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Abstract Vegetation condition has declined along 
many regulated river systems globally due to altera-
tion of flow regimes via flow regulation. Understand-
ing how plants respond to inundation is critical for 
managing regulated river flows to improve riparian 
vegetation condition. We experimentally tested the 
effects of inundation duration on the survival and 
growth of six tufted grass species commonly found 
in riparian zones in south-eastern Australia. We con-
ducted three nursery-based experiments in late win-
ter/early spring, corresponding with natural temper-
ate flow peaks and managed flows, with inundation 
treatments on: (1) established plants, up to 35  days 
inundation; (2) seedlings, up to 25  days inundation; 
and (3) established plants, up to 53  days inunda-
tion including additional shaded treatments. Plant 
survival, height and biomass growth, and onset of 

flowering were recorded for established plants, and, 
for seedlings, survival only. Plant height and bio-
mass growth declined with longer inundation dura-
tion across all species, although surprisingly few 
established plants died. Unexpectedly, grass seedlings 
were generally tolerant of inundation also, although 
there was some evidence of increased mortality for 
the longest treatment (25  days inundation). Shading 
did not result in increased mortality or reduced height 
growth of inundated plants. Inundation effects on the 
onset of flowering were modest and varied between 
species ranging from earlier to delayed onset. Our 
results suggest that tufted grasses are tolerant of cool-
season inundation. Given that mortality of these spe-
cies has been observed in the field and experimentally 
under shorter inundation periods in warmer condi-
tions (late spring and summer), we suggest that sea-
sonal timing of inundation is critical in determining 
plant responses to inundation.

Keywords Rivers · Environmental flows · Riparian 
vegetation · Flood duration · Reduced light · 
Submergence

Introduction

Temperate river systems typically experience high 
flows in winter and spring driven by higher rainfall. 
These high flows are critical for the maintenance 
and recruitment of riparian vegetation communities 
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(Weiher and Keddy 1995; Stella et al. 2006; Colmer 
and Voesenek 2009; Greet et  al. 2013a). However, 
the regulation of rivers through the building of dams 
and consumptive extraction (e.g. for irrigation) often 
reduces peak flows and dramatically alters natural 
flow regimes (Grill et  al. 2019). Understanding the 
impact of altered flow regimes on the plant species 
composition of riparian zones is critical to the man-
agement of regulated waterways.

Inundation presents challenges to plant growth and 
survival by inhibiting respiration (Bailey-Serres and 
Voesenek 2008), reducing carbohydrate production 
(Voesenek et al. 2006), and facilitating the formation 
of toxic soil compounds (Pezeshki 2001). Reproduc-
tive output can also be sensitive to inundation (War-
wick and Brock 2003; Greet et al. 2013b). Plants that 
have adaptations to tolerate or respond to inunda-
tion (e.g. development of aerenchyma, modified leaf 
growth, or use of alternative metabolic pathways), are 
favoured in inundation-prone habitats such as river 
banks and floodplains (Blom and Voesenek 1996; 
Voesenek et al. 2006; Catford and Jansson 2014).

Alteration of natural flow regimes that reduce high 
flows can disadvantage riparian plants adapted to his-
toric inundation patterns, and facilitate invasion by 
terrestrial species otherwise unable to establish, grow, 
or survive in the riparian zone (Bunn and Arthington 
2002; Stokes et al. 2010; Catford et al. 2014). Studies 
in south-eastern Australia have found that exotic plant 
cover is higher along regulated rivers with reduced 
flooding (Catford et  al. 2011, 2014; Greet et  al. 
2013a). Environmental flows are increasingly being 
used to mitigate the impacts of regulation on water-
ways and river biota (Arthington et al. 2006; Tonkin 
et al. 2020). In temperate rivers, environmental flows 
are often released in late winter or spring to mimic 
naturally elevated flows, and there is evidence to sug-
gest that such flows can be used to control terrestrial 
exotics and favour native riparian species (Catford 
et al. 2014; Duong et al. 2019).

