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Abstract
Extreme climate events such as floods and droughts represent major threats
to biological diversity, agricultural production and livelihoods. Extreme climate
events are of greater magnitude over shorter duration than incremental
climate means and are expected to increase in frequency, duration and
intensity in response to climate change.
Wetlands such as floodplain grasslands provide ecologically diverse and
economically productive habitats. Extreme climate events are most likely to
affect floodplains through any sudden changes in hydrological regime.
However, floodplain plant communities are adapted to regular disturbance
from flooding and management, and species carry traits to deal specifically
with disturbance regimes unique to floodplains. Floodplains can be utilised as
a template to gain insight into wetland responses to climate change.
This research aimed to determine the responses of floodplain grassland plants
to extreme climate events, specifically hydrological change, by evaluating
the responses of repeated extreme flooding on survival, growth and flowering;
to ascertain whether different resilience strategies support plants in flooding
stress; and to investigate how sustained hydrological change affects plants
immediately and over time. Characteristic species from floodplain grasslands
were used in mesocosm experiments and field studies. The mesocosm
experiments used a repeated flooding scenario, mimicking a real-world
extreme flooding event. The field site consisted of two contrasting floodplain
grassland communities and hydrologies, and was utilised in a transplant
experiment.
The key results from both mesocosm and field experiments suggest that
acknowledged species’ tolerances to saturated soils, such as the Ellenberg
Indicator Values, do not predict actual responses to differing frequencies and
durations of flooding. Initial responses to short-term and infrequent flooding
may differ from longer-term responses. Flooding frequency is as important as
flooding duration in determining species’ ability to ameliorate the
consequences of flooding. Results also indicate that, in general, flooding
advances flowering across a range of floodplain species, while flowering
abundance reduces as flooding duration increases. The resilience strategy of
plant-to-plant facilitation specifically fosters elongation of leaves and stems,
attributes that enhance plant survival of flooding events.
Floodplain grassland plant responses to extreme climate events are variable
and dependent on the nature of the event. Longer-term stability may be
determined by the frequency and duration of extreme events in conjunction
with community composition. Results from this research are important, as they
are extendable to gauging wider implications for other wetland communities
to extreme climate events.
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1 Introduction
1.1 Research context
Extreme climate events are increasing in intensity, frequency and duration
(Stott et al., 2012) as a result of gradual climate change. These include
heatwaves, flooding, drought, extreme precipitation and exceptional storm
events. An extreme climate event is defined as being of great magnitude over
a short duration, which may trigger an extreme response in the environment
(Jentsch et al., 2007). Such events have been shown to drive significant
change in the natural environment (Gutschick & BassiriRad, 2003; Smith, 2011),
and therefore may be more important than gradual climate trends.
Research into the impacts of extreme climate events on the natural
environment is still in its infancy, with data collected mainly from mesic
grasslands (e.g. Fay et al., 2003; Kreyling et al., 2008; Sherry et al., 2007; Jentsch
et al., 2011). The utilitarian and high economic importance of wetlands such
as floodplain grasslands (de Groot et al., 2012) derives from the array of
ecosystem services they provide (Acreman & Holden, 2013), many of which
could mitigate extreme climate events, such as the attenuation of floodwater.
Floodplains are dynamic ecosystems that connect both terrestrial and
aquatic environments through recurrent flooding (Thoms, 2003). They are rich
in biodiversity and the deposition of nutrients from flooding make floodplains
highly productive (Opperman et al., 2010). It is therefore vital that these
ecosystems are investigated in relation to the impacts from extreme climate
events. Effects upon floodplain grasslands may be to reduce and alter plant
composition, productivity and diversity (Joyce et al., 2016), through changes
in hydrology (Poiani et al., 1995), this in turn will affect floodplain functioning
and services. However, floodplain grasslands may be resilient to such events
due to the cyclic disturbance of wetting and drying that characterises them,
thereby conferring greater plant trait diversity, such that floodplain plant
communities can withstand climate extremes (Brotherton & Joyce, 2015).
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1.2 Research aims
The overall aim of the research was to investigate the responses of selected
floodplain grassland plant species to extreme climate events, using a plant
trait approach. Field studies and mesocosm experiments were combined in
order to address the following three aims and associated objectives:
1.

Investigate

how

hydrological

change

impacts

floodplain

plants

immediately and in subsequent years.
I.

Assess immediate (within-year) impacts of contrasting hydrologies on
floodplain plant species from a range of functional groups.

II.

Evaluate immediate and longer-term (3 yr.) effects of altered
hydrology on a characteristic floodplain plant species.

2. Investigate how different durations of flooding through the growing season
affect floodplain grassland plant species.
I.

Determine the impact of repeated flooding of different durations (2 or
7-day) on plant species representing hydric and mesic floodplain
grassland communities.

3. Investigate whether two plant species with similar traits from the same
seasonally flooded community, exhibit comparable resilience to repeated
flooding stress.
I.

Establish if facilitation exists in selected floodplain grassland species,
and whether facilitative interactions increase with the duration of
flooding.

II.

Determine whether flooding elicits an ‘ecological stress memory’ effect
on plants within and between years when flooded.

1.3 Thesis structure
Chapter 1: is an introduction to the research, including the context and
rationale, with the aims and objectives.
Chapter 2: presents an extensive literature review incorporating climate
change and extreme climate events, and their effects on plant communities,
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especially floodplain grasslands. This chapter also considers the use of plant
traits in both selecting and monitoring species responses to climate change.
Chapter 3: provides a review of the methodologies for the two experimental
approaches, namely field and mesocosm studies. There is a justification of the
methods used and plant species selection.
Chapter 4: begins by providing a detailed description of the field site, and
then details the methods used for the experiments conducted at the field site.
Results for the immediate and lag effects of altered hydrology experiment are
analysed and discussed.
Chapter 5: describes the methods used in all the mesocosm experiments. This
chapter then presents the results for the responses to repeated flooding of
different durations experiment, and discusses these results.
Chapter 6: reports the results and discussion for the mesocosm experiments
investigating resilience strategies to repeated flooding by different plant
species.
Chapter 7: synthesises the key results and findings from results chapters 4, 5
and 6 and discusses these to address the overall aim of the thesis. The chapter
concludes with methodological considerations, recommendations for future
study, and applications of the research.
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2 Literature review
This literature review reflects upon research on the complexity of plant
community responses to extreme climate events, with special emphasis on
floodplain grassland plant communities. Extreme climate events are defined
and set in context with climate change scenarios, and their impacts on the
natural environment are also considered. Wetlands, in particular British
floodplain grasslands and their response to climate change and extreme
climate events, are then reviewed. The focus then shifts to the importance of
plant traits for community stability, resilience and in monitoring responses to
disturbance. Finally, consideration is given to how extreme climate events
may affect plant community stability and traits.

