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Abstract
The existence of a dormant “bank” of plant seeds plays an important role in maintaining and preserving species and genetic 
diversity. However, information on the spatial heterogeneity of the pool of dormant seeds among wetland complexes along 
riverine systems is limited. In this study we collected sediment from 18 wetlands within six wetland complexes along the Mur-
ray River, Australia. The germinable, residual and viable seed banks in each wetland complex were assessed by undertaking 
a germination trial, counting seeds (morphotypes) and viability testing. A diverse and viable seed bank exists within all the 
complexes however seed bank communities differed among wetland complexes. There was no difference in the viability of 
seeds within the sediment profile, however more seeds occurred in the surface layers of sediment and communities differed 
with sediment profile depth. In general, the number of species germinating was fewer than the number of seed morphotypes 
counted. Management actions need to be targeted not only at preserving the extant plant communities but also to ensure the 
seed bank is replenished. This may also involve allowing wetlands to dry sufficiently to enable cracking of wetland sediment 
and seeds to become buried to maximise the longevity of the seed store.

Keywords Vegetation · Dispersal · Germination · Seed morphology · Seed viability

Introduction

Flow regimes associated with riverine landscapes create and 
sustain a mosaic of wetlands and habitat types. Within this 
heterogeneous landscape, diverse biotic communities are 
maintained, many of which are specific to individual wet-
lands (Boulton and Brock 1999; Capers et al. 2010; Nielsen 
and Brock 2009; Turner et al. 2001). The heterogeneity in 
wetland and habitat types is reflected in the composition of 
floodplain and wetland plant communities that vary spatially 
and temporally, depending on the availability of water and 
flow (Greet et al. 2012), season (Greet et al. 2013, 2011), 
availability of propagules (Andersson and Nilsson 2002; 
Boedeltje et al. 2004) and geomorphological factors such 

as; the shape, depth and size of habitats (Thoms et al. 2006, 
Barrett et al. 2010). These factors demonstrate that regional 
and local factors influence the composition of communities 
(Leibold et al. 2004) and that the movement and presence 
of propagules (seeds, fragments, root stock) is likely to be 
important to the persistence of biotic diversity (Jansson et al. 
2005; Merritt et al. 2010; Nilsson et al. 2010).

Plants can be dispersed by multiple vectors - primarily 
water, animals (e.g. waterbirds) and wind (Howe and Small-
wood 1982). The distance that a propagule will disperse may 
be dependent on its morphology and the mode of disper-
sal (Lacoul and Freedman 2006; Morris 2012; Raulings 
et al. 2011; Soons 2006), and each mode has the capacity 
to disperse propagules over large distances. For example, 
ducks are highly transient and are known to disperse seeds, 
either ingested or attached to feathers (Raulings et al. 2011; 
Soons et al. 2016) whereas seeds of some species can be dis-
persed many kilometres by wind (Soons 2006). In contrast 
to dispersal by animals and wind which move propagules 
in multiple directions, dispersal by water is unidirectional. 
In riverine-floodplain systems, transport by water is a well-
recognised mode of dispersal that is important for mainte-
nance of diversity in wetlands. The capacity of seeds and or 
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propagules to disperse, and the distance they will disperse 
depends on morphology, physical characteristics such as the 
size of the seed or propagule (Carthey et al. 2016; Nilsson 
et al. 2010; Stromberg et al. 2011) and by the seasonality and 
duration of flow (Boedeltje et al. 2004; Riis 2008).

Wetlands associated with lowland rivers vary in the fre-
quency and duration of inundation and connection and may 
experience periods of complete dryness (Boulton and Brock 
1999). Many wetland plant species survive adverse environ-
mental conditions, such as complete drying, by producing 
long-lived dormant seeds (Brock et al. 2003) which may 
persist for extended periods of time (Brock 2011; Brock 
et al. 2003; Leck and Brock 2000; Nielsen et al. 2013) and 
are generally referred to as a “seed bank” (Templeton and 
Levin 1979). The dynamics of the seed bank are primarily 
governed by the production of seeds and via inputs from 
dispersal. Seeds may be lost or gained via dispersal and seed 
germination as well as general ageing, predation and burial, 
inputs into the seed bank generally exceed losses (De Stasio 
1989). In general, inputs into the seed bank exceed losses 
resulting in an accumulation of seeds in the sediments of 
wetlands (Brock et al. 2003; James et al. 2007; Porter et al. 
2007). However, long term exposure to adverse environmen-
tal conditions such as drying (Nielsen et al. 2013) and burial 
of seeds will reduce the diversity and numbers of plants 
capable of germinating (Espinar and Clemente 2007; Gril-
las et al. 1993; Leck and Simpson 1987; van Der Valk and 
Davis 1979). The existence of a seed bank in the soil has 
been documented for many different types of plant commu-
nities and is important in maintaining ecological (species) 
and genetic diversity in plant populations and communities 
(Templeton and Levin 1979; Thompson and Grime 1979).