Understanding plant growth and survival 
responses to inundation is critical to informing the 
use of environmental flows for riparian vegetation 
management. Many studies have investigated which 
hydrological attributes are important for determining 
plant responses to inundation, such as flood duration, 
depth, timing and frequency as well as water turbidity 
and water temperature (Poff and Zimmerman 2010; 
Greet et  al. 2011; Main et  al. 2022). For example, 

a review by Webb et  al. (2012) of wetland plant 
responses to different flow attributes suggested that 
increasing flood duration can decrease plant estab-
lishment and growth and influence reproductive out-
put. Inundation depth has also been shown to affect 
plant growth and survival by reducing the amount of 
light that plants receive, thus interacting with inunda-
tion duration to reduce plant vigour (Gattringer et al. 
2018). Many river systems in south-eastern Australia 
have high turbidity levels due to erosion, European 
carp invasion, and land clearing, which may further 
decrease light availability for plants when submerged 
(Franklin et  al. 2008; Bornette and Puijalon 2011). 
Dense canopy shade from trees such as willows (Salix 
spp.) can also decrease light availability in the ripar-
ian zone and reduce plant abundance (Fletcher et al. 
2000). The developmental stage of the plant can also 
determine its response to inundation, with seedlings 
typically more sensitive to inundation than mature 
plants (Denton and Ganf 1994).

Many catchments in south eastern Australia are 
heavily regulated for irrigation and flood mitiga-
tion and receive environmental flows. The effective-
ness of these flows to promote native riparian species 
and control terrestrial species, is the focus of a range 
of monitoring programs (Victorian Environmental 
Flows Monitoring and Assessment Program: VEF-
MAP, Tonkin et  al. 2020). Past field observations 
as part of VEFMAP have noted that flooding events 
can kill terrestrial exotic grass species (Jones and 
Thomas 2018). Nonetheless, effective management 
of river flows in this region and elsewhere requires a 
better understanding of thresholds for mortality and 
condition decline for common riparian and terrestrial 
species.

In this study, we conducted three separate nursery-
based inundation experiments to assess the tolerance 
to cool-season inundation and shading of six tufted 
grass species of varying flood-tolerances (native and 
exotic origin) commonly found within riparian zones 
of south-eastern Australia. The experiments were 
conducted in late winter and early spring because this 
is a time when environmental flows are commonly 
released to mimic natural flows. Mortality and growth 
responses of seedlings and established plants to inun-
dation were assessed, as well as the flowering onset 
of established plants. We hypothesised: (1) that plant 
survival, growth, and flowering would be negatively 
affected by inundation, with responses to inundation 
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varying between species according to their inundation 
tolerance; (2) that seedlings would be more sensitive 
to inundation than established plants; and (3) that 
inundation in combination with reduced light condi-
tions (via shading) would further reduce growth and 
increase mortality.

Methods

Study species

Selection of tufted grass species was based on 
(hypothesised) inundation tolerances to determine a 
broad range of responses, and native and exotic spe-
cies that are desirable or undesirable respectively to 
managers (Table 1).

Of the three exotic species, Bromus catharticus 
(prairie grass) is considered inundation-intolerant 
(Casanova and Brock 2000). Conversely, Phalaris 
aquatica (Toowoomba canary grass) is inundation-
tolerant (Striker and Ploschuk 2018) and has been 
found to increase above-ground biomass produc-
tion when waterlogged (Ploschuk et  al. 2017). It is 
able to do so due to the development of aerenchyma 
(Colmer and Voesenek 2009). L. multiflorum (Ital-
ian ryegrass), an annual species, is less-studied; we 
considered it likely to be moderately inundation-
intolerant like its congener Lolium perenne (perennial 
ryegrass) (McFarlane et al. 2003).

There is less literature understanding the effects 
of inundation on the three native species selected. 
Lachnagrostis filiformis (common blown grass) is 
considered inundation-tolerant since it grows close to 
the water and recruits after floods. Poa labillardierei 
(common tussock grass) is considered moderately 

flood-tolerant and is often planted on riverbanks at 
a wide range of bank elevations in restoration pro-
jects (Vivian et al. 2020). Rytidosperma caespitosum 
(common wallaby grass) is considered flood-intoler-
ant and typically occurs on floodplains (Vivian et al. 
2020). All six grass species were expected to be com-
parably shade-tolerant and their responses to shading 
similar given their known distributions in open agri-
cultural land or woodlands rather than forest regions.

Inundation experiments

We conducted three broadly concurrent inundation 
experiments and used multiple lines of evidence to 
detect responses of grasses to treatments. Each exper-
iment subjected a different set of grasses to multiple 
treatments with data collected at regular intervals 
throughout and after treatment completion. These are 
summarised as follows:

Experiment 1: Grass inundation assessing mortal-
ity, growth, biomass and flowering.

Experiment 2: Seedling inundation assessing 
mortality.

Experiment 3: Grass inundation and shade assess-
ing mortality, growth, biomass and flowering.

