
uch a difference (Table 7B). Secondary seedling emergence was
ower from clay than from sand for both T. latifolia and P. australis
Fig. 5B and Table 7B).

. Discussion

In this paper we determined the responses of a number of
otentially dominant riparian plant species to temperature, com-
ined temperature and moisture conditions, and soil type. For all
xperiments we found strong interactions between the response
o environmental conditions (i.e., temperature, moisture regimes
nd soil type) and species identity. This indicates that responses of
pecies to changes in these environmental conditions were highly
pecies specific. In line with our first hypothesis, T. latifolia and S.
ongestus preferred wet or very wet conditions, C. rubrum and R.

aritimus preferred dry to very dry conditions. Phragmites australis
as able to establish under all conditions. In line with our second

ypothesis, S. congestus, as well as R. maritimus and C. rubrum ben-
fitted from secondary seedling emergence when, after a very dry
<0.001 2/48 4.34 0.018 2
0.004 2/48 0.33 0.723 2

period, the weather became very wet again, while T. latifolia and P.
australis remained absent. Senecio congestus emerged better under
very wet & cold conditions than the other species. Under wet & cool
conditions all species did well. Under the two  driest conditions, C.
rubrum emerged and survived better and T. latifolia worse than the
other species.

These results show that the composition of riparian plant com-
munities can be influenced by specific settings of the environmental
conditions during the phase of seedling emergence and establish-
ment and therefore also during the restoration process. This applies
to the re-establishment of riparian vegetation on the large areas of
bare soil during the drawdown of lakes, on river floodplains after
winter flooding, or on new build gently sloped banks (Coops and
Hosper, 2002; Nijhof, 2002; Boedeltje et al., 2003a). Our results
also apply to established riparian stands, where species richness
depends on the creation and recolonization of open soil in gaps
(Lenssen et al., 1999; Vogt et al., 2007; Kotowski et al., 2010).
Our results are in line with older (Weiher and Keddy, 1995) and
more recent studies (Engels et al., 2011), where species-specific
responses during early establishment explain variation in commu-
nity composition.

4.1. Effect of temperature on seedling emergence

The effect of temperature on emergence rate (T50) and maxi-
mum  seedling emergence (Emax) differed per species. For example,
when temperature was  low S. congestus was the fastest and T. lat-
ifolia the slowest. However, rate differences between these two
species were reversed at high temperature. Differences in T50
between species varied between several hours and 13 days. Small
differences in emergence rate can affect the relative abundance of
the species in the seedling community during the first few weeks
after drawdown. An advantage of one week can enable one species
to outcompete another (Grace, 1987). Temperature regime differ-

ences during germination are an important factor determining the
final assemblage of restored wetland vegetation (Ross and Harper,
1972; Van der Valk and Welling, 1988; Stockey and Hunt, 1994).
Under high temperature C. rubrum, S. congestus and P. australis
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Table  7
Overview of the effects of species identity, moisture conditions, watering frequency and soil type on secondary seedling emergence. Bold values represent statistically
significant differences.

A: five species on clay B: two species on clay and sand

F P Df F P Df

Species 1.24 0.305 4/56 Species 0.67 0.417 1/48
Moisture 20.20 <0.001 3/56 Moisture 14.12 <0.001 2/48
Frequency 0.37 0.693 2/56 Soil 46.43 <0.001 1/48
Spec  × moist 7.91 <0.001 12/56 Spec × moist 0.53 0.592 2/48
Spec  × freq 1.38 0.225 8/56 Spec × Soil 1.39 0.245 1/48
Mois  × freq 0.94 0.472 6/56 Moist × Soil 1.26 0.294 2/48
3-way 2.20 0.008 24/56 3-way 2.41 0.101 2/48

Fig. 4. Effect of moisture and temperature treatment and soil type on A: emergence
rate (T50), B: maximum emergence capacity (Emax), C: percentage mortality. Com-
parison between Typha latifolia and Phragmites australis on clay and sand. Marks
indicate means, error bars indicate ± S.E. of the mean (n = 5). Missing values for
T
t

s
i
s
B
t

Fig. 5. Effect of previous moisture and temperature treatments on secondary
seedling emergence (%). A: Typha latifolia, Phragmites australis, Chenopodium rubrum,
Rumex maritimus and Senecio congestus on clay (n = 6). B: Typha latifolia and

fast, as most wetland species need wet  or even waterlogged soils
50 and mortality appear when no seedlings emerged. Moisture and temperature
reatments are described in Table 1.

howed a lower Emax than under lower temperature, while R. mar-
timus and T. latifolia did not. High temperature may  have induced

econdary physiological dormancy in part of the seeds (Baskin and
askin, 1988; Baskin et al., 1989) and apparently species differ in
his regard.
Phragmites australis on clay and sand (n = 5). Marks indicate means, error bars indi-
cate ± S.E. of the mean. Previous moisture and temperature treatments are described
in  Table 1.