In this paper we explore changes in the abundance, spe-
cies richness and community composition of plant seed 
banks associated with six wetland complexes associated 
with the Murray River in south eastern Australia and their 
distribution and viability down a sediment profile. We used 
two methods to compare seed banks; germination trials and 
direct counting of seeds. Two hypothesis are tested (1) if 
flooding promotes longitudinal dispersal of propagules along 
a river, seed bank plant communities within the sediment 
of each wetland complex will be similar, and (2) seed den-
sity and viability will decrease with depth in the sediment 
profile.

Materials and methods

Sediment collection

Sediment was collected from six wetland complexes along 
the length of the Murray River. Barmah Forest (BF) is 
the most easterly, then Gunbower Forest (GF—200 river 

kilometres downstream of Barmah), Hattah Lakes (HL—
700  km), Lindsay-Mulcra-Wallpolla Islands (LMW—
1000 km), Chowilla Floodplain (CF—1150 km) and the 
Lower Lakes (1750 km) at the mouth of the Murray River. 
Along the Murray River there is an environmental gradi-
ent, with rainfall decreasing and temperatures increasing in 
a westerly direction. Salinity levels and other water qual-
ity parameters also increase along the length of the river 
(Shafron et al. 1990). The Murray River flows through a rel-
atively flat landscape falling from approximately 110 meters 
A.S.L. at Barmah Forest to sea level at the Lower Lakes. For 
the majority of wetlands in south-eastern Australia there is 
limited information on the frequency, duration or timing of 
inundation nor is there any information on variations over 
time in water quality (Boulton and Brock 1999).

All six wetland complexes have been recognised as either 
internationally or nationally significant due to their ecologi-
cal values and characteristics (Environment Australia 2001) 
(Fig. 1) and in general, they all consist of mosaics of semi-
permanent and ephemeral lakes, swamps and channels.

All wetlands within these complexes undergo periods of 
drying which may persist for months to years. Within these 
wetlands a viable seed bank can persist for at least 10 years 
before significant losses begin to occur (Brock 2011; Leck 
and Brock 2000; Nielsen et al. 2013; van Der Valk and Davis 
1979). All six wetland complexes underwent significant 
flooding during 2010–2013. Prior to this south-eastern Aus-
tralia had been significantly impacted by extended drought 
(Murphy and Timbal 2008).

Three wetlands were sampled within each wetland com-
plex between November and December 2013. In each wet-
land, four transects were randomly located within the wet-
land, extending from the estimated high water mark towards 
the middle of the wetland. Along each transect, five equally 
spaced cores were collected giving a total of 20 cores per 
wetland. Each core was 10 cm in depth and 4 cm in diameter. 
Therefore, from each wetland, a surface area of 0.025 m2 
and a volume of 0.003 m3 was sampled, giving a combined 
surface area of 0.075 m2 and volume of 0.008 m3 from each 
wetland complex. This compares favourably with combined 
surface areas required per treatment of 0.1 m2 reported by 
Forcella (1984) and 0.08 m2 reported by Brock et al. (1994). 
Cores were enclosed in cling wrap for protection and trans-
ported to the laboratory for processing.

In the laboratory, each core was sliced into 2.5 cm lay-
ers (labelled 2.5, 5, 7.5 and 10 cm). As drying after wetting 
has been demonstrated to promote dormancy breakage and 
increase germination from habitats that undergo unpredict-
able flooding (Bonis et al. 1995; Casanova and Brock 2000; 
Porter et al. 2007), sediment was dried and lightly crushed to 
break up clods, allow mixing of the sediment and to remove 
existing vegetation (Brock et al. 2005; Crosslé and Brock 
2002). Slices of cores from each depth within each wetland 
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were combined and well mixed to give a single sample per 
depth per wetland (i.e. for each wetland there were four sedi-
ment depth samples that were a composite of the 20 original 
cores). Sediment from each of the layers was then divided 
into three for use in three different trials: (1) assessment 
of seed banks using germination trials (germinable seed 
bank); (2) assessment of seed bank by direct counting of 
seeds identified to morphotypes (potential seed bank) and a 
subset of these seeds assessed for viability. To allow com-
parison between the abundance of seeds germinating and the 
abundance of seed morphotypes counted, all counts were 
converted to numbers of seeds per  m2.