Experiment 1: Inundation of established grasses

We sourced seeds of each study species either com-
mercially, or from sites on the Campaspe River, Vic-
toria, Australia—a heavily regulated river subject to 
environmental flow management (Supplementary 
Information, Table S1; Fig. S1). The seeds were sown 
in seedling trays filled with seed raising mix. We 
placed the trays in a glasshouse (irrigated three times 

Table 1  Details of the six study grass species

a Data source: https:// vicfl ora. rbg. vic. gov. au

Species Common name Origin Life history Typical flower-
ing  perioda

Hypothesised 
inundation toler-
ance

Rytidosperma caespitosum Common wallaby grass Native Perennial Sep–Dec Intolerant
Bromus catharticus Prairie grass Exotic Perennial Aug–Jan Intolerant
Poa labillardierei Common tussock grass Native Perennial Oct–Feb Moderate
Lolium multiflorum Italian ryegrass Exotic Annual Sep–Dec Moderate
Lachnagrostis filiformis Common blown grass Native Annual Sep–Jan Tolerant
Phalaris aquatica Toowoomba canary grass Exotic Perennial Nov–Jan Tolerant

https://vicflora.rbg.vic.gov.au
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a day for 5 min) on a heated bench (~ 22 °C) for 1 
month to allow for germination.

After 1 month, we potted up 80 individuals per 
species into individual 1.9L pots. Pots contained a 
3–5 cm layer of pine bark at the bottom (to prevent 
soil loss), and were then filled with a 7:1 sand:topsoil 
mix. We placed the potted individuals in a polytunnel 
for 3 months, during which they were watered for 4 
min, three times daily via an automated sprinkler sys-
tem. They were fertilised every 4 weeks using 0.5 g/L 
fertiliser (N:P:K = 20.0:8.7:16.6).

We conducted the inundation experiment in 
August–September 2018, commencing on the 8th of 
August (a time of typically high flows in temperate 
Australia and when environmental flows are com-
monly released). Eighteen 785L tanks located out-
doors under a transparent pavilion were used for 
the experiment. Each tank was assigned one of nine 
inundation duration treatments: 0, 1, 2, 5, 7, 10, 15, 
25, or 35 days, based on a priori assumptions of the 
potential range of inundation tolerances, with 35 days 
considered likely to kill most plants. Durations were 
designed to overlap with the approximate durations of 
delivered environmental flows in south-eastern Aus-
tralia, i.e. peak = 2–14  days, peak plus ramp up and 
down = 5–28 days (VEWH 2020). Plants were placed 
on a platform about halfway up the tank. We filled 
each tank with tap water such that plants were fully 
submerged and the water was approximately 40  cm 
from the soil surface. We released water at the end of 
the given inundation period, with the level then kept 
at 3 cm above the drainage holes at bottom of the pots 
to ensure plants had access to water.

We selected 54 individuals of each species (324 
plants in total) of similar size for Experiment 1. 
Three individuals from each species were randomly 
assigned to a tank (18 individuals per tank), with 
each treatment replicated twice (n = 6 plants per spe-
cies per treatment). On a weekly basis, we randomly 
shifted around individual plants within each tank to 
control for any shading variation within a tank.

We recorded plant survival and heights (defined 
as the length of the longest green leaf) weekly, for 
5 weeks. We measured water quality (temperature, 
dissolved oxygen, and pH) 1 month following ini-
tial inundation for each tank; the results were simi-
lar to typical values for the region (Supplementary 
Information, Table  S2). Immediately following the 
completion of an inundation treatment, we noted 

the presence or absence of top kill (whether above-
ground biomass died whilst inundated). Plants were 
kept in the tanks for a further 5-day recovery period 
and at the completion of the experiment (40  days 
following the commencement of the inundation 
treatments), we recorded whether or not the plant 
remained dead.

Following the 40-day experimental period, we ran-
domly selected three individuals per species from the 
0, 7, 25 and 35-day treatments. We separated these 
plants into above- and below-ground components and 
dried and weighed them. We monitored the remain-
ing plants on five separate occasions until the follow-
ing February to check whether the onset of flowering 
was delayed or flowering reduced; the experimental 
period comprised the typical flowering period of all 
species (Table 1).

Experiment 2: Inundation of grass seedlings

Soil seedbank samples were collected over 2  days 
(6–7th May 2018) from six sites along the Cam-
paspe River (Supplementary Information, Fig. S1; 
Table  S3). We collected six replicate soil seedbank 
samples from each site with sampling locations cho-
sen where target species occurred (Supplementary 
Information, Table S3). Sampling locations within a 
site were 5–100 m apart, with each study site approxi-
mately 200–600  m long. At each sampling location 
we took five subsamples of 5 cm depth and diameter 
using a bulb planter and pooled them.