2.1 Climate change
2.1.1 Climate change overview
The scientific consensus on climate change suggests global temperature rises
and other climatic changes are a result of increases in greenhouse gases (Karl
& Trenberth, 2003). Greenhouse gases such as carbon dioxide and methane
absorb solar energy in the form of infrared radiation within the Earth’s
atmosphere; this energy is then radiated back towards Earth rather than
escaping into space. This warms the planet allowing life to exist; however, an
increase in greenhouse gases means more radiation is trapped in the
atmosphere, and this warms the planet further. Furthermore, greenhouse
gases may persist in the atmosphere for long periods (>100 yrs.), allowing them
to accumulate and exacerbate the greenhouse effect (Karl & Trenberth,
2003).
Carbon dioxide levels in the atmosphere were recorded at 391 ppm in 2011
(IPCC, 2013), and in the last two years now top 400 ppm (NOAA, 2017) with a
current yearly rate of increase of 2 ± 0.1 ppm (Ciais et al., 2013). In comparison,
pre-industrial levels (mid-1700’s) of CO2 were approximately 280 ppm. A
change of over 80 ppm would normally be expected to take approximately
5,000 years (IPCC, 2007), and CO2 concentrations have not exceeded 300
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ppm for the previous 0.5million years (IPCC, 2007). The recent time scale of
increased CO2 in the atmosphere correlates with the beginning of the
industrialisation of the Western world and supports the theory that the current
increase in CO2 is anthropogenically induced (Rosenzweig et al., 2008; Stott
et al., 2010, IPCC, 2013).
Global temperatures have increased by 0.85 0C over the last 100 years (IPCC,
2013). Other climate change induced changes include variations in
precipitation patterns through the increased holding capacity of warmer air,
rising sea levels due to the thermal expansion of the oceans and ice cap
melting (Rahmstorf, 2007), and an increase in more extreme weather events
such as heatwaves, tropical storms and intense rainfall incidents (Easterling et
al., 2000). Climate change and the rate of change is likely to affect human
health, social, economic and agricultural functioning (IPCC, 2007); and cause
environmental concerns such as biodiversity and habitat loss, impact
ecosystem services (McCarty, 2001), and contribute to the acidification of the
oceans (Harley et al., 2006).
2.1.1.1 Modelling climate change
Much climate change science has concentrated on trends in increasing
mean temperatures through the analysis of historic data, and modelling
predictions of future climate outcomes. The Intergovernmental Panel on
Climate Change (IPCC) uses these trends to predict global climate,
temperature, and biosphere changes based on future scenarios of carbon
dioxide emissions (IPCC, 2007 & 2013). The Hadley Centre in the UK has applied
similar emissions scenarios to predict climate change outcomes for Great
Britain (Hulme et al., 2002). Using trends and models for climate predictions is
not without issue because:


Many different mathematical models are used, and when compared
each model gives a slightly different prediction (Fowler & Ekström,
2009). This introduces wide variance into predicted likely outcomes.



Older predictions may underestimate likely temperature outcomes. In
2002 the Hadley Centre updated predictions made only four years
previously when new developments in modelling sensitivity led to
changes in warming rate predictions (Hulme et al., 2002). However,
5

confidence in climate change predictions improves as technology
advances (IPCC, 2007).


It is suggested that extreme climate events have disproportionally
larger impacts (Jentsch et al., 2007) on anthropogenic and natural
environments than incrementally changing temperature means as
used and predicted in trend models (Tebaldi et al., 2006).

2.1.2 Extreme climate events
Extreme climate events include intense precipitation events, heat waves,
tropical storms and other extremes of weather or climate (Easterling et al.,
2000), along with indirect effects such as floods and droughts. Some of these
events are expected to increase in frequency, duration and intensity in
response to the changing climate (Zwiers & Kharin, 1998; Tebaldi et al., 2006;
Planton et al., 2008, IPCC, 2012, Stott et al., 2012). As extreme climate events
increase, this will shorten the rare event return periods (Zwiers & Kharin, 1998),
as well as see magnitudinal changes in intensity of these events (Tebaldi et al.,
2006). Already, heat waves have become more frequent in Europe, Asia and
Australia, and extreme precipitation events have increased in North America
and Europe (IPCC, 2013). This has been identified through modelling extreme
weather trends (O’Gorman & Schneider, 2009b) and statistics (Meehl et al.,
2000). However, it has taken science longer to develop models for changes in
frequencies of extreme climatic events (Meehl et al., 2000) than increasing
climate means, and predicting when an actual event is likely to occur is
harder still (IPCC, 2007; O’Gorman & Schneider, 2009b). Nonetheless, extreme
events are not random; a set of specific variables precedes each event, even
if it is not always possible to forecast them. Extreme precipitation and other
weather extremes are often ascribed to changes in atmospheric conditions
at locations other than that of the event (O’Gorman & Schneider, 2009a;
Trenberth & Fasullo, 2012). Furthermore, clustering of extreme events has been
observed to occur. For example, 2010 witnessed extreme precipitation,
flooding, drought and heat waves across both hemispheres within a six-month
period, thought to be the result of high sea surface temperatures which
increased atmospheric moisture, this altered monsoons and cyclonic
conditions further afield (Trenberth & Fasullo, 2012).
6

2.1.2.1 Extreme climate event predictions
Shown in a normal distribution bell curve (fig 2.1), current temperature
extremes account for the 95th percentile weather events. With a shift in mean
temperature to hotter averages, and an increase in variance of
temperatures, current extremes will no longer be statistically unusual unless
measured against historic values. Hotter extreme temperatures will emerge
and replace previous 95th percentile events. This reasoning is also applicable
to precipitation and changes in 95th percentile extreme rain events
(Groisman et al., 2005).

Figure 2.1: An illustration of increasing mean temperatures, and the increased
variance of above average norms leading to hotter and extreme hot weather
(Credit: IPCC, 2001).

Globally, there is projected to be an increase in extreme precipitation events,
particularly in the temperate and boreal regions of both hemispheres
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(O’Gorman & Schneider, 2009a). The increase in the water carrying capacity
of warmer air corresponds to an increase of extreme or heavy rainfall events
(Trenberth et al., 2003), although predictive models for precipitation are less
robust than for temperature (Orlowsky & Seneviratne 2012).
Increases in precipitation have been variously measured by the number of
days with >10mm rainfall, five-day rain events, increased 95% percentile
events, increased intensity (Tebaldi et al., 2006), and quicker return periods of
extreme events. For example, a one in 20-year rain event will become a one
in 10-year event under a doubling of atmospheric CO2 (Zwiers & Kharin, 1998).
Christensen and Christensen (2003) predict an increase in severe summer rain
events across Europe in contrast to the downward trend of average summer
precipitation. However, when precipitation models are compared to
observations, the models appear to underestimate extreme precipitation
events, which indicates that future extreme rain events may be more intense
and/or frequent than current predictions suggest (Fowler & Wilby, 2010).
Predicting the risk of extreme flooding is even more complex than predicting
precipitation, but Milly et al. (2002) suggest a doubling of 100 year flood events
over the 21st century in large (+200,000km2) river basins. Kundzewicz et al. (2005
& 2007) suggest that predicted increases in flooding are not linked to climate
but rather to changes in land management and increased development on
sites at risk of flooding. Trenberth (2012), in contrast, connected three extreme
flood events in Pakistan, Columbia and Australia in 2010 with record high sea
surface temperatures (30.40C) in the various Southern oceans following a
rapid change from El Niño to La Niña conditions. Trenberth and Fasullo (2012)
also attribute the 2010 flooding and heat waves in the northern, and drought
in the southern hemisphere to altered atmospheric conditions from ocean
warming.
2.1.2.2 Extreme climate events and the United Kingdom
Between 2000 and 2010 there have been a number of extreme precipitation
and/or flood events across the UK. The summer of 2012 was recorded as the
wettest on record in England, and second wettest in Britain, by the Met Office.
There were more severe gales recorded in the winter of 2013/14 than any
previous winter since 1871, and this was also the wettest winter since 1766
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(metoffice.co.uk, 2014). These extreme events not only disrupt lives and
businesses but also are economically expensive. Estimated costs incurred from
the flooding in 2007 in England and Wales totalled in excess of US$6 billion
(Met Office, 2011). Pall et al. (2011) suggest that, increased greenhouse gas
emissions have already increased the flood risk in the UK, specifically
attributing the floods in England and Wales in 2000 to climate change.
In the UK it is predicted that extreme winter precipitation may increase up to
five-fold in certain regions of the country over the coming century (Palmer &
Räisänen, 2002), but the projections for summer extreme precipitation are not
as clear (Fowler & Ekström, 2009), ranging anywhere from -50 to +30 per cent
change in the same region (Wilby, 2013). There is also a predicted increase in
flood risk due to climate change particularly in the second half of the 21st
century. Models suggests anywhere between a -20 to +70 per cent change
by 2030, rising to +360 per cent by 2100 in flooding risk within the UK (Wilby,
2013).
2.1.3 Extreme climate events and ecosystems
There is evidence that the effects of climate change, including increasing
mean temperatures have already affected many ecosystems and taxa
(Parmasen & Yohe, 2003). Extreme climate events are also expected to affect
natural environments (McCarty, 2001). However, extreme climate events are
predicted to have greater impacts because of the speed in which
environmental change may occur following extreme events (Jentsch et al.,
2007). Extreme climate events may accelerate change within an ecosystem
compared to what would be expected under gradual climate trends, where
a slower rate of change may be expected, see figure 2.2.
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Figure 2.2: Scheme illustrating how extreme climate events speeds up the
environmental change on a community compared to gradual change through
incrementally increasing climate means (Credit: Jentsch et al., 2007).

