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Abstract Aquatic plant and microfaunal propagule banks

represent a major source of regenerative potential in river-

floodplain ecosystems. This study investigated the spatial

patterns of microfaunal and aquatic plant propagule bank

communities within a wetland complex on the forested

floodplain of a temperate Australian river system that had

recently been completely inundated and dried again.

Microfaunal emergence and aquatic plant germination

were examined at the wetland complex spatial scale by

incubating sediment samples collected from ten sites,

randomly distributed within a 30 km2 area of floodplain.

Spatial (northing, easting and elevation) and environmental

variables [commence-to-flow (CTF), %clay, %silt and

%moisture] were also examined at each site to assist in

describing the spatial patterns of the propagule banks

across the floodplain. It was predicted that the microfaunal

and aquatic plant propagule bank communities would be

homogeneously distributed at the wetland complex scale in

response to the recent widespread flooding. In contrast to

our prediction, microfaunal and plant propagule bank

communities varied among most sites, with this variation

best explained by location (northing) and elevation (which

was related to site CTF). This suggests that microfaunal

and plant propagule bank communities are heterogeneously

distributed in forested floodplain systems, even following

widespread flooding events.
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Introduction

It is well accepted that microfauna and wetland plants are

capable of persisting within resting stages (or dormant

propagule banks) in wetland sediments (Brock et al. 2003).

Both types of propagule banks act as mechanisms for

persistence in temporally varying environments, and play a

key role in promoting resilience against unfavourable

environmental conditions (Brock et al. 2003; Gyllström

and Hansson 2004). In addition to promoting resilience,

propagule banks play a key role in influencing the popu-

lation and community dynamics, seasonal succession,

biogeographic patterns, and the evolution of populations

(De Stasio 1990; Warr et al. 1993; Brock 2011).

Despite the widely accepted importance of propagule

banks in the ecology of aquatic plant and microfaunal com-

munities, most of the existing knowledge regarding the spatial

patterns of aquatic plants and microfauna is heavily biased

towards their active communities (i.e. the non-dormant

aboveground floodplain vegetation and microfauna in water

column) (Shiel et al. 1998; Smith and Haukos 2002; Jeffries
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2008). Nevertheless, the studies that have been published thus

far relating to propagule banks suggest that their spatial pat-

terns are primarily governed by the production of the

propagules, and via inputs from dispersal (Hairston et al.

1995; Brock 2011). Propagule production and dispersal vary

depending on establishment success (Hairston et al. 1995) and

propagule dispersal capacity (Van Den Broek et al. 2005).

Successful establishment occurs when potentially viable

individuals are able to emerge, recruit and reproduce under

suitable environmental conditions (Bonis et al. 1995; Brock

et al. 2003; Capon and Brock 2006; Lopes et al. 2016).

Hydrological conditions are thought to be pre-eminent in

influencing the establishment success and dispersal capacity

of aquatic plant and microfaunal propagules (Casanova and

Brock 2000; Capon and Brock 2006; Battauz et al. 2015;

Webb et al. 2006). During low water periods, floodplain

systems often become a mosaic of wetland patches isolated

within the landscape and disconnected from the main river

channel. Local factors (e.g. predation, competition, water

quality) become more influential in shaping community

composition (Cottenie et al. 2003; Bornette and Puijalon

2011) and contribute to spatial heterogeneity in the active

community (Casanova and Brock 2000; Paggi and Paggi

2008), which subsequently adds to spatial heterogeneity in

the dormant community (Shiel et al. 1998; Campbell et al.

2014). By contrast, during high water periods when entire

floodplain areas become inundated, water flow action is

expected to promote propagule dispersal (Jenkins and

Boulton 2003; Merritt and Wohl 2002; Nilsson et al. 2010;

Battauz et al. 2015) and consequently homogenise propagule

bank communities at a wetland complex (i.e. a group of

wetlands that become highly connected during periods of

inundation) spatial scale (Haukos and Smith 1993; Thomaz

et al. 2007; Bozelli et al. 2015). The high flows can also aid

in restoring sediment conditions (e.g. soil moisture content)

to support the viability of dormant seeds and eggs

(O’Donnell et al. 2015; Jenkins and Boulton 2007), although

the influence of such flows is likely to vary among flood-

plain locations with differing elevations and/or commence-

to-flow (CTF) thresholds (Tronstad et al. 2005; Capon and

Brock 2006).