Germinable seed bank

The germinable seed bank is defined by (1) Species rich-
ness—the number of species germinating, and (2) Abun-
dance of seeds germinating—the number of seeds that ger-
minated (expressed as seeds per  m2).

Sediment for the germination trial was separated into four 
replicate pots for each wetland at each of the four sediment 
depth. Pots (10 cm diameter and 6 cm deep) were filled with 
sand to a depth of 4 cm and a known weight of sediment 
added to the top to give a wetland depth of approximately 
2 cm (Nielsen et al. 2003). As previous germination studies 

have indicated that fewer species germinate under flooded 
conditions compared to damp conditions, sediment in this 
study was exposed to a single damp treatment (Capon and 
Brock 2006). Therefore, the germination trial consisted of 
sediment collected from 18 wetlands each with four sedi-
ment depths with four replicates of each giving a total of 
288 pots. Pots were randomly assigned to tanks within a 
glasshouse at Wonga Wetlands (Albury, NSW). At the end 
of 12 weeks all plants were counted and identified to lowest 
possible taxonomic resolution to give germinable richness 
and abundance. Identification and nomenclature of angio-
sperms and ferns follows the Australian Plant Name Index 
(http://www.anbg.gov.au/apni/) and the Australian Plant 
Census (http://www.anbg.gov.au/chah/apc). After harvest-
ing, the numbers of plants germinating within each pot were 
converted to abundance (numbers per  m2) and the average 
of each replicate sediment depth in each wetland obtained. 
Therefore, in the analysis there was a single sample from 
each sediment depth for each wetland.

Potential seed bank

The potential seed bank is the number of seeds that remain 
ungerminated under the experimental conditions. As the 
taxonomy of wetland seeds is poorly described, seeds were 

Fig. 1  Location of wetland complexes along the Murray River. a Barmah Forest; b Gunbower Forest; c Hattah Lakes; d Lindsay-Mulcra-Wall-
polla Island; e Chowilla Floodplain; f The Lower Lakes

http://www.anbg.gov.au/apni/
http://www.anbg.gov.au/chah/apc
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grouped by morphotype based on size, shape and appear-
ance. The potential seed bank is defined by (1) Morpho-
type richness—the number of different seed morphotypes 
counted, and (2) Abundance of morphotypes—estimated 
number of each seed morphotype counted in the sediment 
(expressed as seeds per  m2).

The potential seed bank was assessed by directly recov-
ering seeds from the sediment samples using the floatation 
method developed by Malone (1967). From each sample, a 
10 g subsample was added to 20 ml of the extraction solution 
in a centrifuge tube. The extraction solution was made by 
combining 10 g sodium hexametaphosphate (Calgon) with 
5 g of sodium bicarbonate and 25 g of magnesium sulfate 
dissolved in 200 ml of water (Malone 1967). In brief, the 
sediment and extraction solution within the centrifuge tube 
were shaken vigorously for 10 s to form a slurry, before 
being mechanically agitated on a vortex mixer on medium 
setting for 5 min. The agitation causes separation of organic 
materials through floatation. The floating organic layer 
containing seeds is decanted from the solution and passed 
through a 90 µm sieve to retain seeds. The remaining soil 
residue was re-agitated with fresh extraction solution twice 
more to ensure that all organic material was extracted. Seeds 
and organic material were then transferred into specimen 
sorting trays and dried in an oven overnight at 40 °C.

As the taxonomy of aquatic seeds is poorly described, all 
seeds were sorted into morphotypes and the number of each 
morphotype counted with the aid of a Zeiss Stemi SV 6 ster-
eomicroscope (Zeiss, Germany). Only those seeds that were 
deemed to be intact and undamaged were included in the 
analysis. Some of the morphotypes detected were “fruits” 
which when dissected contained multiple seeds. These 
“fruits,” were counted as a single seed. Therefore, the num-
bers reported are an underestimation of the actual number 
of seeds present. Numbers counted from each sample were 
converted to numbers per  m2.