Extreme climate events are notable by both their magnitude (great) and
duration (short) in comparison to average climate means (Planton et al., 2008;
Jentsch et al., 2007). Because of this, the effect on the environment may not
be proportional to their temporal distribution (Jentsch et al., 2007) and,
therefore, it is necessary to appreciate extreme climate events as weather
events that can drive change through both occurrence and response.
Therefore, extreme climate events may be more important than incremental
climate change due to the more severe impacts (Meehl et al., 2000, Tebaldi
et al., 2006, Jentsch et al., 2007, Smith, 2011, Reyer et al., 2013, Thompson et
al., 2013), and responses, which may be extreme enough to drive a change
in ecosystem functioning (Gutschick & BassiriRad, 2003; Smith, 2011). There is
also evidence to suggest dramatic changes to ecosystems may be irreversible
(Holmgren et al., 2001).
Easterling et al. (2000) cite numerous documented examples of one-off
extreme events that have changed the size, sex ratio and initiated population
crashes in animal populations, and changes in plant communities. Changes
can be immediate, resetting or rearranging community populations and
structures, which last over long periods following one off extreme events
(Thibault & Brown, 2008). Examples of irreversible change include plant
communities in Mexico and Australia (Allen & Breshear, 1998; Holmgren et al.,
2001) (see section 2.4.2). However, individual species and individuals within a
species may respond differently to the same event, prompting one to
experience stress to which they ameliorate and another a severe event
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(Gutschick & BassiriRad, 2003) which may lead to rapid decline. Although still
limited there is increasing scientific interest in the effects of extreme climatic
events on ecosystems (e.g. Jentsch et al., 2007; Sherry et al., 2007; Arnone et
al., 2011, Dreesen et al., 2013 etc.). Calls for more ecological research to
analyse the responses of communities to extreme events highlights the
potential importance of this under-researched area in ecology (Thompson et
al., 2013, Kreyling et al., 2014).
2.1.3.1 Defining extreme climate events for ecological monitoring
The Intergovernmental Panel on Climate Change defines an extreme climatic
event as a 90th percentile or above event (IPCC, 2012), which is therefore a
statistically rare event at the extreme end of climate variables. This literature
review and subsequent research considers an extreme climate event as per
the IPCC, as a climatological extreme event.
Many aspects of climate change are expected to negatively affect
ecosystems (McCarty, 2001) including extreme climate events and this has led
to another definition of an extreme climate event as including an extreme
response from the environment. Indeed, Smith (2011) defines extreme climate
events as:
“…an episode or occurrence in which a statistically rare or unusual
climatic period alters ecosystem structure and ⁄ or function well
outside the bounds of what is considered typical or normal variability.”
This statement implies that to define a climate event as extreme there must
be an extreme response from the ecosystem or species under investigation.
However, the natural world is highly complex and not all responses are
identical to the same event. The scientific literature contains evidence from
experiments and observation that indicate: different responses by different
ecosystems/habitats to the same event (Kreyling et al., 2008); different
responses by different species of plants (Arnone et al., 2011) and animals
(Boucek & Rehage, 2014) within the same environment; different responses
from the same species in different locations and at different life stages
(Herrore & Zamora, 2014); no significant responses (Fay et al., 2003); and plant
traits and traits within the community that may confer resilience, resistance or
rapid recovery via such mechanisms as ecological stress memory (Dreesen et
11

al., 2013; Walter et al., 2013). All environmental responses, significant or not,
are important because they help explain how plant species and communities
may utilise specific traits or adaptations that confer resilience as well as where
exceedance of tolerance thresholds lie.
2.2 Wetlands
Wetlands are ecotonal systems and therefore transitional areas straddling two
different environments, in this case between aquatic and terrestrial (Thoms,
2003). The terrestrial land is inundated with water either episodically or remains
saturated for much of the time. This controls the types of plants and animals
that may occur in different wetlands (Keddy, 2010). The inundation or regular
lateral movement of water across a wetland is both functionally and
ecologically critical to their ecosystem processes (Amoros & Bornette, 2002).
Wetlands cover only 9% of the Earth’s surface but provide a huge array of
ecosystem services that are economically of disproportionate value to their
land cover (Verhoeven et al., 2006a & Zedler & Kercher, 2009). ‘Ecosystem
Services’ are those provisions provided by the natural functioning of
ecosystem processes that benefit humans. In the case of wetlands, these
include protection from flooding, food supply, carbon sinking, raw materials
(Zedler & Kercher, 2009), nutrient recycling and water quality maintenance
through filtration of pollutants (Verhoeven et al., 2006b). A 1994 calculation of
the global economic value of functioning wetlands was set at >US$4.87 billion
per annum, making wetlands (including coastal wetlands) the single most
valuable ecosystem type on Earth (Costanza et al., 1997). More recent
calculations from 2007, and specific to inland wetlands set their value as
int.$25,682/ha/yr. (compared with tropical forest at int.$5,264/ha/yr.) (de
Groot et al., 2012). Despite the vital but often overlooked ecosystem services
wetlands provide, they are one of the most degraded habitats in the world,
due in part to a late understanding of their importance to the wider
environment and society (Tockner & Stanford, 2002).
Projections of climate effects on wetlands are generally not well-understood
(Erwin, 2009) due to the complexity of many wetland systems. Globally the
biggest impact is likely to be any change in water quantity, thereby affecting
hydrological functioning. Ramsar (2002) considers climate change to have
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the following important impacts on wetlands: heat stress on wildlife, increased
water abstraction, increased flooding, mudslides, avalanches, soil erosion,
fire, and increased invasion of non-native species and diseases. However, not
all of these are likely to affect all wetlands, while some may also be subject to
specific local impacts (Erwin, 2009). Wetlands are also perceived as
ecosystems that could mitigate some effects of climate change such as
providing flood defence (Acreman et al., 2003) and carbon storage in boreal
peatlands (Turetskyet al., 2007). In contrast wetlands such as boreal peatlands
and tropical rice paddies (Spahni et al., 2011), may act as a source of the
greenhouse gas methane (Gedney et al., 2004).
2.2.1 Floodplains
Floodplains are found next to rivers and ditch systems that periodically
become inundated when water overbanks (Junk et al., 1989). Seasonal
increases in nutrients follows flooding periods, make many floodplains
productive for wildlife and agriculture (Junk & Wantzen, 2004; Opperman et
al., 2010), as well as providing many ecosystem services (Costanza et al.,
1997). Opperman et al. (2010) suggest that floodplains require three elements
in order to be functional: connection to a river, variable flooding regimes that
support ecological and ecosystem processes, and the space within which
these processes can develop. The reality, however, is often a habitat
fragmented