This study tested the prediction that microfaunal and

aquatic plant propagule bank communities would be

homogeneously distributed at the wetland complex scale in

response to recent widespread flooding within an Australian

forested floodplain system, and that their spatial patterns

would be related to commence-to-flow thresholds on the

floodplain. The forested floodplain system consists of a

diversity of wetland patches, which include billabongs, rush

lands, grasslands and lakes. Spatial (northing, easting and

elevation) and environmental [commence-to-flow (CTF), %

clay, % silt and % moisture] variables were also examined to

assist in describing the spatial patterns of the propagule

banks. The study area had been influenced by persistent

drought conditions from 2000 through to 2010 (Whitworth

et al. 2012), causing the majority of study area to remain dry

for this period (Ward pers. comm.). Widespread flooding

from mid-2010 to late-2012 inundated the entire floodplain

of the study area, before the floodwaters receded again by

March 2013 when the study was undertaken.

Methods

Study area

The study was undertaken on the Barmah–Millewa Forest

(BMF) floodplain of the Murray River in south-eastern

Australia (Fig. 1). The BMF covers an area of 66,000 ha,

and consists of a mosaic of semi-permanent and ephemeral

lakes, swamps and channels. The surrounding vegetation is

comprised of river red gums (Eucalyptus camaldulensis),

with a diverse understory plant community. Between 2000

and 2010, the BMF was subjected to persistent drought

conditions and associated low flows (see online resource 1

Fig. S1). This situation came to an abrupt end in late 2010,

with near-record spring and summer rainfall causing the

drought to be broken by a series of widespread flood events

throughout the BMF (see more details in MDBA 2012;

Whitworth et al. 2012).

Site selection

A 5 km by 6 km sampling area was selected within the

BMF based on the abundance of small wetlands and brai-

ded channels (flood-runners) that distribute floods waters

throughout the forest (Fig. 1). This area was then divided

into 1 km2 grids, from which 10 were randomly selected

for sampling. Each 1 km2 grid, or site, was then divided

into one hundred 0.1 km2 quadrats from which five were

randomly chosen for sediment collection (Fig. 1). Thus, a

total of 50 samples (i.e. 10 sites 9 5 quadrats) were col-

lected across the study area.

Sediment collection for assessing propagule bank

communities

Sediment samples were collected from each quadrat

between 19 March and 16 May 2013. Within each quadrat,

samples were randomly collected by shovelling the top

3 cm of sediment until approximately 10 kg of sediment

had been collected and placed in a plastic bag following the

methods of Nielsen et al. (2003, 2007) and Brock et al.

(2005). Published reports of seed and egg bank sampling

have shown that only the top three centimetres of sediment

is required for representing different communities present
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in wetlands (Cáceres 1998). The sediment was taken back

to the Murray–Darling Freshwater Research Centre in

Wodonga (Victoria), where it was gently crushed and air

dried, before being sieved through a 500 lm mesh-size.

Careful crushing of the sediment ensures that the propag-

ules can be uniformly mixed, and does not affect propagule

germination or emergence (Nielsen et al. 2008; Ning et al.

2008). Furthermore, drying and sieving guarantees that

only dormant propagules remain prior to sub-sampling for

use in the emergence/germination trials (Nielsen et al.

2008; Ning et al. 2008).

Two-hundred-and-fifty grams (dry weight) of wetland

sediment were placed into individual trays (17 9 12 9

5.8 cm). For both microfauna and aquatic plants, three repli-

cate subsamples were taken from each of the 50 samples,

resulting in an experimental design using 300 subsamples

(150 for microfauna and 150 for aquatic plants).

Microfauna

Sediment samples were incubated in a constant temper-

ature room with a temperature set at 25 �C, and a

12:12 h light/dark cycle to optimise hatching and ger-

mination conditions, following the protocol described in

Ning and Nielsen (2011). Samples were inundated with

aged tap water and gently oxygenated using aquarium

bubblers. Each tray was sampled twice weekly for a

period of 28 days by gently pouring the water from each

tray through a 50 lm sieve, with minimum disturbance

to the sediment (Nielsen et al. 2007). Twenty-eight days

has been shown to be sufficient for overall hatching

success as a prerequisite in microfauna richness and

diversity studies (Boulton and Lloyd 1992; Vandek-

erkhove et al. 2005; Ning and Nielsen 2011), and twice

weekly sampling minimizes the potential for reproduc-

tion by any individuals that emerge (Nielsen et al.

2007, 2008). On each occasion, the collected sample was

put into a 200 ml storage jar and preserved in 70%

ethanol, while the sediment remaining in each incubation

container was re-inundated with aged tap water. At the

end of the 28 day period all samples from each container

were combined into a single sample. Microfaunal sam-

ples were sub-sampled prior to processing. One-millilitre

aliquots were successively placed into a Sedgewick-

Rafter counting chamber, and identified and counted

using dark field microscopy until either a minimum of

300 individuals or 20% of the sample had been analysed.

These sample processing criteria are sufficient to detect

any rare taxa that emerge (Shiel et al. 1998; Nielsen

et al. 2007, 2008; Ning et al. 2008; Ning et al. 2015).