Seedbank samples were dried at 30 °C for 2 
weeks. After samples were dried, we combined the 
samples from each site and then separated them into 
six sub-samples of equal weight. We then spread 
each sub-sample evenly in seedling trays (approx. 
30 cm × 20 cm × 5 cm) half-filled with the same soil 
mix used in Experiment 1.

We left the trays in a large polytunnel for 10 weeks 
to allow seedlings to germinate and grow (subject to 
an automated watering regime of 4 min, three times 
daily). Any grass seedlings that germinated and 
reached a height > 5  cm were identified to at least 
genus level. We recorded the abundance of each spe-
cies, along with other grasses that were found to be 
common, for each subsample. We placed colour-
coded toothpicks beside each individual of a species 
of interest. We then placed each tray in a plastic tub 
(approx. 40 cm × 40 cm × 25 cm), and subjected them 
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to one of six inundation durations: 0, 1, 2, 5, 10 or 
25 days based on assumptions of inundation tolerance 
(lower than mature plants). We filled the tubs with 
tap water and kept them full for the duration of the 
treatment. At the end of the treatment period, the tubs 
were drained and remained in the polytunnel. Follow-
ing a 1-week recovery period, we recorded the num-
ber of individuals of each target species that survived.

Experiment 3: Inundation of established grasses in 
shade

We then quantified the effect of the interaction 
between shading (to reflect reduced light conditions 
associated with dense canopy shade, turbidity, or 
deep floodwaters) and inundation on plant mortality 
and growth. We applied two treatments (shaded-wet 
and shaded-dry) to eight round plastic tubs (four rep-
licate tubs for each treatment), in addition to a light-
dry control (unshaded). ‘Wet’ (inundated) plants were 
placed in tubs that were filled with water to approxi-
mately the same depth above the soil as in Experi-
ment 1. ‘Dry’ plants were not inundated, but could 
access water through shallow water maintained at the 
base of the tub, as per the control tanks in Experi-
ment 1. We shaded the tubs with commercial shade 
cloth that reduced light availability by approximately 
80%. We measured this light reduction and verified it 
at different light intensities (full sun and cloud cover) 
using an instantaneous light meter. Treatments were 
applied for 53 days, with plant heights measured at 0, 
11, 21, 46 and 53 days. The longer inundation peri-
ods were opportunistically determined based on the 
observations of high survival rates in Experiment 1 
that commenced 3 weeks prior. The tubs were posi-
tioned outdoors, directly adjacent to the tanks used 
for Experiment 1.

Experiment 3 was started 3 weeks after Experi-
ments 1 and 2. We split a total of 144 plants into nine 
groups of 16, with eight treatment groups and one 
group allocated as a control. Within each group of 
16 plants, there were only two L. filiformis and two 
L. multiflorum individuals; otherwise there were three 
individuals per study species in each group. Follow-
ing the experiment, we dried a subset of six individu-
als per species from each treatment and recorded their 
root and shoot biomass (four individuals for L. fili-
formis and L. multiflorum). As per Experiment 1, we 
monitored flowering onset for the remaining plants.

Statistical analysis

Statistical analyses were conducted for Experiments 1 
and 3 to evaluate the relative effects of treatments on 
relative growth and biomass of established plants. All 
analyses were conducted in R (Version 3.6.0, R Core 
Team 2013). No analyses were conducted for assess-
ment of treatment effects on flowering in Experiments 
1 and 3 because most species either did not flower or 
showed no apparent differences in onset responses. 
Likewise, no analyses were used for Experiment 2, 
where there was almost no seedling mortality, which 
precluded the calculation of treatment effects or use 
of survival analyses. In both cases, qualitative assess-
ments of treatment effects on flowering and seedling 
survival are presented.

For Experiment 1, we built linear mixed effect 
models for the relative height growth of each spe-
cies, where inundation duration treatment, week since 
commencement, and their interaction were modelled 
as potential predictors (fixed effects) for relative 
height growth, and tank and plant included as nested 
random effects. Both fixed effect variables were input 
as factors as opposed to numerical variables due to 
the expected non-linear responses and likely occur-
rence of thresholds. This also enabled direct evalua-
tion of treatments at specific time periods. We defined 
relative height growth as the difference in plant height 
from the beginning of the experiment for each plant. 
We ran mixed effects models using the lme function 
in the nlme package (Pinheiro et  al. 2018). Model 
performance is indicated by conditional and marginal 
coefficients determined using the r.squaredGLMM 
function in the MuMIn package (Barton 2020). Addi-
tionally, likelihood ratio tests were performed on 
weaker models to verify model improvement over the 
null model. Models had a significantly better fit than 
the null model in all cases and so the test outputs are 
provided in repository outputs only. We performed 
Tukey’s tests to compare mean relative height growth 
between different treatments by week, for each spe-
cies, using the lsmeans function in the emmeans 
package (Lenth 2020). Post-hoc tests were conducted 
using the lsmeans function to determine significance 
of effects, with a significance threshold of p < 0.05.