by

anthropogenic

development,

thereby

often

losing

connectivity to the water source through hard engineering such asbanks, and
the control of water levels by ditches and sluice gates (Buijse et al., 2002). In
Europe, approximately 90% of river floodplains have been modified leading
to much functional redundancy (Tockner & Stanford, 2002) in many
ecosystem processes and services, and only around 20% of all wetlands
remain in pristine condition in Europe (Verhoeven, 2014). This fragmentation
often leads to a loss of biodiversity and poor water movement across
floodplains, which may lower functioning and provision of ecosystem services
(Thoms, 2003) further.
Floodplains can be ecologically diverse habitats (Opperman et al., 2010) with
the flora and fauna adapted to submerged episodes and saturated ground
as well as more terrestrial conditions. This includes wooded and carr habitats,
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alluvial grasslands including wet meadows, riparian habitats, and some wet
prairies. Floodplain plants have developed a number of strategies to survive
flood events that would otherwise compromise survival of many terrestrial
species, and water levels correlate with the type of plant community found
on floodplains (Toogood & Joyce, 2009). Plant adaptations include:
adventitious roots, hyponastic growth and aerenchyma to avoid hypoxic
waterlogged soils by getting oxygen to the roots from the air rather than the
soil; and the ability to continue photosynthesis even when submerged (Blom
& Voesenek, 1996). Flooding often induces these and other responses in
wetland plants (Voesenek et al., 2006) allowing plants to adapt when needed
in dynamic environmental conditions.
2.2.1.1 Floodplain grasslands in Britain
Most floodplain grasslands in Britain were created by the clearance of wet
woodland or drainage for agricultural purposes, resulting in a semi-natural
plagioclimax grassland community. In Britain, traditional grassland floodplains
were worked as hay meadows, but in the second half of the last century many
were drained for intensive farming practices (Posthumus et al., 2010) resulting
in a loss of wet grassland habitats, and declines in associated bird species
(Wilson et al., 2004). Both intensive farming practices, including the use of
artificial fertilizers, or abandonment of any management on floodplains can
lead to the loss of biodiversity (Joyce, 2014) which in turn leads to reduced
functional trait diversity in the remaining plant community (Janeček et al.,
2013). This may affect the delivery of ecosystem services, as the loss of plant
traits has been directly linked to a loss of functioning in some system services
(Díaz et al., 2007).
A floodplain grassland consists of a suite of plants characterised by their
tolerance to inundation and saturated soil. The community changes over a
number of environmental gradients as the land increases its distance from the
river. These changes will include the level of tolerance to flooding, low oxygen
in the soil and competition, which increases as environmental conditions
become less stressful. The sward is generally predominantly made up of grass,
rush and sedge species, however some floodplain grasslands are also rich in
forb species, some of which are rare and found only within selected sites, for
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instance Fritillaria meleagris. More commonly, floodplain grasslands are
associated with forbs such as Filipendula ulmaria, Mentha aquatica and
Veronica beccabunga, all of which are tolerant of inundation and found in
greatest abundance close to the river edge. Moving inland the make-up of
the sward will start to reflect adjoining habitats in composition, and may
contain an increasing number of generalist species that would not generally
be found closer to the river, such as Taraxicum officinale, Lolium perenne and
Trifolium pratense.
The National Vegetation Classification (NVC) is a phyto-sociological
description of plant communities from all natural and semi-natural habitats in
Britain (Rodwell, 1992). The NVC describes ten wet grassland communities, as
well as mires, swamps and wet woodlands (Rodwell, 1992) that are associated
with floodplains in Britain. The difference between wet grassland communities
is often dependent upon water flow on and off the land from the river (or
water source), edaphic and climatic factors, geology, topography and
geography (fig 2.3). All of these factors will change the structure, composition
and species richness of wet grasslands and therefore the community
classification.

Figure 2.3: Wet grassland community distributions in relation to abiotic environmental
factors of soil nutrients and waterlogging. Plant community MG4 (green) represents
a community of moderate soil moisture and nutrient levels, the arrows represent
community change to another NVC under altered soil moisture and nutrient levels.
MG= mesotrophic grasslands M= mires CG= calcareous grassland. (Credit: Wheeler
et al., 2004.)
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For example, at the field site for this research, Amberley Wildbrooks, a mosaic
of five wet mesotrophic grassland communities, three mire, three wet
woodland and four swamp NVC communities have been mapped across the
322 ha site. Specifically, three wet grassland communities, MG13, MG9 and
MG6, comprise the plant communities found at the site of this research within
Amberley Wildbrooks. Figure 2.3 suggests that although these three
communities are relatively similar in soil nutrient richness, the soil water
preference differs, with MG6 established on a relatively dry soil compared to
the prolonged waterlogging of the MG13 plant communtiy.
2.2.2 Climate change and floodplain grasslands
It has been suggested that some ecotonal habitats may be important in
providing early warning of observable effects from climate change, through
alteration in plant community responses (Beier et al., 2012), although, some
including desert drylands, have demonstrated high resilience to change from
disturbance

(Bestelmeyer

et

al.,

2013).

Floodplain

grassland

plant

communities are adapted to changeable conditions through regime
disturbance (periodic flooding, annual agricultural activities), demonstrating
resilience through community level change in these dynamic environments
(Toogood et al., 2008). Any hydrological changes to wetlands are likely to
have the greatest consequences (Verhoeven et al., 2006a). Nevertheless,
floodplains and other wetlands reliant on river inflows are predicted to be less
affected by climate change than those directly dependent on precipitation
such as mires and bogs (Öquist et al., 1996; Brinson & Malvárez, 2002; Acreman
et al., 2009).Extreme climate events that cause excessive disturbance beyond
temporal and spatial norms may cause adverse changes in floodplain
grassland functioning (Öquist et al., 1996).
The consequences of climate change specific to floodplains are predicted to
comprise:


Changes in precipitation - loss of water at peak vegetation times that
increases terrestrial species over wetland and/or aquatic species
(Öquist, 1996), while intense precipitation may increase flooding,
landslides, soil erosion and therefore loss of vegetation.
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Increased recharge of aquifers – ground water levels restored more
quickly.



Saline intrusion from sea-level rise – increased tidal reach of saline water
moving up river, which will affect community composition.



Loss of feeding and breeding grounds important to wading birds and
waterfowl – direct impacts on population viability.



Loss of biodiversity and increases in invasive species – many invasive
species colonise disturbed habitats quickly (Erwin, 2009).