All microfauna were identified to the level of Family or

Genus. Identification to either of these taxonomic levels

has been shown to be suitable for detecting changes in

microfaunal communities in response to environmental

Fig. 1 Schematic

representation of the

experimental design showing

the location of the BMF and the

spatial arrangement of the 10

sites within the 30 km2 study

area. Grey colour limitation

area of the BMF
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change (Nielsen et al. 1998). Taxa were identified using

relevant keys in Shiel (1995).

Aquatic plants

As previous germination studies have indicated that fewer

species germinate under flooded conditions compared to

damp conditions (Capon and Brock 2006), the sediments

were exposed to a single damp treatment. Plant germina-

tion trays were inundated with aged tap water to a depth of

2 cm, and maintained at this depth for a period of

12 weeks. At the end of the 12-week period, all emergent

plant seedlings were identified and taxon richness and

abundance recorded for each tray. Identification and

nomenclature of angiosperms and ferns followed Harden

(1990–1993) and Cunningham et al. (1992). Liverwort

identification followed Sainty and Jacobs (2003).

Spatial attributes

Easting, northing and elevation (mASL) for each site were

determined using the Barmah Forest Digital Elevation

Model (Water_Technology 2011). Geographic proximity

was inferred from northing and easting position at each site

(UTM zone 55) (Table 1; Fig. 1).

Environmental attributes

CTF thresholds were defined as the magnitude of flow

within the Murray River channel upstream of the BMF at

Tocumwal required to inundate each site using the Barmah

Forest Digital Elevation Model (Water_Technology 2011).

Individual CTF thresholds will depend on the wetland’s

elevation on the floodplain, its distance from the river and

the nature of its connection channels (MDBA 2012).

Flooding of the BMF is highly regulated via the use of

regulators and levees that prevent water flowing onto the

floodplain, allowing the water level in the main river

channel to be maintained at capacity without loss of water.

Once inflows exceed 11,000 ML day-1 upstream of the

forest at Tocumwal, regulators are opened and flooding

occurs. Flows greater than 60,000 ML day-1 exceed the

capacity of the River Murray through the BMF and result in

flooding of the forest’s wide range of floodplain swamps,

marshes, billabongs, rush lands, grasslands and lakes

(Fig. S1).

Sediment characteristics were assessed at each site by

measuring the percentage of silt, clay and moisture using

standard methods described in Grimshaw (1989) (Table 1).

Data analysis

Aquatic plant and microfaunal abundance and richness

were assessed in each tray and the three subsample trays

from each quadrat were averaged to give a mean number of

plants and microfauna per tray for each quadrat. The five

quadrats were then used as replicates for each site. Aquatic

plant and microfaunal densities were expressed as

propagules per m2 in all descriptive tables and figures.

The mean and the variance components for each of the

environmental variables (%clay,%silt,%moisture, and CTF),

as well as bivariate associations with easting, northing, and

elevation were estimated using linear mixed effects models

(Pinheiro and Bates 2000). Site was included as a random

effect to account for the two-stage cluster (hierarchical)

sampling design—where ten 1 km2 were randomly selected

from the 30 km2 sampling area and then five 0.01 km2

quadrats were randomly selected from each of those ten sites.

Spatial trends in the environmental variables and elevation

were also tested using linear mixed effects models, with

easting, northing, and their interaction included in the models

as fixed effects. Residual diagnostic plots were examined to

ensure the data were consistent with the assumptions of the

linear mixed effects model. These analyses were performed

using the linear mixed effects (nlme) function in R (Pinheiro

et al. 2016; R Development Core Team, 2016).

Table 1 Spatial and environmental (average and SE) descriptors for the 10 sites within the BMF

Sites Easting Northing Elevation (m) CTF (ML day-1) % Clay % Silt % Moisture

S1 323,500 6,022,500 95.07 39,000 30.00 (1.11) 17.80 (2.05) 15.58 (2.74)

S2 321,500 6,024,500 95.79 62,000 37.64 (2.22) 16.92 (3.21) 15.16 (2.13)

S3 325,500 6,024,500 96.44 52,333 20.56 (1.47) 11.44 (3.53) 21.36 (1.80)

S4 324,500 6,022,500 96.03 48,000 22.00 (1.59) 17.04 (1.77) 14.94 (3.56)

S5 324,500 6,025,500 95.61 42,800 29.60 (2.30) 13.92 (2.91) 21.48 (2.53)

S6 323,500 6,027,500 95.01 25,800 30.40 (2.70) 17.56 (3.35) 15.38 (3.38)

S7 321,500 6,027,500 94.71 20,000 28.52 (3.22) 20.12 (4.85) 15.1 (8.80)

S8 323,500 6,025,500 95.66 33,000 31.92 (2.84) 15.96 (4.25) 18.7 (3.43)

S9 325,500 6027500 96.12 44,000 34.40 (1.33) 19.92 (0.99) 15.96 (2.05)