Residual seed bank

The residual seed bank is the estimated abundance of viable 
seeds within the potential seed bank, obtained by multiply-
ing the estimated abundance of morphotypes by the esti-
mated proportion of viable seeds.

The viability of seeds was determined using the tetra-
zolium test (TZ test) (Cottrell 1948). As every species 
requires its own specific instructions for handling, prepa-
ration, dissection and evaluation and due to lack of avail-
able information on aquatic and riparian species, a com-
mon method was compiled and applied to all seeds tested. 
Seeds were preconditioned to rehydrate the tissue and to 
activate the germination process by placing seeds on moist 
paper towel for 24 h. After preconditioning, embryos were 
either dissected from seeds or seeds were cut, so that the 

embryo was bisected and then placed in a 1% solution 
of 2,3,5-triphenyl-2H-tetrazolium chloride (TTC) and 
placed in an oven at 30 °C for 24 h, after which the seeds 
were rinsed prior to evaluation. As viable seeds release 
hydrogen ions during respiration, viable seeds reduce the 
dye and viability is detected as a colour change (viable 
embryos appear pink).

Due to time constraints only one replicate set of samples 
from each wetland was analysed for viability.

Statistical analysis

Due to differences in the taxonomic resolution between the 
germination trials (species) and seed counts (morphotypes) 
there is no intent to statistically compare differences between 
the two communities.

Multivariate analyses of patterns in plant species com-
munity composition were carried out in PRIMER (V6.1.10), 
with the PERMANOVA + for PRIMER 6 (PRIMER-E, 
Plymouth, U.K.) (Anderson et al. 2008; Clarke et al. 2014).

For the germination and seed count data, data were 
square-root transformed. All subsequent analysis were 
derived from a Bray-Curtis similarity matrix. Patterns of 
community composition (based on species richness and 
abundance) among wetland complexes for both the germi-
nation and seed morphotypes count data were visualised 
using multivariate statistical procedures. Specifically metric 
multidimensional scaling (MDS) using boot-strap averages 
and displaying the regions in which 95% of the boot-strap 
averages fall were used to visualise patterns of community 
composition among the wetland complexes (Clarke et al. 
2014). Two-way Permutational Multivariate Analysis of 
Variance (PERMANOVA) (Anderson et al. 2008) with wet-
land complex (WC) and sediment depth (SD) as fixed fac-
tors (Model = WC + SD + WC × SD) was used to determine 
whether significant differences could be detected among 
wetland complexes and between sediment depths. Where 
significant effects were indicated, pairwise PERMANOVA 
analyses were undertaken to identify which combinations 
differed significantly (Anderson et al. 2008).

Univariate analysis of the taxonomic richness and abun-
dance were carried out in PRIMER (V7.0.13), with the PER-
MANOVA+ for PRIMER 7 (PRIMER-E, Plymouth, U.K.) 
(Anderson et al. 2008). Analysis of the species and mor-
photypes richness data was undertaken on untransformed 
data and abundance (germinating and morphotypes) data 
were square-root transformed. Analyses were then derived 
from a Euclidean similarity matrix. Two-way Permutational 
Multivariate Analysis of Variance (PERMANOVA) (Ander-
son et al. 2008) using the same model as above was used to 
determine whether significant differences could be detected 
between the six wetland complexes and sediment depth.
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Results

Germinable seed‑bank

The number of species germinating varied significantly 
among wetland complexes (P < 0.001) and between sedi-
ment depths (P = 0.003) (Tables 1, 2, 3) but there was no 
significant variation in the number of species germinat-
ing from each sediment depth among wetland complexes 
(P = 0.249) (Tables 1, 2).

Similarly there were differences in the abundance of 
seeds germinating among wetland complexes (P < 0.001) 
and between sediment depths (P < 0.001) with generally 
more seeds germinating from the surface layers (Tables 1, 
2, 3). There was no variation in the abundance of seeds 
germinating at each sediment depth among wetland com-
plexes (P = 0.249) (Tables 1, 2).

The differences in the number of species germinating and 
the abundance of germinable seeds was reflected in differ-
ences in the plant communities germinating from sediment 
from each wetland complex (Fig. 2a). These differences were 
confirmed by PERMANOVA and pairwise comparisons 
indicate that significant differences occurred in the commu-
nities germinating among all wetland complexes (P < 0.050) 
(Tables 2, 3).