Climate change models for the UK predict increased precipitation across the
country during the winter, but forecasting for the summer is less certain (Hulme
et al., 2002; Wilby et al., 2013). Trends so far, indicate that summers are
becoming drier; this is particularly true at the regional level where the south
and east of the country have seen greater change towards drier summers
relative to the rest of the country (Hulme et al., 2002; Jenkins et al., 2009). These
changes are expected to lead to reductions in mean water levels on
floodplain grasslands and other freshwater wetlands, particularly in the south
and east during the summer months. The combination of decreasing rainfall
and higher temperatures in the summer, could reduce the water table further
through increased evaporation and evapotranspiration (Thompson et al.,
2009) as water loss exceeds rainfall over the summer months (Dawson et al.,
2003; Acreman et al. 2009). Thompson et al. (2009) suggest that the number
of shallow flood events on wet grasslands in the UK could reduce by up to
90%, due to reductions in available water. Therefore, some wet grassland
species may migrate northwards (Dawson et al., 2003) because of warmer
and drier conditions in southern parts of England, potentially resulting in the
loss of dominant functional species in particular areas. If a water table falls
below a certain threshold over the summer, winter precipitation may not be
enough to recover it to previous levels leading to reduced water tables the
following year (Thompson et al., 2009). This increases the risk of year-onyearever decreasing ground water levels. This scenario would favour a
terrestrial composition of species (Garssen et al., 2014; Čížková et al., 2013)
and lead to a change in community, structure and functioning.
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2.2.2.1 Extreme climate events and floodplains
Extreme weather events could disrupt the functioning of floodplains especially
if they are ‘so amplified, reduced, or mistimed that they produce significant
changes…’ to species populations and physical habitats above or below
critical thresholds (Sparks et al., 1990). Intense precipitation outside of known
seasonal periods of inundation could exceed hydrological thresholds for
vegetation (Poiani et al., 1995). This is especially the case for modified
floodplains with low species richness, where the effects of summer flooding
have been observed to reduce productivity and change species composition
(Antheunisse & Verhoeven, 2008), but a loss of species richness is also
predicted to impact normally hydrologically stable communities as well
(Garssen et al., 2015). The effects of extreme events on floodplains in the UK,
or indeed elsewhere else, is not known as these events are not generally
incorporated into modelling for climate change effects on wetlands (e.g.
Acreman et al., 2009; Thompson et al., 2009). All wetland types including
floodplain grasslands are under-represented in this area of research. Given
the high economic value of functioning wetlands due to the array of
ecosystem services they provide, and that many of these services may
mitigate some of the impacts of climate change and extreme climate events,
it is a major shortcoming that these ecosystems have so far been overlooked
in experimental research. Increased flooding risk, for which floodplains may
mitigate, is almost certainly exacerbated by poor land use and management
(Kundzewicz et al., 2005). Anthropogenic impacts may exponentially increase
climate effects on floodplain grasslands, such as drought and unseasonal
flooding. Degraded floodplain grasslands may already be ‘functionally
extinct’ (Erwin, 2009), leaving these wetlands more vulnerable to multiple
climatic and extreme event impacts (Gitay et al., 2011) if their ability to
function has not already been compromised.
2.3 Plant communities and resilience
2.3.1 Community stability
Ecological stability has many meanings including persistence through time,
resilience to change and to remain constant (Grimm & Wissel, 1997). For plant
communities to remain without change suggests that there is little species
turnover. This is unrealistic as weather patterns, water availability and other
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biotic and abiotic factors can fluctuate regularly, changing community
composition, but without switching to a different phyto-sociological
community. This is often referred to as ‘alternative stable states’ (Beisner et al.,
2003) or dynamic equilibrium (Jentsch, 2007). Such concepts are commonly
illustrated using a ball and cup analogy, whereby a ball represents the
fluctuations in community composition, with the cup representing the
parameters of stability within that given community. However, if the ball tips
out of the cup, theoretically into another cup, then it is likely to result in
irreversible community change as indicated by the frequency and
abundance of species. The new community then becomes the current stable
state under the same constraints as the original community (Beisner et al.
2003). Stability in any given plant community under disturbance, including
extreme climate events, may be determined through resilience strategies
such as facilitation or ecological stress memory (fig 2.4). These mechanisms for
stability may be linked to levels of biodiversity and/or functional trait diversity
within the community.

Figure 2.4: Scheme representing examples of responses, causes and outcomes
to extreme climate events by plant communities (adapted from: Brotherton &
Joyce, 2015).

2.3.1.1 Resilience
Resilience, although at times used to mean stability in ecology (Grimm &
Wissel, 1997), is the flexibility within a system that allows it to recover from a
disturbance back to a previous functioning state (Mori, 2011). The return to a
previous functioning state can be explained by ‘complex adaptive strategies’
in the community, where population dynamics change to best suit current
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conditions whilst also allowing the ecosystem to continue to function (White &
Jentsch, 2001; Norberg, 2004).

Stability therefore encompasses resilience

(Loreau & Behera, 1999), because resilience is a part of the functioning of a
stable community, as defined by community persistence through time and
space (Grimm & Wissel, 1997).
Many ecosystems are maintained by regular disturbance, for which the
community is adapted (Jentsch, 2007; Mori, 2011), this includes floodplain
grasslands and other wetlands. Adaptations may be in the form of specific
plant traits that allow a species to survive disturbances, or changes in
community composition. This implies a system of stability in which trait and
species diversity varies in richness dependent upon environmental factors,
allowing the best-adapted species to replace others as the environmental
conditions change. It explains how a community under regime perturbation is
resistant to change that would otherwise destabilise it and lead to
fundamental changes in the ecosystem. A community already subject to
dynamic environmental factors, such as floodplain grasslands, may resist
and/or recover from extreme climate events if response thresholds are not
exceeded. A return to pre-event species richness levels may be relatively swift
although the composition of the species altered. This has been observed in
both plant (Ilg et al., 2008) and animal populations (Thibault & Brown, 2008)
following an extreme flood event on a wet grassland and within a fresh water
habitat, respectively. Resilience may also be a symptomatic of phenotypic
plasticity within a population, which allows for a higher threshold exceedance
value.
2.3.1.2 Facilitation
Stability, particularly under high or multiple stressors, may also be achieved
through plant-to-plant facilitation. Plant-to-plant facilitation occurs when one
plant indirectly modifies the environment to the benefit of another.
Reproduction, growth and survival can all be enhanced by facilitative actions
of neighbouring plants, and it is commonly associated with biomes of harsh
climatic and environmental conditions such as arctic, tundra and arid
ecosystems (Brooker et al., 2008) as well as coastal wetlands (Zhang & Shao,
2013). Change from competitive to facilitative plant interactions has been
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observed when environmental stress increases; and this is known as the ‘stress
gradient

hypothesis’

(Bertness

&

Callaway,

1994).

However,

plant

communities do not always follow this simple rule, and it seems that the type
of stress and the species, as well as the responses involved, may mean
interactions remain or return to competitive interactions as stress increases
(Michalet et al., 2014; Morzaria-Luna & Zedler, 2014). Within coastal wetland
communities, plant-to-plant facilitation is associated with oxidation of the
surrounding soil, reduction of salinity in the soil, and/or protection of
mechanical stress from water movement (Zhang & Shao, 2013). Some of these
facilitative actions may be applicable to floodplain grassland plant
communities too.
2.3.1.3 Stress memory
Ecological stress memory is another, although less well known, resilience
strategy, whereby a plant may modify future behaviour following an initial
stressful event, thereby making it more resilient to future disturbances (Walter
et al., 2013). Ecological stress memory works at the individual level, whereby
internal ‘mechanisms’ which protected a plant from a stress, such as drought,
may be more quickly re-initiated to a recurrent drought stress (Hilker et al.,
2015), thus allowing the plant to perform better than plants that simply
acclimate to the stress (Walter et al., 2013).This strategy has been observed in
grassland communities to repeated drought events, where there was no
significant reduction in productivity after the first of repeated and worsening
droughts year-on-year (Fay et al., 2000). Effectiveness of ecological stress
memory may be dependent on the length of time between events. The longer
the time between extreme events, the more likely a plant is to be resilient to a
further event (Dreesen et al., 2013). This is important as extreme climate events
are expected to increase in frequency as well as intensity and duration. A
species may be able to build resilience through ecological stress memory to
sporadic events, while increasingly frequent events may mean less resistance,
due to reduced recovery time, and lead to higher mortality rates. However, if
a species does not recover to an original state after an extreme climate
events it may be more sensitive to any recurring events (Lloret et al., 2004).
Therefore, recovery time may be critical to resilience.
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2.3.2 Plant traits
Plant traits are the characteristics of a particular species; these include a
species morphology, phenology, physiology and behaviour (Díaz & Cabido,
2001). Plant traits are adaptations to particular environmental conditions,
developed through pressures on reproduction, growth and survival (Violle et
al., 2007). Traits are therefore not randomly distributed but are acquired
through the abiotic and biotic conditions under which a species survives
(Lavorel & Garnier, 2002).
2.3.2.1 Functional diversity
Biodiversity in any system is often measured by species richness. However,
biodiversity is more than a count of all the different species within any given
area. Diversity is also increasingly assessed using functional groups, traits and
genetic diversity (Cadotte et al., 2009). This is known by the overarching term
‘functional diversity’ (Cadotte et al., 2011). In the context of this thesis,
functional diversity covers traits and groups, as functional traits are generally
phenotypic rather than phylogenetic (Loreau & Behera, 1999; Weiher, 2011).
The collection of functional diversity data may be more important than
species richness because of the close association with ecosystem functioning
(Díaz & Cabido, 2001; Cadotte et al., 2011). Ecosystem functions such as
biogeochemical processes, ecosystem services, resilience to disturbance and
long-term stability in a community have all been closely allied to functional
diversity (Loreau, 2000; Hooper et al., 2005; Diaz et al., 2007; Byun et al., 2013;
Butterfield & Suding, 2013). This indicates that plant traits and functional groups
are a far more powerful tool in assessing a community’s ecological responses
to, and effects of, perturbation. A further advantage of traits over species
richness is the universality of traits (Díaz et al., 2004; Norberg, 2004, Araya et al.
2010a).
A distinction between functional traits depends on whether they are
analogous to responses of environmental change, e.g. disturbance; or
ecosystem processes such as biogeochemical systems (Hooper et al., 2005;
Violle et al., 2007). These two trait types are commonly referred to as response
traits and effect traits, respectively (Lavorel & Garnier, 2002); however, effect
and response are closely linked.
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Plant groups, strategies and traits can be measures of functional diversity. The
term trait is often used to refer to functional groups or strategies in the scientific
literature, and Violle et al. (2007) draw attention to the issue that this ‘mixes
very different components of community structure’. All three diversity terms
are described below, with examples in table 2.1, and referred to as three
separate measures of functional diversity throughout this thesis.
Table 2.1: Example of three species’ functional diversity measures using groups,
strategies and traits.
Biodiversity
Group
Strategy
Trait
Species
Growth form
Life history (C-S-R)* Vegetative growth
Agrostis stolonifera
Graminoid
C-R
Stolon
Bellis perennis
Forb
R
Rhizome
Trifolium repens
Legume
C-S-R
Node
* Competitor - Stress tolerator – Ruderal, see section 2.3.2.3 for description