We analysed the data from Experiment 3 similarly 
using linear mixed effects models for relative height 
growth, but with binary fixed effects for inunda-
tion and shading. Linear mixed models for biomass 
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analysis using plants from Experiments 1 and 3 
included inundation and shade treatments (inunda-
tion duration days: 0, 7, 25, 35, shaded-dry 53, and 
shaded-wet 53) as a categorical fixed effect. We 
included nested random effects (plant ID in tanks) 
and an interaction between treatment and week since 
commencement.

Results

Experiment 1: Inundation of established grasses

In general, plant growth (height) declined with 
increasing duration of inundation for all six spe-
cies as leaves progressively senesced from the tips 
(Fig. 1). All models used to evaluate treatment effects 
on plants over time performed well with moderate to 
good model fit for all species (DF = 225, Table 2). For 
most species, the growth was not significantly lower 
(p > 0.05) between treatments until weeks four or five, 
but all species showed a significant negative effect 
of longer inundation treatments compared to shorter 
treatments (see Supplementary Information, Tables 
S4–S9). R. caespitosum was affected by inundation 
earlier than all other species with lower growth in 
the 25-day treatment by week three compared to the 
0, 1, 2 and 5-day treatments (and 35-days compared 
to 1-day). By week four, plant height growth for R. 
caespitosum was lower in both the 25 and 35-day 
treatments than the 0–7-day treatments. P. labillar-
dierei height growth in the 25 and 35-day treatments 
was lower in week four than plants in the 0, 1, 5, and 
7-day (35-days only) treatments. L. filiformis growth 
was only lower for plants in the 35-day treatment than 
the 2-day treatment in weeks four and five (also 25 
c.f. 2-days after 5 weeks). P. aquatica responses were 
weak, with growth in the 35-day treatment only lower 
than the 2-day treatment after 5  weeks. L. multiflo-
rum responses were similar to P. aquatica with lower 
growth in the 35-day treatment than the 1 and 7-day 
treatments after 5 weeks. For B. catharticus, growth 
in the 25-day treatment was lower than the 0–10-day 
treatments after week four and likewise for the 25 and 
35-day treatments in most cases after 5 weeks.

Only three plants out of 324 in Experiment 1 died 
from inundation. These were all B. catharticus indi-
viduals, in response to the longest inundation period 
(35 days). B. catharticus heights were also the most 

negatively affected by inundation (Fig.  1), but this 
species also had low growth in the 0, 1 and 2-day 
inundation treatments.

Experiment 2: Inundation of grass seedlings

Ten grass species (Table S10) were identified in our 
soil seedbank samples, including five of the six target 
species. L. filiformis was the most abundant, followed 
by Lolium spp. Only eight grass seedlings from a total 
of 272 identified died during the experiment; three 
seedlings died following very brief treatments, while 
five died in the longest, 25-day treatment (Table  3). 
The small increase in mortality at the longest treat-
ment (five of eight dead seedlings) suggests that some 
species may have been approaching a survival thresh-
old  at 25 days of inundation (see Supplementary 
Information, Table S10).

Experiment 3: Inundation of established grasses in 
shade

Grasses in the third experiment showed reduced 
height growth when inundated  and shaded (Fig.  2), 
with similar results to the unshaded treatments in 
Experiment 1. Also similar to Experiment 1, B. 
catharticus was most sensitive to inundation, with 10 
out of 12 inundated plants dying after 53 days inunda-
tion. Only one other individual plant died during the 
experiment, a P. aquatica individual, in the shaded-
wet treatment.