The germinating communities varied with sediment depth 
across all the wetland complexes (P = < 0.001) (Table 2; 
Fig. 3a). These differences were confirmed by pairwise 
comparisons (Table 4).

Potential seed bank

One hundred and eighteen unique seed morphotypes were 
identified from this study. The number of morphotypes 
identified varied significantly among wetland complexes 

Table 1  Mean richness and abundance of seeds germinating, the number of morphotypes and estimated abundance of morphotypes and propor-
tion viable morphotypes used to estimate the size of the residual seed bank

Wetland complex Sediment 
depth (cm)

Germinable seed bank Potential seed bank Proportion 
Viable (%)

Residual 
seed bank 
(seeds/m2)

Species 
richness

Abundance of seeds 
germinating  (m2)

Morphotypes 
richness

Estimated abundance of 
seed morphotypes  (m2)

Estimated 
number 
of viable 
seeds

BF 2.5 11 6196 12 126,049 41 51,680
5 12 5104 14 36,727 55 20,200
7.5 10 1761 8 20,087 5 1004
10 7 2716 12 38,349 33 12,655

GF 2.5 13 3247 27 404,180 53 214,216
5 10 1857 13 121,954 48 58,538
7.5 9 1751 13 68,864 33 22,725
10 7 562 19 64,122 45 28,855

HL 2.5 4 626 27 152,137 34 51,727
5 3 212 10 59,460 34 20,216
7.5 5 552 14 47,794 38 18,162
10 5 340 18 52,441 19 9964

LMW 2.5 11 3332 23 125,047 25 31,262
5 9 1411 20 87,361 51 44,554
7.5 7 944 20 37,946 42 15,937
10 5 775 20 49,401 11 5434

CF 2.5 5 4371 20 153,485 55 84,417
5 7 2186 13 41,441 56 23,207
7.5 3 265 18 36,232 33 11,957
10 5 732 15 37,739 34 12,831

LL 2.5 10 2345 14 100,612 23 23,141
5 4 647 9 97,690 30 29,307
7.5 3 393 9 35,244 19 6696
10 3 180 13 42,687 19 8111
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(P = 0.005) and between sediment depths (P = 0.010) 
(Tables 1, 2, 3). There was no variation in the number of 
morphotypes recorded at each sediment depth among wet-
land complexes (P = 0.791) (Tables 1, 2).

Similarly there were differences in the abundance of mor-
photypes among wetland complexes (P = 0.009) (Tables 1, 
2, 3), and among sediment depths with more morphotypes 
found in the surface layers (P < 0.001). There was no vari-
ation in the abundance of morphotypes recorded from each 
sediment depth among wetland complexes (P = 0.628) 
(Table 2).

The differences in morphotypes richness and the abun-
dance of morphotypes was reflected in differences in the 
morphotype communities within each wetland complex 

(P < 0.001) (Table 2; Fig. 2b). These differences were con-
firmed by PERMANOVA, and pairwise comparisons indi-
cate that significant differences occurred in the morphotype 
communities among all wetland complexes (Table 3).

The seed morphotype communities varied with sedi-
ment depth across all the wetland complexes (P = < 0.001) 
(Table 2; Fig. 3b). These differences were confirmed by pair-
wise comparisons (Table 4).

Table 2  PERMANOVA results for the germinable seed bank and 
morphotypes seed bank

WC wetland complex, SD sediment depth

Source df SS MS F P

Germinable seed bank
 Species richness
  WC 5 376 75 10.459 < 0.001
  SD 3 149 50 6.927 0.003
  WC × SD 15 139 9 1.287 0.249
  Residual 48 345 7

 Seeds abundance
  WC 5 10,178 2036 6.351 < 0.001
  SD 3 8,881 2960 9.235 < 0.001
  WC × SD 15 2,573 172 0.535 0.911
  Residual 48 15,386 321

 Community composition
  WC 5 56,524 11,305 4.987 < 0.001
  SD 3 13,509 4503 1.986 < 0.001
  WC × SD 15 27,082 1,806 0.796 0.980
  Residual 48 108,810 2267

Potential seed bank
 Morphotype richness
  WC 5 878 176 3.690 0.005
  SD 3 565 188 3.956 0.010
  WC × SD 15 496 33 0.695 0.791
  Residual 48 2,283 48