2.3.2.2 Groups
Functional groups (also referred to in the literature as types or guilds) are
groups of species for which responses to environmental factors can be
clustered or ranked, but are not necessarily genetically related (Boutin &
Keddy, 1993). For example Ellenberg Indicator Values rank species along
various environmental gradients, such as soil moisture preferences from 1=
extreme dryness to 12=permanently submerged plants (Hill et al., 1999).
Groups may also be broad classifications that have one dominant
characteristic

in

common.

Examples

include

C3

and

C4

grasses

(photosynthetic pathways), legumes (nitrogen fixers), forbs (all non-woody
flowering plants not including grasses), Ericaceous shrubs, and annuals and
perennials (White et al., 2000; Mountford et al., 2006; Jentsch et al., 2007; Ward
et al., 2009). Although widely employed, groups are sometimes used without
regard for the methodologies that classify them and can be broad in their
cover of plant types (Lavorel et al., 1997, Gitay et al., 1999). For example, the
term ‘forb’ covers a large number of species, which could be further broken
down into categories that are more specific. Furthermore, functional diversity
will only be as high as the number of groups examined if no other measures
are employed. Greater information would be gained in combination with
other functional diversity measures (traits and strategies) leading to
correspondingly greater explanatory power of community variability (Petchey
et al., 2004). There is no common consensus on groups (Lavorel et al., 1997),
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but this is almost certainly because functional groups can be site, context and
investigation specific.
2.3.2.3 Strategies
Strategies are groups of species defined by common processes or physiology
to combinations of environmental stresses, such as disturbance, resource
uptake or water stress avoidance, but which are not ranked. Competitor Stress tolerator – Ruderal (C-S-R) grouping of plants (Grime, 1977) is a wellknown and used plant classification by strategy. C-S-R is based on the
triangulation of three plant life history strategies depending on a combination
of high/low disturbance tolerance, and high/low resource capture. The three
strategies, or more often combinations thereof, are evolutionarily distinct and
are in many ways the plant equivalent to r-K selection theory (Grime, 1977)
used to define animal life strategies (MacArthur & Wilson, 1967). Low Oxygen
Escape Syndrome (LOES) (Bailey-Serres & Voesenek, 2008) and Low Oxygen
Quiescence Syndrome (LOQS) are a range of physiological or mechanistic
adaptations that particular plants have evolved to aid survival in aquatic,
waterlogged or saturated soils when oxygen levels are too low for roots to
respire. Oxygen may be obtained via adventitious roots, aerenchyma or
hyponastic growth (Blom & Voesenek, 1996).
2.3.2.4 Traits
Functional plant traits (FPT) are the physical, structural, phenological or
physiological characteristics of a particular species (Díaz & Cabido, 2001). FPT
can be categorised as soft or hard. Soft traits are those which are generally
easily measurable, such as height, leaf life span, seed mass etc. (Weiher et al.,
1999), and are more often used as measures of response (table 2.2). Hard traits
include carbon fixation, photosynthetic rates and nitrogen capture, and are
more important when considering effects on ecosystem processes (Lavorel &
Garnier, 2002).

24

Table 2.2: Soft plant traits used to measure responses to climate and disturbance.
(After Lavorel et al., 2007).
Soft Traits
Climate Response
Disturbance Response
Whole plant
Growth form


Life form


Plant height


Clonality


Leaf traits
Specific leaf area

Leaf life-span


Leaf phenology

Stem and below ground traits
Stem specific density
Specific root length
Distribution of rooting depth








Regenerative traits
Dispersal mode
Dispersule shape and size
Seed mass

-





Of the current scientific literature available on the effects of extreme climate
events and grassland plant communities, soft traits (Sherry et al., 2007; Jentsch
et al., 2009) and functional groups (White et al., 2000; Beltman et al., 2007;
Jentsch et al., 2009; Arnone et al., 2011) are most commonly used (table 2.3).
However, hard traits are also measured alongside either soft traits or biomass
(Jentsch et al., 2011; Dreesen et al., 2012). The common use of soft traits and
functional groups is probably due to the relative ease of data collection, but
it also means data can be more readily compared across studies when the
traits are measured in similar ways (Weiher et al., 1999).
Table 2.3: Selected papers using extreme climate events or other severe weather
events to monitor responses in plants, and the plant traits that were monitored
(Brotherton & Joyce, 2015).
Paper
Environment
Functional traits monitored
Author
Year
Habitat
Species
Event type
Soft
Hard
Walter
et al.

2011

Agricultural
grassland

Single grass
species

Recurrent
drought

Above-ground
biomass

Jentsch
et al.

2011

NW.
European
grassland &
heathland

Grasses and
forbs

Drought and /
or
precipitation

ANPP, plant
cover, belowground biomass,
shoot-to-root
ratio, senescence,
phenological
timing
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Relative leaf
water content,
leaf gas exchange
Leaf water
potential, gas
exchange,
photosynthetic
light conversion,
leaf C & N
isotope, leaf C:N
ratio, leaf protein
content

Jentsch
et al.

2009

NW.
European
grassland
NW.
European
grass &
heathland
Tall prairie
grass

Grasses, forbs
& soil
microbes
Grasses and
forbs

Drought
prolonged
over 5yrs
Drought and /
or
precipitation

Phenological
timing, functional
groups
ANPP, tissue dieback, functional
groups

-

Kreyling
et al.

2008

Sherry
et al.

2007

Grasses and
forbs

Phenological
timing, life forms

-

2011

Tall prairie
grass

Grasses and
forbs

*Heat and
double annual
precipitation
Heat

Arnone
et al.

-

Peñuelas
et al.

2004

NW.
European &
Med
shrubland

Ericaceous
shrubs

*Warming
and drought

Fay et al.

2003

Great plains
grassland

C4 grasses

Dreesen
et al.