The wet versus dry comparisons for shaded 
treatments showed large differences due to both 
the negative impacts of inundation and positive 
impacts of shading (when dry) on height growth. 
All models used to evaluate treatment effects on 
grasses over time performed well with good model 
fit for all six species  (R2 > 83, df = 56, Table  4). 
Shaded-dry treatment plants grew taller and faster 
than other treatments as leaves elongated in search 
of light; they had greater height growth (p < 0.05) 
than shaded-wet treatment plants after 3 weeks (P. 
labillardierei after 6.5  weeks) and greater height 
growth than light-dry treatments after 6.5 weeks for 
all species (see Supplementary Information, Tables 
S11–S16). Shaded-wet treatment grasses had sig-
nificantly less height growth than light-dry treat-
ment grasses after 6.5 and 7.5 weeks for R. caespi-
tosum and after 7.5  weeks for B. catharticus, with 
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no effects for other species (Supplementary Infor-
mation, Tables S11–S16). Control grasses (light-
dry), were relatively slow growing for most species 

(Fig.  2), but height growth rates were similar to 
control grasses (0-day) in Experiment 1.
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Fig. 1  Modelled predictions of relative height growth of 
plants subjected to one of nine different inundation duration 
treatments (from Experiment 1: Inundation of established 
plants). Each panel represents a different species, with n = 54 

plants for each species across all treatments. Error bars indicate 
the modelled mean ± standard error. Values are offset along the 
x-axis to improve visualisation
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Biomass assessment from Experiments 1 and 3

Overall, root and shoot biomass tended to decline 
with increased duration of inundation, with root and 
shoot biomass consistently lower for the longest 
inundation treatments (35-day and shaded-wet treat-
ments) (Fig. 3). Root and shoot biomass were also 
often lower in the 35-day treatment than the shaded-
wet, 53-day treatment. However, there were mod-
est and mostly non-significant differences between 
biomass values under different treatments for each 
species, likely due to the low replication of samples 
(Supplementary Information, Table S17). R. caespi-
tosum, B. catharticus and L. multiflorum had clear 
but non-significant declines in root biomass, with 
final biomass being much lower for all treatments 
(even zero days inundation), than the grasses prior 

to treatment. Biomass models had moderate fits 
with low to high marginal  R2 (0.07–0.83) but very 
high conditional  R2 influenced by the low degrees 
of freedom  (R2 > 0.94, df = 2, Table 5).

Flowering assessment for Experiments 1 and 3

In Experiment 1, no clear effects of inundation on 
flowering were apparent, except for B. cartharticus. 
Even for B. catharticus, which commenced flowering 
earlier than other species, only the longest inunda-
tion treatment of 35 days delayed or prevented flow-
ering (only 1 of 6 plants flowered c.f. almost all B. 
catharticus plants flowering in the other treatments). 
No other species flowered during the inundation treat-
ment period (35  days). Following the experimental 
period (post 40  days), the onset of flowering of L. 
filiformis, L. multiflorum, and R. caespitosum was 
relatively unimpacted by prior inundation duration. 
Both P. labillardierei and P. aquatica were slow to 
flower, with only one plant of each flowering during 
the study period.

Of the grasses in Experiment 3, none flowered 
while inundated, while B. catharticus plants com-
menced flowering, if not inundated. L. multiflorum 
and R. caespitosum plants began flowering soon after 
the experimental period ended, but they took longer 
(~ 3 weeks) when previously inundated. In contrast, P. 
aquatica plants flowered at a greater rate when inun-
dated (4 of 6 plants flowered in the inundated treat-
ment c.f. only 1 plant in the not inundated treatment). 
Timing or rate of flowering was relatively unimpacted 
by inundation for L. filiformis, and no P. labillardierei 
plants flowered during the experiment. A summary 
of the flowering data is provided in Supplementary 
Information, Tables S18 and S19.

Discussion

As expected, we recorded reduced plant height and 
biomass growth with increasing inundation dura-
tion across all species, as well as inundation-induced 
delays in flowering onset for some species (results 
summarised in Table 6). However, the low levels of 
plant mortality in the experiments were unexpected. 
We hypothesised that complete submergence for the 
applied durations would result in higher plant mortal-
ity, particularly for the longer inundation treatments 

Table 2  Experiment 1 model goodness of fit indicated by the 
conditional and marginal coefficient of determination  (R2) for 
each species

Species model R2 marginal R2 conditional

Rytidosperma caespitosum 0.68 0.83
Bromus catharticus 0.40 0.55
Poa labillardierei 0.64 0.81
Lolium multiflorum 0.40 0.69
Lachnagrostis filiformis 0.56 0.80
Phalaris aquatica 0.50 0.74

Table 3  Abundance of seedlings (taller than 5  cm at begin-
ning of experiment) of target species in seedbank samples 
(pooled by flood duration treatment), before and after inunda-
tion (from Experiment 2: Inundation of seedlings)

An expanded table by species is provided in Supplementary 
Information (Table S10)

Treatment (day) Number of grass 
seedlings present

Number of 
seedlings that 
died

0 50 2
1 49 1
2 48 0
5 37 0
10 40 0
25 48 5
Total 272 8
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for inundation-intolerant species. Even the grass seed-
lings exhibited low mortality rates. Also contrary to 
our expectations, shading did not typically augment 
the effects of inundation. Our results suggest that for 
our study species, cool-season inundation may reduce 
plant growth, but it does not typically cause signifi-
cant mortality in mature or immature plants at inun-
dation durations of up to 35 days.