S10 325,500 6,023,500 95.50 24,250 22.80 (2.30) 13.56 (3.03) 24.68 (2.70)

Projected coordinate system: GDA_1994 Universal Transverse Mercator zone 55
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Analyses of community data were undertaken using the

software program PRIMER (version 7) with the PERMA-

NOVA ? add-on (Anderson et al. 2008). Permutational

Multivariate Analysis of Variance (PERMANOVA) is a

method for testing the multivariate null hypothesis of no dif-

ference in centroids among groups (with adjustment for

covariates if necessary) from a between-samples resemblance

matrix calculated frommultivariate species data.We used the

Bray–Curtis similarity coefficient, since it is not affected by

joint absences, takes the value of 0when two samples share no

species and the value 100when two samples are identical, and

it has the flexibility to register differences in total abundance

when the relative abundances of two samplesmay be identical

(Clarke et al. 2014).

Prior to analysis, all data were square-root transformed

to emphasise the contribution of rarer taxa (Clarke 1993),

and all analyses were based on the Bray-Curtis resem-

blance measure. Exploratory analyses of aquatic plant and

microfaunal community composition patterns were done

using Principal Coordinates Analysis (PCO) and a hierar-

chical cluster analysis using group average linkage

(CLUSTER). Pairs of PCO axes were plotted in ordination

diagrams to visually examine patterns in community sim-

ilarities between samples, with vector overlays (Pearson

correlations) of spatial and environmental variables indi-

cating correlations between these variables and ordination

axes (Anderson et al. 2008). Scatter plots of PCO axes

against environmental variables were examined to ensure

the relationships were linear prior to using Pearson corre-

lations for the vector overlays.

PERMANOVA was used to test for variation at different

spatial scales in seed and egg bank communities, and

establish whether there was a trend component to the

spatial variation, as well as the degree to which the spatial

variation could be explained by the environmental vari-

ables. This analysis was undertaken in four steps, with the

process of partitioning variation among the spatial and

environmental components based on Anderson and Cribble

(1998). The PERMDISP routine in the PERMANO-

VA ? add-on (Anderson et al. 2008) was used to check the

assumption of homogeneity of dispersions that underlies

PERMANOVA. This assumption was satisfied for the

microfauna data set, but for the seed bank data there was

one sample in particular that inflated the dispersion for site

5. All analyses for the seed bank community were therefore

repeated with and without site 5 to assess the effect of this

site on the results, and no appreciable differences in the

results were found.

Step 1: A single-factor analysis with ‘Site’ as a random

factor, which was undertaken to test the null hypothesis of

no differences in communities among sites.

Step 2: Spatial covariates (easting, northing, elevation)

were included to determine the percent variation in com-

munities among and within sites that could be explained by

spatial trends. These are given by the percent reduction in

the sum of squares for Site and the sum of squares for

residual from Step 1 to Step 2.

Step 3: CTF was incorporated as a covariate to deter-

mine the percentage of spatial variation (including site,

easting, northing, and elevation) in the communities, and

residual variation among samples, that could be explained

by CTF. These are given by the percent reduction in the

spatial sum of squares (i.e. the combined sum of squares

for site, easting, northing, and elevation) and the sum of

squares for residual from Step 2 to Step 3.

Step 4: Sediment characteristics (%clay, %silt and

%moisture) were included as covariates to determine the

percentage of spatial variation (including site, easting, nor-

thing, and elevation) in the communities, and residual

variation among samples, that could be explained by the

environmental variables (sediment characteristics and CTF).

Results

Physical characteristics

The physical nature of the floodplain and the interaction

between landform and numerous braided channels (flood-

runners) distributing floodwaters throughout the forest has

created a heterogeneous landscape. This heterogeneity is

evidenced by the linear mixed effects models for clay, silt,

Table 2 Univariate and bivariate statistics for clay, silt, moisture, and CTF from linear mixed effects models, including the mean, site standard

deviation (SD), and residual SD for univariate models, and the slope (and site SD) for bivariate associations with easting, northing, and elevation

Variable Univariate statistics Bivariate statistics

Mean Site SD Residual SD Easting Northing Elevation

% Clay 28.8* 5.3* 3.5* -1.7 (5.0*) 1.2 (5.0*) -0.2 (5.3*)

% Silt 16.4* 2.4* 3.1* -1.0 (2.0*) 0.4 (2.3*) -2.2 (2.1*)

% Moisture 17.8* 2.9* 4.5* 1.6* (1.8*) -0.5 (3.1*) 1.0 (2.9*)

CTF (ML day-1) 39.1* 12.7* 9.7* 0.2 (13.5*) -0.3 (13.2*) 13.4* (8.7*)

* Significantly different from zero based on 95% confidence intervals
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moisture, andCTF,which all indicated statistically significant

variation among sites (based on 95% confidence interval

estimates for the site random effect, i.e., site standard devia-

tion) (Table 2).