2012

W.
European
grasslands

Three forb
species

*Precipitation
reduced by
30% and
increased dry
periods by
50%
Drought and /
or heat

ANPP, life-form,
photosynthetic
pathway
plant growth,
plant cover,
biomass,
flowering plants
and shoots,
herbivory damage
ANPP, root
biomass

Biomass, relative
green plant cover

Dreesen
et al.

2013

Three forb
species

De Boeck
et al.
White
et al.

2011

W.
European
grasslands
N. European
grasslands
Agricultural
grassland

Vervuren
et al.

2003

Four forb
species

Flooding

Reusch
et al.

2005

NW.
European
floodplain
Seagrass
meadow

Plant & leaf
survival, leaf
colour, biomass
Biomass,
vegetation height
Photosynthetic
pathway, lifeform, biomass
Plant survival

Light-saturated
photosynthetic
rate and stomatal
conductance
-

One sp. of
eelgrass

* high water
temperature

Biomass, shoot
number,

2000

Drought and /
or recurrent
heat
Drought and
heat
* heat

Three forb
species
Grasses and
forbs

-

14C fixation, plant
and litter
Chemical
composition

-

Gross
photosynthesis
-

-

Genotyping

*Paper does not reference the ‘extreme’ treatments to known events or return
periods and may not even use the word ‘extreme’.
ANPP = above-ground net primary productivity
Note: some papers by different authors listed here come from the same long-term
research projects or have shared authorship on papers listed e.g.: Jentsch, Walters &
Kreyling and Dreesen & De Boeck in Europe and Arnone and Sherry in North
America
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Figure 2.5 combines soft traits, functional groups and strategies to
demonstrate how a species may be described by a number of categorising
and monitoring traits.

Functional Groups & Strategies include:

Soft Functional Plant Traits Include:

Phenology:
First flowering date
Length of flowering period
Number of flowers/seeds
Seed set date

Low Oxygen Escape Syndrome:
Aerenchyma
Adventitious roots
Photosynthesis under water

Leaves and stalks:
Plant height
Specific leaf area
Biomass

Life History:
Competitor-Ruderal
Ellenberg IV F = 9
(F=moisture)

Growth Form:

Below ground:

Herbaceous forb
Perennial
Hemicryptophyte

Root length
Root diameter
Biomass

J. Sowerby (1867) English Botany

Figure 2.5: Example of some of the functional traits for Myosotis scorpioides, a
common European floodplain grassland species. The traits are divided into groups
and strategies, and functional plant traits. Groups and strategies are attributes that
can be used to classify plants. The soft functional plant traits listed are measureable
and can be used as indicators of environmental response e.g. to disturbance.

2.3.3 Traits and species diversity
The theories of Complementarity and Mass Ratio Hypothesis attempt to
explain community stability through composition (Grime, 1998; Loreau, 2000),
but can be linked to functional diversity through the distribution of functional
traits (Díaz et al., 2007). The ‘niche complementarity theory’ suggests that it is
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the diversity of species and therefore the corresponding diversity in traits that
stabilises a community (Loreau et al., 2001), as niches overlap through
partitioning this prevents functional loss even if particular species disappear.
While there is often a correlation between increased species richness and
increased trait richness, it should not be assumed that higher species diversity
will signify an increased diversity in traits and that a measure of one is
interchangeable with the other (Díaz & Cabido, 2001; Cadotte et al., 2011).
Non-dominant species may make a proportionally larger contribution to the
functioning of an ecosystem than their biomass would suggest (O’Gorman &
Emmerson, 2009). Non-dominant species have been observed to have a
proportionally larger impact on community composition and dynamics than
would be expected across different taxa and ecosystems (O’Gorman &
Emmerson, 2009; Gibson et al., 2013).
The Mass Ratio Hypothesis infers that the dominant species by biomass also
have the dominant traits that stabilises the community (Grime, 1998), therefore
a community does not require high species diversity to function. This supports
an understanding that functional diversity is more important than species
richness in community stability and resilience. However, complementarity by
niche partitioning is fundamental in explaining stability and resilience in highly
diverse systems (Cardinale et al., 2007; Steudel et al., 2011). Increased species
richness is a crucial factor in community productivity of marsh plants under
various environmental treatments (Steudel et al., 2011), with biomass more
strongly correlated to diverse plant assemblies under environmental variables
of light and water.
Functional redundancy in plant communities occurs when more than one
plant species carries a particular trait, so if a species is removed the
community functioning is not affected because the trait is still present,
however it is ‘redundant’ to functioning if many species carry it (Díaz &
Cabido, 2001). However, not all high diversity ecosystems have redundancy
in traits. For example, functional changes on a regional scale have been
observed in highly diverse coral reefs in the Indo-Pacific, because the only
reef carbonate feeder has been vastly reduced in number through over
fishing (Bellwood et al., 2003). Neither is increased trait diversity always
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associated with community stability. Loreau and Behera (1999) found
resilience decreased when trait diversity increased based on nutrient up-take
in two plant species systems. Less diverse heathland plant communities were
better able to withstand simulated extreme climate events compared with
more complex plant community compositions (Kreyling, et al., 2008). In
contrast more diverse wet grassland communities were more resistant to
compositional change than low diversity floodplain grasslands after the
reinstating of cutting regimes (Berg et al., 2012). There is clearly more than one
strategy used by plant communities to maintain stability, and the complexities
of stability should not be underestimated (Brotherton & Joyce, 2015). These
theories along with resilience strategies such as facilitation and ecological
stress memory have not been widely tested in floodplain grasslands. However,
many wet grasslands are dominated by a small number of grass and sedge
species adapted to the specific environmental conditions.
2.4 Plant communities and climate change
2.4.1 Climate change and plants
Climate warming is known to advance plant phenology in flowers, leaves and
seeds (Fitter & Fitter, 2002; Menzel et al., 2006; Cleland et al., 2007). In Britain,
an average advance in phenology of over two weeks has been observed
between the 1960’s and 1990’s (Fitter & Fitter, 2002). However, not all plants
show advances in phenology under increased temperature means. Evidence
suggests that while species that flower early advance flowering date, those
with a later flowering phenology are often delayed (Sherry et al., 2007). This
increased divergence of flowering phenology is mirrored in both observations
(Fitter & Fitter, 2002) and experiment (Jentsch et al., 2009), and links specific
plant photoperiods (early or late flowering dependent on the number of hours
of darkness) to advance/delay under increased temperature rise. However,
there is evidence that warming experiments are under-estimating the rate of
phenological change when compared to real world observations (Wolkovich
et al., 2012).
Dawson et al. (2003) simulated models of climate change and the distribution
of

three

European

wet

grassland

species:

Sanguisorba

officinalis,

Ophioglossum vulgatum and Ranunculus sceleratus. Increases in temperature
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extended all species’ distributions, but a lower water table, a consequence
of drier summers in the southeast of England, would cause two of the species
(Sanguisorba officinalis and Ranunculus sceleratus) to sit outside their known
ground water preference levels, and may lead to losses in drier areas of
England.
2.4.2 Extreme climate events and plant communities
Though research into community responses is currently limited, particularly for
floodplain grasslands (see table 2.3), results indicate that extreme climate
events can have dramatic results on plant community structure, phenology
and growth (Kreyling et al. 2008, Arnone et al., 2011; Sherry et al., 2011). There
are two well-documented examples of extreme climate events that have
irreversibly changed community composition:


Following a severe drought in the 1950’s, a Mexican Pondarosa forest
shifted to a piñon-juniper woodland within less than five years, with the
loss of Pinus ponderosa the dominant species in the forest. This
corresponds with the theory that extreme climate events can rapidly
change plant communities (Jentsch et al., 2007). Despite no further
severe droughts over the subsequent decades, there has been no
return to the original community (Allen & Breshear, 1998).



In Australia, open dryland has shifted permanently to woodland
resulting from high rainfall following El Niño conditions in the 1870’s
(Holmgren et al., 2001).