Our findings are in contrast with our expectations 
based on prior field observations and expectations 
of managed flow influences. Field observations have 
noted that in some cases spring flows of 1–2 weeks in 
duration have caused mortality in some of the study 
species (namely, B. catharticus and Lolium spp.; 
Jones and Thomas 2018). Furthermore, in a similar 
experiment to ours except conducted in summer, no 

−20

0

20

40

60

H
ei

gh
t g

ro
w

th
 (c

m
)

Rytidosperma caespitosumA)

−20

0

20

40

60

H
ei

gh
t g

ro
w

th
 (c

m
)

Bromus catharticusB)

−20

0

20

40

60

H
ei

gh
t g

ro
w

th
 (c

m
)

Poa labillardiereiC)

−20

0

20

40

60

H
ei

gh
t g

ro
w

th
 (c

m
)

Lolium multiflorumD)

−20

0

20

40

60

0 2 4 6 8
Week

H
ei

gh
t g

ro
w

th
 (c

m
)

Lachnagrostis filiformisE)

−20

0

20

40

60

0 2 4 6 8
Week

H
ei

gh
t g

ro
w

th
 (c

m
)

Phalaris aquaticaF)

Treatment Light_Dry Shade_Dry Shade_Wet
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B. cartharticus plants survived inundation of 2 weeks 
or more, while some R. caespitosum and L. perenne 
plants died after 2 weeks and most plants died after 
four or more weeks of inundation (Vivian et al. 2020). 
Our results, together with this previous research sug-
gests that additional factors in association with inun-
dation are important for determining plant inundation 
responses.

The shading experiment tested whether reduced 
light from inundation by turbid water or in loca-
tions with dense tree canopy was one of these fac-
tors. High shading or turbid floods will often inhibit 

Table 4  Experiment 3 model goodness of fit indicated by the 
conditional and marginal coefficient of determination  (R2) for 
each species

Species model R2 marginal R2 conditional

Rytidosperma caespitosum 0.96 0.97
Bromus catharticus 0.95 0.97
Poa labillardierei 0.91 0.94
Lolium multiflorum 0.85 0.93
Lachnagrostis filiformis 0.89 0.91
Phalaris aquatica 0.83 0.91
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photosynthesis; the lack of light can interact with 
inundation to severely reduce cellular oxygen (Bai-
ley-Serres and Voesenek 2008). For example, Visser 
et al. (2016) found that for Solanum dulcamara (bit-
tersweet nightshade), shade and inundation inter-
acted to reduce biomass. However, reducing light 
availability does not have consistent effects across 
species. Vervuren et al. (2003) found that, by exper-
imentally increasing sediment load and water depth, 
only some of their study species were sensitive to 
lack of light, whilst for others its reduction had little 
effect. Our study species were all relatively shade 
tolerant—shading had little to no effect in combi-
nation with inundation to further reduce growth or 
survival. However, by using a shade cloth to repli-
cate turbid waters, we acknowledge our experiment 
did not account for how sediments in floodwaters 
deposit on leaves, directly reducing their light cap-
ture ability. This effect could be further tested using 
a sediment addition experiment.

Given the negative impacts of inundation on plant 
growth, we assumed that this reduction in plant vig-
our would delay or prevent flowering, with greater 
impacts for less inundation-tolerant species (War-
wick and Brock 2003; Greet et al. 2013b). Our study 
suggests this may be the case for our three terres-
trial species (B. catharticus, L. multiflorum, and R. 

caespitosum). The contrasting response of P. aquat-
ica, with flowering being promoted by inundation, 
suggests a continuum of reproduction responses that 
may contribute to species composition changes with 
alterations to flow regimes. Nonetheless, the effects of 
cool-season inundation on the flowering of the study 
species we observed were often negligible or modest.

A likely explanation for the lack of mortality (and 
modesty of other responses observed) is the seasonal 
timing of inundation in our experiment. Warmer 
water temperature accelerates plant respiration, the 
use of carbohydrates, and hence biomass loss during 
flooding (van Eck et al. 2005). In inundation experi-
ments similar to those carried out in this study, van 
Eck et al. (2006) found that several herbaceous plant 
species survived inundation longer in winter than in 
summer. Additionally, Vivian et al. (2020) found that 
the two flood intolerant grass species we studied (Bro-
mus catharticus and Rytidosperma caespitosum) suf-
fered significant mortality following only 2 weeks of 
inundation in summer, while Main et al. (2022) found 
plants of these species died faster and at higher pro-
portions when inundated in artificially warmed water 
than in ambient water temperatures in late spring. 
Thus, winter inundation is likely to be less important 
in determining the distribution of riparian species 
than summer inundation (van Eck et al. 2004).