Of the bivariate associations with easting, northing, and

elevation, only the association between CTF and elevation

was statistically significant (Table 2). The random effect of

site was also statistically significant in this model, which

indicates that the variation in CTF among sites is not

entirely a consequence of differences in elevation. That is,

some sites may be located in depressions that are inundated

only at relatively high flows.

Further analysis of spatial trends in the environmental

variables indicated a statistically significant interaction

effect between easting and northing for clay (P = 0.002)

and moisture (P = 0.036), as well as statistically signifi-

cant site standard deviations. There were no clear geo-

graphic patterns for silt, CTF, or elevation (Fig. 2a, b).

Microfaunal propagule bank communities

Forty-one microfaunal taxa emerged from all sites, com-

prising of 33 Rotifera and 8 microcrustacea. Of these taxa,

50% only emerged from the sediment of two sites, and only

four rotifer taxa (Bdelloids, Cephalodella, Lecane and

Dipleuchlanis) and one microcrustacean (Ostracoda)

emerged from all sites (Table 3 and see Online resource 2,

Table S1).

The first axis (PCO1) explained 29.6% of the microfaunal

variation, while PCO2 17.5% and PCO3 9.6% (Fig. 3a–c).

The PCO axis 1 was negatively correlated with clay

(r = -0.31), and northing (-0.61), while PCO axis 2 was

positively correlated with CTF (r = 0.53). PCO axis 3 was

negatively correlated with northing (-0.323) (Table 4).

PERMANOVA indicated that there were significant

differences in microfaunal communities among sites

(P = 0.001) (Table 5), which was shown via hierarchical

cluster analysis (Fig. 4a). From the first and second PER-

MANOVAs for microfaunal taxa in Table 5, it is evident

that spatial trends (i.e. easting, northing, and elevation)

explained 43% of the variation among sites, as well as 9%

of the residual variation among samples (within sites). This

indicates that the communities are heterogeneously dis-

tributed across large spatial (wetland complex) scales, but

that they are more homogenous at smaller (1 km2) spatial

scales.

From the second and third PERMANOVAs in Table 5,

adding CTF to the model explained only 10% of the

variation accounted for by spatial trends and site, and 4%

of the residual variation among samples. Therefore, CTF is

not the only explanation for the spatial patterns.

From the second and fourth PERMANOVAs in Table 5,

the environmental variables, including CTF, explained

22% of the variation accounted for by spatial trends and

site, and 12% of the residual variation among samples.

Therefore, the environmental variables do not completely

explain the spatial patterns. From the fourth PERMA-

NOVA, the environmental variables explained 17% of the

total variation in community structure, while the spatial

variables (including site) explained 38% of the total vari-

ation after adjusting for the environmental variables and

CTF. This indicates that there are other drivers of the

spatial patterns in community structure, beyond the mea-

sured sediment characteristics and CTF.

Aquatic plant propagule bank communities

Twenty-six plant taxa germinated from all sites. Of these

taxa, 50% germinated from 5 or fewer sites and four taxa

germinated from all sites (Callitriche sp., Centipeda sp.,

Elatine sp., Juncus sp.) (Table 3 and see Online resource 2,

Table S2).

Fig. 2 Level plots of the

predicted a clay and b moisture

content of sediments across the

study area
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The first three PCO axes mainly represented spatial

variation in the aquatic propagule banks communities

(Fig. 3d–f). PCO axis 1 (23.9%) was positively correlated

with CTF (r = 0.46) and negatively correlated with

northing (-0.52), while PCO axis 2 (15.1%) was nega-

tively correlated with clay (r = -0.40). PCO axis 3

(14.6%) was positively correlated with CTF (0.420)

(Table 4).

Table 3 Number of sites at which a specific number of microfaunal and aquatic plant taxa occurred, e.g. for microfauna taxa, 8 taxa (20% of all

recorded taxa emerged from only a single site)

Microfauna taxa Aquatic plant taxa

Occurrence No. of

species

% of total number

of species

Cumulative

%

Occurrence No. of

species

% of total number

of species

Cumulative

%

1 8 20 20 1 5 19 19

2 12 29 49 2 2 8 27

3 5 12 61 3 1 4 31

4 2 5 66 4 3 12 42

5 3 7 73 5 2 8 50

6 1 2 76 6 3 12 61

7 0 0 76 7 4 15 77

8 4 10 85 8 1 4 81

9 1 2 88 9 1 4 84

10 5 12 100 10 4 15 100

Fig. 3 Principal coordinates analysis (PCO) plots showing ordination

sampling sites based on (a–c) microfauna (d–f) and aquatic plants

abundance and composition data. Spatial and environmental variables

with a Pearson correlation [0.3 with the first three PCO axes are

shown. Numbers represent PCO scores for the five quadrats of each

site
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Table 4 Pearson correlations between spatial and environmental variables and first three PCOs axes