4.2. Effect of combined moisture and temperature conditions on
seedling emergence and mortality

The combination of temperature and moisture conditions
affected T50, Emax and mortality and this response differed per
species. Very wet & cold conditions may  be unfavorable for seedling
emergence, due to the low emergence rate at low temperature (see
Section 4.1) and the lack of gas exchange in waterlogged soil as
shown by Baskin and Baskin (2001). Seeds might have germinated,
but died before they emerged, though this is uncommon (Jensen,
2004). During a very wet  & cold period seeds or seedlings could have
died from fungus infections (Schafer and Kotanen, 2003). Very dry
and hot conditions will be unfavorable when the soil dries out too
to germinate (Ter Heerdt et al., 1999).
After one month, the proportion between the numbers of

species seedlings differed between treatments. We  expect that
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hese differences will result in the establishment of different plant
ommunities. For example, after a drawdown under very wet & cold
r a wet & cool conditions S. congestus will be the dominant species.
fter a drawdown during a dry & warm or a very dry & hot period
. rubrum will be the most abundant species, while T. latifolia and P.
ustralis perform best under intermediate conditions. Such differ-
nces are in line with the observations in the Oostvaardersplassen
Ter Heerdt and Drost, 1994) and in a North American marsh (Harris
nd Marshall, 1963). Other studies show that decreasing soil mois-
ure resulted in an increase of the relative density of terrestrial
nnuals, such as C. rubrum and a decrease of reeds, such as T. lati-
olia (Welling et al., 1988; Van der Valk and Pederson, 1989; Evans
nd Etherington, 1990; Van der Valk et al., 1992).

.3. Effect of soil type on seedling emergence and mortality

When the soil was allowed to dry, fewer seedlings emerged
n sand than in clay. Typha latifolia hardly emerged at all in sand.
andy soils in our experiments contained less water than clay soils
nd may, therefore, become too dry before watering events. When
lay dries out, its porosity decreases irreversible (Dent et al., 1976;
azelden and Boorman, 2001). This decreases gaseous exchange
nd oxygen concentrations and increases soil water potential,
hich inhibits the germination of seeds (Baskin and Baskin, 2001).
nder warm & wet conditions, increased microbial oxygen con-

umption might decrease oxygen even further. In the five-species
xperiments all species emerged well in clay, while that was not
he case in the two-species experiments. An important difference
etween these two sets of experiments could be that in the five-
pecies experiments a relatively large volume of coarse detritus
ubstrate was present, and not in the two-species experiments.
he presence of detritus might have increased gas exchange and

owered soil water potential, thus enhancing seedling emergence.

.4. Secondary seedling emergence

Seeds that did not emerge as a result of unfavorable condi-
ions might have become physiologically dormant but might also
ave lost their viability, as they did not emerge when condition
ecome favorable later. For all species, secondary seedling emer-
ence did not compensate for former low emergence rates as
rimary and secondary emergence together never reached 100%.
econdary seedling emergence was affected by the temperature
nd moisture conditions and soil type during the previous month
nd this response differed per species. As a result, the proportion
etween the species in a second cohort of seedlings depended on
he previous weather conditions. Again, we expect that this might
esult in different riparian communities after drawdowns under
ifferent weather conditions. For example, after very dry or dry
eriods C. rubrum can emerge in higher numbers than the other four
pecies, while after very wet or wet periods T. latifolia will be more
bundant. Drought and warmth can have induced secondary phys-
ological dormancy of the seeds of all species, except in C. rubrum,
s a strategy of wetland species to avoid emergence in summer
ith a high risk of drying out. Cold stratification may  be needed

o break this dormancy again. Other studies also show that cool
nd wet periods do not induce physiological dormancy (Baskin and
askin, 1988; Baskin et al., 1989; Jensen, 2004). Secondary seedling
mergence under warm & wet conditions was considerably lower
n clay than in sand, probably because of the irreversible decrease
f porosity when clay dries out (see Section 4.3).
.5. Management implications