Table 5  Biomass model 
goodness of fit indicated 
by the conditional and 
marginal coefficient of 
determination  (R2) for each 
species

Species model Root biomass Shoot biomass

R2 marginal R2 conditional R2 marginal R2 conditional

Rytidosperma caespitosum 0.58 0.99 0.75 0.99
Bromus catharticus 0.30 0.99 0.32 0.99
Poa labillardierei 0.18 0.94 0.31 0.99
Lolium multiflorum 0.07 0.95 0.63 0.97
Lachnagrostis filiformis 0.33 0.95 0.47 0.95
Phalaris aquatica 0.83 0.99 0.92 0.99

Table 6  Summary of 
responses of each species to 
experimental treatments in 
this study

The number of days 
indicates the earliest 
inundation duration that 
resulted in a significant* or 
notable result

Species Inundation treatment Inundation + shade Biomass ↓ Flowering

Mortality Growth ↓ cf. Inundation

Rytidosperma caespitosum None 21 days* None None Delayed
Bromus catharticus 35 days 28 days* None None Delayed
Poa labillardierei None 28 days* None None NA
Lolium multiflorum None 35 days* None None Delayed
Lachnagrostis filiformis None 28 days* None None NA
Phalaris aquatica None 35 days* None 35 days* Accelerated
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Our inundation experiments coupled with the find-
ings of others suggest that there is an increasing impact 
of inundation from winter to summer on plant growth 
and survival (Vivian et al. 2020; Main et al. 2022), as 
well as reproduction (Warwick and Brock 2003; Greet 
et  al. 2013b). Combined, these results have important 
implications for environmental flow management, as 
cool-season flows (such as winter or early spring high-
flows) may be ineffective for controlling exotic ter-
restrial species, unless they occur for longer durations 
than those tested here (5 weeks) and even the efficacy 
of those longer events remains untested. While a short-
duration summer flow release may be more effective 
at killing undesirable terrestrial plants within the river 
channel, these flows may have negative impacts on 
native riparian vegetation and other native biota that are 
not adapted to high summer flows (Greet et al. 2013b; 
Vivian et  al. 2020). These seasonal and temperature 
influences suggest that locally hotter and drier climates 
with more frequent extreme heat and rainfall events 
resulting from climate change (CSIRO and Bureau of 
Meteorology 2021) will increase negative impacts of 
flows on vegetation, although they may also decrease 
flows. There was no clear evidence that exotic species 
were more sensitive to inundation than native species 
from the small pool of species we tested.

There are of course several other factors contrib-
uting to plant mortality associated with inundation in 
waterways that we did not test. For instance, plants 
can be sensitive to other flow regime components 
such as depth of inundation (Magee and Kentula 
2005), which can interact with inundation duration 
to reduce plant growth or survival (Fraser and Karn-
ezis 2005; Gattringer et  al. 2018). Conditions lead-
ing up to an inundation event may also play a role. 
For example, the frequency at which past inundations 
occurred can influence wetland community compo-
sition and how plant species allocate their biomass, 
with implications for plant responses to inundation 
(Smith and Brock 2007). Furthermore, in addition to 
shading, turbid floodwaters may cause stress to plants 
via scour or smothering (Catford and Jansson 2014), 
which our experiments did not test. We also did not 
test the influence of water quality (e.g. eutrophica-
tion) or biotic (e.g. grazing, carp bioturbation) effects 
on plant inundation tolerances that may be important 
(Meeson et al. 2002; Driver et al. 2005; O’Hare et al. 
2018).

Conclusions

For our study grass species, cool-season inundation 
had negative effects on height and biomass growth with 
increasing inundation duration. Shading the grasses, in 
combination with inundation, had no additional effect 
on plant growth. Importantly, plant mortality was 
almost absent in all experiments, even for seedlings, 
suggesting that short inundation durations in cool-sea-
son conditions may have modest impacts on riparian 
community composition. We suggest that other factors 
interacting with inundation, and seasonal timing in par-
ticular, are likely to be important for determining plant 
responses to inundation. How these factors interact with 
the functional and ecological traits of individual species 
would be valuable to investigate in future research.
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