Parameter Microfauna taxa Plant taxa

PCO 1 PCO 2 PCO 3 PCO 1 PCO 2 PCO 3

r P r P r P r P r P r P

Easting 0.224 ns -0.107 ns 0.151 ns -0.131 ns 0.193 ns 0.151 ns

Northing -0.608 \0.001 0.008 ns -0.323 0.021 -0.520 \0.001 0.121 ns -0.161 ns

Elevation 0.118 ns -0.167 ns -0.167 ns 0.120 ns 0.279 ns 0.111 ns

CTF ML day-1 0.286 ns 0.525 \0.001 0.155 ns 0.456 \0.001 0.294 ns 0.420 \0.001

% Clay -0.309 0.029 0.070 ns -0.111 ns 0.109 ns -0.405 0.004 -0.243 ns

% Moisture 0.275 ns -0.190 ns -0.009 ns -0.136 ns -0.018 ns -0.003 ns

% Silt -0.260 ns 0.190 ns -0.009 ns -0.001 ns 0.015 ns -0.003 ns

ns not significant

Table 5 PERMANOVA

analysis of the microfaunal and

aquatic plant communities and

their relationships with spatial

and environmental variables

Microfaunal community Aquatic plant community

Source df SS MS P Source df SS MS P

Variables Variables

Site 9 20588 2288 0.001 Site 9 26573 2953 \0.001

Residual 40 27005 675 Residual 40 34672 867

Total 49 47593 Total 49 61245

Spatial Spatial

Easting 1 1857 1857 0.008 Easting 1 1929 1929 0.027

Northing 1 6252 6252 0.001 Northing 1 4662 4662 0.001

Elevation 1 3367 3367 0.001 Elevation 1 2733 2733 0.004

Site 9 11657 1295 0.001 Site 9 18948 2105 0.001

Residual 37 24459 661 Residual 37 32974 891

Total 49 47593 Total 49 61245

Spatial and environmental (CTF only) Spatial and environmental (CTF only)

CTF ML day-1 1 3271 3271 0.001 CTF ML day-1 1 3887 3887 0.001

Easting 1 1854 1854 0.003 Easting 1 1955 1955 0.029

Northing 1 5782 5782 0.001 Northing 1 3254 3254 0.002

Elevation 1 2084 2084 0.001 Elevation 1 2567 2567 0.006

Site 9 11,034 1226 0.001 Site 9 17459 1940 0.001

Residual 36 23,569 655 Residual 36 32122 892

Total 49 47,593 Total 49 61245

Spatial and Environmental (All) Spatial and environmental (All)

% Clay 1 2006 2006 0.002 % Clay 1 3502 3502 0.001

% Silt 1 1212 1212 0.074 % Silt 1 275 275 0.948

% Moisture 1 1446 1446 0.022 % Moisture 1 723 723 0.61

CTF ML day-1 1 3408 3408 0.001 CTF ML day-1 1 3599 3599 0.001

Easting 1 1221 1221 0.07 Easting 1 1462 1462 0.13

Northing 1 4438 4438 0.001 Northing 1 3383 3383 0.002

Elevation 1 1774 1774 0.007 Elevation 1 2527 2527 0.003

Site 9 10,514 1168 0.001 Site 9 16,129 1792 0.001

Residual 33 21,573 654 Residual 33 29,646 898

Total 49 47,593 Total 49 61,245
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PERMANOVA indicated that there were significant

differences in plant communities among sites (P = 0.001)

(Table 5). Overall, the sites grouping were identified by

cluster analysis (Fig. 4b). From the first and second PER-

MANOVAs for plant taxa in Table 5, spatial trends (i.e.,

easting, northing, and elevation) explained 28% of the

variation among sites and 5% of the residual variation

among samples (within sites).

CTF was incorporated as a covariate and explained 10%

of the variation accounted for by spatial trends and site, and

2% of the residual variation among samples. Therefore, it

explained only part of the proportion of the total variation

for the spatial patterns of plant taxa (Table 5). As for

microfaunal communities, this suggests that plant com-

munities are heterogeneously distributed across large spa-

tial (wetland complex) scales, but that they are more

homogenous at smaller (1 km2) spatial scales.

From the second and fourth PERMANOVAs in

Table 5, the environmental variables, including CTF,

explained 16% of the variation accounted for by spatial

trends and site, and 10% of the residual variation

among samples. Therefore, the environmental variables

do not completely explain the spatial patterns. From the

fourth PERMANOVA, the environmental variables

explained 13% of the total variation in community

structure, while the spatial variables (including site)

explained 38% of the total variation after adjusting for

the environmental variables and CTF. As was true for

the microfauna, the measured sediment characteristics

and CTF explained only a relatively small proportion of

the total variation in the plant propagule community

structure, and there are clearly other drivers of the

observed spatial patterns.