The results of the present study show that moisture condi-
ions, temperature and soil type can contribute to the assembly
Botany 136 (2017) 82–94

of different plant communities. These environmental conditions
do not result in presence/absence, as suggested by Van der Valk
(1981) and Keddy (1992), but determine the proportion of the
species during the early stages of the establishment of a commu-
nity. To apply the results of our study, we suggest that the species in
wetland soils belong to different functional groups which have dif-
ferent responses to temperature, moisture and soil type (Lavorel
and Garnier, 2002). Boutin and Keddy (1993) classified wetland
species in seven groups: ruderals (obligate or facultative annu-
als), interstitials (reed, perennial clonal and tussock species) and
matrix species (perennial clonal dominants or stress-tolerators).
Chenopodium rubrum is an obligate annual, R. maritimus and S.
congestus are facultative annuals/biannuals and T. latifolia and P.
australis are perennial reeds. The response to temperature and
moisture conditions of representative species of each of these
groups can be tested. These groups could be subdivided; using
Ellenberg (Ellenberg and Leuschner, 1996) soil moisture values (F).
For example; both C. rubrum as R. maritimus are ruderals, but have
different soil moisture values (F = 6 and F = 9, respectively), which is
in line with our study were C. rubrum is the more drought tolerant
species.

When the establishment requirements regarding temperature
and moisture of the functional groups present in the soil seed bank
are known, weather conditions can be used to predict which com-
munity will establish were and when. During a very wet  or wet
period probably all species will emerge, but at the end of the grow-
ing season the reeds T. latifolia or P. australis will dominate, as the
cover and height of its individuals are much larger compared to the
other species (Ter Heerdt and Drost, 1994; Kleyer et al., 2008). Dur-
ing a dry or very dry period reeds will not emerge well, leaving space
for drought tolerant annuals and biannuals. This will be especially
the case on sandy soils. In the Netherlands both very wet and very
dry months occur frequently from March to August/September.
Therefore, one can expect a variety of riparian communities, annu-
als/biannuals as well as reeds, to establish during a drawdown in
this period. In August and September summer showers will cre-
ate more warm and wet conditions and the establishment of reeds
is more likely than earlier in the season. A fast or short drawdown
creates the risk that the moisture conditions will be unfavorable for
the desired groups; too wet for annuals that prefer dry conditions
or too dry for reeds and annuals that prefer wet  conditions. There-
fore we recommend a slow and gradual drawdown from March to
September. Lowering the water table gradually also will keep the
moisture conditions higher in the fresh exposed zone. This applies
in particular in areas with sandy soils, which dry out faster, result-
ing in a lower seedling emergence.

Once the topsoil is dried out, re-wetting may not be sufficient
to start the emergence of most wetland species again. Bringing up
deeper layers, that remained moist with non-dormant seed banks,
will then enhance the restoration process. Repeating the drawdown
for several years, with flooded conditions during winter is another
option. During winter, waves and currents will supply the area with
fresh sediment and seeds.

When gently sloped banks are built, reeds are supposed to pro-
tect these banks against erosion. As shown in our study reeds
establish hardly on sand under dry conditions, which leaves the
bank unprotected. Therefore we  suggest covering new created
banks with a layer of clay, as common practice when dikes or
embankments are built.
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Appendix A.

Time series corresponding to Fig. 1. Effect of temperature regimes
on seedling emergence. Night-day temperatures: A: 3–10, B: 5–15,
C: 10–20, D: 15–25, E: 20–30 ◦C (Table 1). Comparison between
Typha latifolia, Phragmites australis, Chenopodium rubrum,
Rumex maritimus and Senecio congestus on clay. Marks
indicate means, error bars indicate ± S.E. of the mean (n = 5).
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ppendix B.

ime series corresponding to Fig. 2. Effect of temperature regimes on seedling emergence. Night-day temperatures: A: 3–10, B: 5–15, C:
0–20, D: 15–25, E: 20–30 ◦C (Table 1). Comparison between Typha latifolia and Phragmites australis on clay and sand. Marks indicate
eans, error bars indicate ± S.E. of the mean (n = 5).
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ppendix C.

ime series corresponding to Fig. 3. Effect of temperature and moisture treatment on seedling emergence and survival. Treatments: A: very
et & cold, B: wet & cool, C: dry & warm, D: very dry & hot. Comparison between Typha latifolia, Phragmites australis, Chenopodium

ubrum, Rumex maritimus and Senecio congestus on clay. Marks indicate means, error bars indicate ± S.E. of the mean (n = 5). Moisture
nd temperature treatments are described in Table 1.

ppendix D.

ime series corresponding to Fig. 4. Effect of temperature and moisture treatment on seedling emergence and survival. Treatments: A: wet &
ool, B: intermediate, C: very dry & warm. Comparison between Typha latifolia and Phragmites australis, on clay and sand. Marks indicate
eans, error bars indicate ± S.E. of the mean (n = 5). Moisture and temperature treatments are described in Table 1.
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