 Morphotype abundance
  WC 5 148,680 29,736 3.656 0.009
  SD 3 475,950 158,650 19.507 < 0.001
  WC × SD 15 103,150 6876 0.846 0.628
  Residual 48 390,380 8133

 Community composition
  WC 5 47,415 9483 3.369 < 0.001
  SD 3 16,166 5389 1.915 < 0.001
  WC × SD 15 44,259 2951 1.048 0.272
  Residual 48 135,100 2815

Table 3  Pairwise comparisons of the germinable seed bank and mor-
photypes seed bank

Wetland complex

BF GF HL LMW CF

Germinable seed bank
 Species richness
  GF 0.800
  HL < 0.001 0.003
  LMW 0.046 0.093 0.01
  CF 0.003 0.002 0.683 0.026
  LL < 0.001 < 0.001 0.627 0.003 1.000

 Seed abundance
  GF 0.070
  HL 0.002 0.002
  LMW 0.041 0.557 0.002
  CF 0.055 0.497 0.083 0.706
  LL 0.004 0.004 0.111 0.013 0.332

 Community composition
  GF < 0.001
  HL < 0.001 0.008
  LMW < 0.001 0.003 0.003
  CF < 0.001 0.023 0.046 0.008
  LL < 0.001 < 0.001 < 0.001 < 0.001 0.011

Potential seedbank
 Morphotype richness
  GF 0.017
  HL 0.002 0.823
  LMW 0.002 0.380 0.212
  CF 0.111 0.727 0.864 0.266
  LL 0.821 0.028 0.018 < 0.001 0.087

 Morphotype abundance
  GF 0.011
  HL 0.051 0.05
  LMW 0.093 0.053 0.768
  CF 0.382 0.026 0.156 0.308
  LL 0.584 0.035 0.402 0.513 0.933

 Community composition
  GF 0.014
  HL < 0.001 0.004
  LMW < 0.001 0.003 0.036
  CF < 0.001 < 0.001 0.010 0.008
  LL < 0.001 < 0.001 < 0.001 < 0.001 < 0.001
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Residual seed bank

There was no significant difference in the viability of 
seeds among wetland complexes (P = 0.149) with average 
viability ranging from 45% in Gunbower Forest to 22% in 
the Lower Lakes. In general, seed viability was greater in 
surface layers, but these differences were not significant 

(P = 0.127), and this response was consistent across the 
wetland complexes (WC x SD, P = 0.678) although in 
general viability was higher in the two top surface layers 
(0–5 cm) (Table 1).

The pool of viable seeds within each complex is large 
(Table 1) and within most wetland complexes the pool 
of viable seeds is largest in the surface sediment and 
decreases down the sediment profile (Table 1).

Fig. 2  Metric multidimensional scaling (bootstrap averages) of a 
germinating seeds community composition, and b morphotype com-
munity composition, observed from each wetland complex, triangle 
denotes Barmah Forest; square denotes Gunbower Forest; diamond 
denotes Hattah Lakes; circle denotes Lindsay-Mulcra-Wallpolla 
Island; inverted triangle denotes Chowilla Floodplain; plus denoted 
Lower Lakes. Black symbols represent the mean value of the boot-
strap averages. Shaded areas represent the region in which 95% of the 
bootstrap averages occur

Fig. 3  Metric multidimensional scaling (bootstrap averages) of 
a germinating seed communities from each sediment depth, and 
b the morphotypes communities at each sediment depth. Tri-
angle  =  2.5  cm, inverted triangle = 5  cm, square = 7.5  cm; dia-
mond = 10 cm. Black symbols represent the mean value of the boot-
strap averages. Shaded areas represent the region in which 95% of the 
bootstrap averages occur
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Discussion

In this study we tested two hypothesis. The first hypothesis 
that seed banks would be similar among wetland complexes 
was not supported. Significant differences occurred in the 
seed bank among each wetland complex indicating that dis-
persal longitudinally along a river did not overwhelm plant 
community differences among wetland complexes. The 
second hypothesis that seed abundance and viability would 
decrease with depth in the sediment profile was partially 
supported. More seeds were found in the surface layer of 
sediment compared to deeper sediment layers, however there 
was no difference in the viability of seeds between sediment 
depths.