Discussion

We predicted that the microfaunal and aquatic plant

propagule bank communities would be homogeneously

distributed at the wetland complex scale in response to the

recent widespread flooding. In contrast to our prediction,

the microfaunal and plant communities were heteroge-

neously distributed among most sites. The degree of

community heterogeneity among sites was not strongly

associated with geographic proximity, although there was

evidence suggesting that communities from sites close to

each other and/or with similar CTF thresholds had more

similar communities developing.

The spatial patterns of the propagule bank

communities in relation to hydrological conditions

For floodplains that are frequently flooded, water flow

action is expected to influence propagule dispersal (Merritt

and Wohl 2002; Riis 2008). Seed drift has been shown to

be associated with seasonal high flows, thus highlighting

the importance of hydraulic factors to the propagule

dynamics of seed banks along river margins (Gurnell et al.

2008; Nilsson et al. 2010). Likewise, it has been suggested

that the dispersal of microfaunal resting eggs by water is

more likely to occur during high water periods, when the

habitats are more hydrologically connected, providing a

corridor to move among patches at small scales (Jenkins

and Boulton 2003). For this study, the BMF was almost

continuously flooded between 2010 and 2012, with peak

flows of sufficient magnitude to inundate all sites several

times (Ning et al. 2013). As a result, it was predicted that

the environmental conditions prior to sediment collection

would have been ideal for the dispersal of seeds and eggs,

and thus the homogenisation of these propagule bank

communities (Haukos and Smith 1993; Thomaz et al. 2007;

Tockner et al. 2010; Bozelli et al. 2015). Yet, our results

indicated that the recent widespread flooding and associ-

ated hydrological connectivity did not homogenise the

spatial pattern of dormant propagule banks across the BMF

floodplain. Indeed, the spatial heterogeneity observed

during this study may have been even more pronounced if

we had been able to directly identify the resting stages

without needing to detect them by incubation sediment.

Whilst resting stage incubation is widely accepted among

Fig. 4 Hierarchical cluster analysis of a microfauna and b aquatic plant abundance and composition data
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microfaunal and plant ecologists as the most practical way

of assessing the abundance and composition of viable

resting stage communities (e.g. Nielsen et al. 2007; Ning

and Nielsen 2011), the approach can potentially mask

community heterogeneity by not providing adequate spe-

cies-specific germination/emergence cues to show existing

species composition differences among sites (or treat-

ments) (e.g. Ning and Nielsen 2011).

The spatial heterogeneity detected in microfaunal and

aquatic plant propagule bank communities in the floodplain

system in this study is more consistent with the findings of

other microfaunal resting egg banks and plant propagule

banks (Shiel et al. 1998; Bornette et al. 1998; Webb et al.

2006; James et al. 2007; Campbell et al. 2014) that have

been undertaken under non-flood conditions, and across

much larger spatial scales. It is possible that the forested

nature of the floodplain at BMF results in the movement of

water across the floodplain being of insufficient velocity to

transport propagules over small distances (30 km2). It has

been demonstrated that the number of drifting seeds will

vary with flow (Merritt and Wohl 2002), and that low

flows, in particular, promote the retention of seeds within

an area (Riis 2008). Furthermore, within a forested flood-

plain, retention of drifting propagules will be promoted by

physical obstacles such as trees and associated debris that

trap the floating propagules (Riis 2008). Thus, plants (Reid

et al. 2016) and microfauna (Juračka et al. 2016) may be

dispersal-limited in structurally complex landscapes

(Middleton 2000), leading to their seeds and eggs not being

distributed over large distances, at least in forested flood-

plain environments. Unfortunately, the sampling design

used in this study did not assess the dispersal capacity of

the seeds and eggs. Thus, we cannot discard the possibility

that flow-influenced propagule traits (e.g. size, floating

capacity) were contributing factors for the spatial hetero-

geneity noted among the propagule bank communities.

Future studies that quantitatively assess the role of

propagule traits may assist in better understanding the

relationship between hydrological conditions and dispersal

capacity on the BMF floodplain (Cáceres et al. 2007;

Chambert and James 2009; Ślusarczyk et al. 2015).

Propagule bank communities in relation to CTF

thresholds and elevation on the floodplain

There was evidence that propagule communities from sites

with similar elevations and corresponding CTF thresholds

had more similar communities than those from sites with

differing elevations and CTF thresholds. The estimated

CTFs thresholds of each site were used to determine when

site-specific flooding occurred. Our results showed that

sites located in the northern part of the BMF (e.g. S6, S7)

are likely to have greater hydrological connectivity and be

more frequently inundated due to their lower CTFs and

elevation on the floodplain, compared to the other sites.

These areas are likely to be more permanently inundated

under natural flow regimes. In contrast, the easterly sites

(S3, S4 and S10) are higher on the floodplain and thus

expected to be less frequently inundated, and when inun-

dation does occur, it is likely to be for shorter durations.

Consequently, the high area only rarely floods, and instead

remains as an island during most floods.

Propagule bank communities in relation to sediment

characteristics

While the sediment characteristics did not appear to have a

major direct influence on the spatial differences among

propagule bank communities observed in this study, they

may have at least been indicative of potential flooding and

sediment deposition effects. Flooding events commonly

result in observable gradients in sediment characteristics

over short distances parallel and/or perpendicular to a river

bed (Scown et al. 2015). The higher percentage of clay and

silt at the northern sites compared with the easterly sites

may result from recurrent inundation and associated sedi-

ment deposition. High sediment loads may result in the

smothering and burial of viable seeds and eggs, and have

been linked to a reduction in seed germination and

microfaunal emergence (Bonis and Lepart 1994; Gleason

et al. 2003). In addition, propagule viability decreases with

burial depth, with the majority of viable seeds and eggs

located within the surface layers of wetland sediment

(Grillas et al. 1993; Cáceres 1998). Thus, the spatial vari-

ation in propagule banks communities in this study may

have been at least partially attributed to the effect of sed-

iment burial on propagule banks.

Flooding also contributes to local changes in the envi-

ronmental gradients, creating habitats with different char-

acteristics that may influence the species composition, and

help to maintain the boundaries of the different taxa within

each group (Bonis et al. 1995; Demars and Harper 2005).

Observed differences between sites in our study suggest that

clay plays an important role in influencing the spatial dis-

tribution of aquatic plant seed banks. For instance,

amphibious fluctuation–tolerators (e.g. Eleocharis spp.)—a

functional group classification suggested by Brock and

Casanova (1997)—are aquatic plants, which grow in clay

beds on the shores of rivers and lakes, and are most pro-

ductive during the aquatic phase (Price et al. 2010). In

addition, sediments containing a relatively high percentage

of clay are able to hold water and nutrients that are essential

for maintaining vegetation diversity (Crosslé and Brock

2002), and can influence which species become established

by stimulating or suppressing the viability and germination

of aquatic plant species (Cherry and Gough 2006).
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We also observed differences in soil moisture content

among sites in the BMF. However, the spatial variation in

the percentage of soil moisture did not seem to have a

detectable influence on the spatial distribution of viable

microfaunal and aquatic plant propagule bank communities

in our study. A number of studies have argued that soil

moisture conditions may have an important influence on

the long-term conservation of seed and egg banks, since not

all seeds and eggs have the ability to tolerate desiccation

for prolonged dry periods without undergoing a loss of

viability (O’Donnell et al. 2015; Jenkins and Boulton

2007).

The accumulation of organic matter (e.g. riparian leaf

litter) on increasingly dry forested floodplains can lead to

major water quality effects after floods (Jenkins and

Boulton 2007). As a consequence of the extensive flooding

in 2010, the BMF did experience a period of significantly

low dissolved oxygen concentrations associated with a

‘hypoxic blackwater event’ (Whitworth et al. 2012). The

period of low dissolved oxygen concentrations and/or toxic

leachates may have inhibited emergence from propagule

banks in the short term (Jenkins and Boulton 2007; Wat-

kins et al. 2011; Ning et al. 2015), and thus reduced the

potential for aquatic plants and microfauna to contribute

more resting stages to propagule banks. In addition, the

organic matter may have also trapped propagules moving

in floodwater or being blown by wind. Consequently, we

recommend that any follow-up studies at least quantify the

percentage of organic matter in the floodplain sediments as

an indicator of the potential influence of hypoxic black-

water events, toxic leachates and/or the inhibition of

propagule dispersal.

Conclusion

Our results suggest that microfaunal and aquatic plant

propagule bank communities remain heterogeneously dis-

tributed in forested floodplain systems, even following

widespread flooding events. This finding is likely to have

important implications for understanding and managing the

influence of overbank flows on the distribution of aquatic

plant and microfaunal communities in floodplain ecosys-

tems. In the BMF, water flows through the area are con-

trolled by regulators and structures, such as canals and

earthworks, that were initially designed to prevent the loss

of water to the swamp. More recently, environmental water

has been used to prolong and extend natural floods.

Managing these events requires careful planning to recreate

a more natural flood regime (Whitworth et al. 2012; Ning

et al. 2015; Nielsen et al. 2015). The provision and main-

tenance of a variety of hydrological conditions across the

landscape will be essential to preserving the natural func-

tion and heterogeneity of floodplain seed and egg banks.
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Battauz YS, José de Paggi SB, Paggi JC (2015) Endozoochory by an
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