Observed wetland plant communities associated along the 
Murray River are known to be species rich with approxi-
mately 800 species recorded along the length of the river 
with different communities occurring in each of the wetland 
complexes. This variability is consistent with other studies 
that have shown that plant communities vary spatially in 
response to environmental gradients (Campbell and Nielsen 
2014; Lacoul and Freedman 2006), geomorphic features 

such as size and shape, and hydrological attributes such as 
depth, frequency and duration of inundations (Barrett et al. 
2010) and local conditions required for deposition and sub-
sequent germination (Riis and Sand-Jensen 2006). These 
environmental gradients and geomorphic features create a 
mosaic of habitats that support a diversity of plant species, 
many of which are often recorded from a single wetland 
(Alexander et al. 2008; Brock et al. 2003; Campbell et al. 
2014).

In this study the number of species that germinated, and 
seed morphotypes identified from each wetland complex 
were considerably less than the number of plant species that 
have been recorded within each wetland complex summed 
over the preceding 10 years (Campbell and Nielsen 2014). 
In general, seed counting and identification of seed morpho-
types indicated a greater number of species than reflected 
from germination alone. We found that published descrip-
tions linking the morphology of wetland seeds to particular 
species are rare, requiring us to classify and differentiate 
seeds by their morphotype. Consequently the number of 
morphotypes provides a conservative estimate of the number 
of species present, as species with similar morphology are 
not always distinguishable. Despite these limitations in seed 
identification, consistent differences were detected among 
wetland complexes.

Separation of seeds and direct counting of seed mor-
photypes yielded greater taxa richness and abundance of 
seeds compared to numbers of species germinating even 
though only identified to morphotypes (Bernhardt et al. 
2008; Durant et al. 2016; Gonzalez and Ghermandi 2012). 
Differences in the abundance and richness between com-
munities identified using the two methods may be related to 
dormancy and specific requirements to germinate as well as 
seed size (Bernhardt et al. 2008; Gonzalez and Ghermandi 
2012; Price et al. 2010). Germination studies underestimate 
the total number of viable seeds and species due to appro-
priate cues required to trigger germination not always being 
provided (Baskin and Baskin 2001; Brock et al. 2003; Brown 
1992; Wright and Clarke 2009). For example, in germina-
tion studies using sediment collected from wetlands in Iowa, 
USA, but incubated under different conditions, the numbers 
of plants germinating varied from 145 per  m2 under one 
set of conditions up to 20,000 per  m2 under different con-
ditions (van der Valk and Davis 1976, 1978). Conversely, 
direct counting of seeds possibly over represent the number 
of potentially viable seeds and species present, by including 
non-viable seeds (Baskin and Baskin 2001). Further research 
such as molecular analysis that links seed morphology to 
species is likely to reduce the differences between the num-
bers of observed species and numbers counted in the seed 
bank.

Estimates of seed bank sizes are highly variable among 
locations and can be related to increasing variability in 

Table 4  Pairwise comparison 
of the number and abundance 
of species germinating and 
the number and abundance 
of morphotypes from each 
sediment depth

Sediment depth (cm)

2.5 5 7.5

Germinable seed bank
 Species richness
  5 0.055
  7.5 0.009 0.199
  10 < 0.001 0.019 0.246

 Seed abundance
  5 0.033
  7.5 0.002 0.087
  10 < 0.001 0.041 0.529

 Community composition
  5 0.253
  7.5 0.007 0.522
  10 < 0.001 0.015 0.703

Potential seed bank
 Morphotype richness
  5 0.014
  7.5 0.010 0.79
  10 0.156 0.182 0.215

 Morphotype abundance
  5 < 0.001
  7.5 < 0.001 0.055
  10 < 0.001 0.185 0.359

 Community composition
  5 0.007
  7.5 < 0.001 0.670
  10 < 0.001 0.004 0.103
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environmental conditions (Bissels et al. 2005). In our ger-
mination trial, the number of plants germinating was low in 
comparison to many other studies, ranging from an average 
of 10,000 per  m2 in Barmah Forest to fewer than 1000 per 
 m2 in the Lower Lakes. However, as previously noted the 
number and types of plants that germinate will vary depend-
ing on the environmental conditions imposed (van der Valk 
and Davis 1976, 1978). The low numbers that occurred in 
this study are likely to be influenced by the conditions in 
which the germination experiment was undertaken. In com-
parison, the estimated number of seed morphotypes counted 
in the sediment of each wetland was substantially greater 
with numbers ranging from more than 175,000 seeds per  m2 
in Gunbower Forest down to 50,000 seeds per  m2 in other 
wetland complexes.

The potential viable pool of seeds is the number of viable 
seeds that did not germinate under the imposed conditions. 
In our study only 5% of seeds germinated under the condi-
tions in which the germination experiment was undertaken, 
which demonstrates that a significant pool of seeds remained 
dormant creating a potential reservoir of seeds present in all 
wetlands (van der Valk and Davis 1978).

Consistent with other studies, the number of seeds ger-
minating and the number of morphotypes counted declined 
with increased burial depth (Gleason et al. 2003; Leck and 
Simpson 1987; Nicholson and Keddy 1983; van Der Valk 
and Davis 1979; Xiao et al. 2010). A decline is generally 
expected, reflecting a balance between seed deposition and 
the loss of seeds from the system through germination, 
decomposition (Grillas et al. 1993), dispersal, predation 
and aging (Espinar et al. 2005). These differences were also 
reflected in the composition of species and morphotypes 
down the sediment profiles (Espinar and Clemente 2007). 
However, even at the lower depths (10 cm), there were sub-
stantial numbers of morphotypes present in most wetlands. 
There were also a number of exceptions to the pattern of 
declining number of seeds germinating with increasing sedi-
ment depth (e.g. Barmah Forest) where more seeds germi-
nated from 10 cm depth compared to either the 5 or 7.5 cm 
depths. Cracking of wetland sediments during the dry phase 
of wetlands is a common feature of the Murray River flood-
plain (Evans and McCabe 2010) and this is a likely mecha-
nism to distribute seeds lower in the sediment profile (Bur-
meier et al. 2010b; Espinar and Clemente 2007). The fate of 
these buried seeds varies among species and environmental 
conditions with burial favouring the germination of larger 
seeds (Burmeier et al. 2010a). Burial of seeds in cracks may 
represent an important reserve of seeds, with the age of seeds 
increasing as sediment depth increases (Leck and Graveline 
1979; McGraw 1987). These seeds are protected from severe 
dry periods, elevated temperatures and predation and may be 
especially important in wetlands that undergo unpredictable 
conditions that vary annually (Espinar and Clemente 2007; 

Leck and Graveline 1979). During subsequent dry periods, 
the cracks may reform and, if the seeds are light, they may 
float to the surface upon re-wetting where germination may 
occur (Espinar and Clemente 2007; Espinar et al. 2005).

In general, viability of seeds was higher in the surface 
sediment compared to viability at 10 cm sediment depth. 
The seed bank is a reserve of seeds comprising of both via-
ble and non-viable seeds, and often the seed bank is domi-
nated by non-viable seeds (Forcella 1992). It is likely that 
the viable seeds found at the 10 cm sediment depth are older 
and represent a method for extending the period of seed stor-
age (Espinar et al. 2005).

If long distance dispersal of seeds is occurring along 
riverine corridors we would expect some degree of simi-
larity among wetland complex seed banks. These results 
suggests that long distance dispersal of seeds over 100 s of 
kilometres is poor, even though the potential for seeds to 
disperse by water, wind or animals may be high (Boedeltje 
et al. 2003; Figuerola and Green 2002; Soons et al. 2016; 
Soons and Ozinga 2005; Tackenberg et al. 2003). Indeed 
the median dispersal distance for the majority of plants has 
been reported as not exceeding more than 15 meters and 
only a few plants had a 99 percentile distance that exceeded 
1000 s of meters (Nathan et al. 2008; Soons and Ozinga 
2005). Even if seeds were capable of dispersing over larger 
distances their ability to germinate and establish would 
depend on their individual habitat requirements being met 
(Soons and Ozinga 2005). Indeed dispersal over distances 
greater than 1000 s of meters is likely to be rare and driven 
by extreme events (Gillespie et al. 2012; Nathan et al. 2008).

Conclusion

Results from this study indicate that a large, diverse and 
viable seed bank exists within all the wetlands. Management 
actions aimed at watering floodplain complexes need to be 
targeted to ensure adequate time is allowed not only for seed 
germination but also for seed set and dispersal so that the 
seed bank is replenished. This may also involve allowing 
wetlands to dry sufficiently to enable cracking of wetland 
sediment and seeds to become buried to maximise the lon-
gevity of the seed store.
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