Extreme climate events may also exacerbate changes expected under
climate change trends. Advances in timing of flowering phenology expected
as a result of a decade of climate change trends have been observed to
occur within two years following an extreme climate event (Jentsch et al.,
2009). Jentsch et al. (2009) tested specifically for advances in phenology
under extreme drought and precipitation in both grass and heathland
species. The results indicated that extreme events advanced mid-flowering
date but also the length of flowering in some communities. Other experiments
suggest varied responses in communities (Niu et al., 2013), or show little
response to extreme climatic events in comparison to control conditions.
Additionally, community stability has been observed through increased
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complementarity to extremes (Kreyling et al., 2008). Stability in communities
under extreme events, particularly in primary productivity, may not be
significantly different to control situations (e.g. Fay et al. 2003; Kreyling et al.,
2008; Jentsch et al., 2011; Walter et al., 2011; Dreesen et al., 2012 etc.) or
recover to previous levels in the following year (White et al., 2000; Arnone et
al. 2011).
As suggested above, responses by plants and plant communities to extreme
climate events are not always predominately ‘negative’, despite theories and
observations regarding the increased likely impacts resulting from extremes.
When plants and plant communities do not negatively respond or remain
stable authors have expressed surprise at these results (e.g. Kreyling et al.,
2008; Arnone et al., 2011; Jentsch et al., 2011; Walter et al., 2011 etc.).
However, it may be better to suggest that community responses are complex,
and possibly dependent upon life stage, abiotic factors including soil and
geography, and interspecific differences within the same community (Herrero
& Zamora, 2014). For example, Arnone et al. (2011) have shown that the
productivity of nitrogen-fixing species, which are important components of
many grassland ecosystems and common in many floodplain grasslands,
remained stable to sudden increased temperatures. While Jentsch et al.
(2009) found that legumes appear to moderate the flowering of other species
under both extreme drought and precipitation, as the absence of legumes
significantly delayed mid-flowering date for some grassland species.
As noted in section 2.1.3.1, research has already demonstrated that different
ecosystems and habitats respond variably to the same event (Kreyling et al.,
2008). Responses can be species specific for both plants (Arnone et al., 2011;
Cavin et al., 2013) and animals (Boucek & Rehage, 2014), life stage may
change the response within a species (Herrero & Zamora, 2014), or no
significant differences may be observed (Fay et al., 2003). Plant functional
traits and resilience strategies may help support plant communities, or aid
rapid recovery via mechanisms such as ecological stress memory (Walter et
al., 2013) and facilitation. However, almost all of these findings come from dry
grasslands, and it is not yet known how wet grasslands such as those on
floodplains will respond.
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2.4.2.1 Lag period
Observations of a lag period after extreme climatic treatments indicate plant
responses may be delayed to the following year (Bréda & Badeau, 2008;
Sherry et al., 2007 & 2011). A comparison of plant community structure
between increased temperature and precipitation treatments and controls
resulted in no significant difference in the year of treatment, instead the
significant results presented the following year, representing a lagged
response to the previous year’s increased warmth and precipitation (Sherry et
al., 2012). Additionally, a lag response in the recovery of a dominant species
may release another species to become dominant; this in turn can lead to
longer-term community change (Cavin et al., 2013). This further demonstrates
the inherent complexity of the effects from extreme climate events and
reasserts the idea that the definition of extreme climate events should be
based on climatological statistical extremes and not on ecological responses.
2.4.3 Extreme climate events and stability
Plant-plant facilitation is already known to occur in extreme environments
(Brooker et al., 2008), but it is also one of a number of stabilising processes that
may allow a community to be resilient to extreme climate events through
environmental alterations and recruitment (Lloret et al., 2012). There is some
emerging evidence of facilitation occurring in moderate habitats that
undergo an extreme climatic event. Facilitation has been observed in
Mediterranean shrubland in response to extreme drought (Lloret & Granzowde la Cerda, 2013), grasslands to extreme drought and rainfall (Kreyling et al.,
2008), and seedling survival during a heatwave in temperate deciduous
woodland (Saccone et al., 2009). Additionally, facilitation has been
demonstrated to become relatively more important the lower the species
diversity, and this may help to mitigate the effects of climate change in some
species poor habitats (Cavieres et al., 2014).
Extreme precipitation events may affect plant distribution along gradients of
inundation tolerance on floodplain grasslands. Less flood tolerant species
have shown reduced distribution for many years following extreme flooding in
contrast to more flood tolerant species (Vervuren et al., 2003). However,
Sparks et al. (1990) found that vegetation abundance was not significantly
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affected on floodplains after extreme flooding, although diversity and species
turnover may be directly affected (Ilg et al., 2008). This suggests that stability is
determined by long-term processes allowing the community to remain
functional even in periods of high species turnover. Additionally, the higher
number of viable seeds from species tolerant to both wet and dry conditions
on floodplain grasslands compared to those from only submerged or terrestrial
species (Nielsen et al., 2013) may also support recovery following extreme
events. However, it is not yet clear exactly the roles of functional traits and
resilience strategies such as facilitation and ecological stress-memory in
maintaining stability on floodplain grasslands to extreme climate events, or
whether they will remain stable under repeated extreme events (Brotherton &
Joyce, 2015).
2.5 Summary
Extreme climate events are those that happen outside normal climate
averages and are underrepresented. Extreme climate events are expected
to increase in frequency, duration and intensity due to climate change. There
is both observational and empirical evidence that suggests extreme events
can interfere with the physiology of individual plant species and induce
compositional and structural changes in plant communities that may not be
reversible. These may include loss of both biological and functional trait
diversity.
However, evidence also suggests that many plant species and communities
are able to remain stable under extreme climate events. Stability has most
often been observed in primary productivity, which remains unchanged or
recovers quickly. A number of mechanisms, including plant-plant facilitation,
trait diversity and stress memory may aid this stability. Only a limited number
of ecosystems have been examined concerning plant responses to extreme
climate events. Wetlands including floodplain grasslands are unrepresented
in this field of research. Floodplains are both economically and ecologically
important, yet there is limited research on the likely responses, impacts or
stability of floodplain grasslands subject to extreme climate events.
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3 Methodology
3.1 Introduction
This research contains both field and mesocosm experiments, to investigate
the responses, effects and resilience of floodplain grassland plants to extreme
climate events. A number of environmental factors from the field site set the
parameters for the mesocosm design, including plant species selection, and
flooding duration and frequency.
The field site was utilised to investigate the following aim using a plant
transplantation experiment: how hydrological change impacts floodplain
plant species immediately and in subsequent years. The study was located on
a floodplain at Amberley Wildbrooks with two hydrologically contrasting wet
grassland communities.
The mesocosm approach was used to examine the following two aims (i)
investigate how different durations of flooding through the growing season
affect floodplain grassland plant species. (ii) Investigate whether two plant
species with similar traits from the same seasonally saturated community,
exhibit comparable resilience to repeated flooding stress.
3.2 Field site
3.2.1 Site selection
The field site was selected because it offered two contrasting floodplain
grassland vegetation communities with contrasting levels of soil saturation
and inundation in close proximity to each other (15 m apart). The contrasting
communities consisted of a regularly inundated habitat with saturated soil
and another that was a seasonally damp habitat. The inundation site is
referred to throughout this thesis as the riparian site, due to its close proximity
to the river Arun (plate 3.1a). The seasonally damp site is referred to as the
interior site as it is located on the other side of a manmade embankment from
the riparian site and has no direct connectivity with the river (plate 3.1b). The
sites were used as a proxy of future climate scenarios that alter hydrology,
allowing plant survival, growth and flowering to be compared. For example,
a reduction in soil water that would render the riparian site similar to the interior
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site in soil water charactersitics, due to increased increased temperatures
coupled with decreased precipitation.

a)

b)

Plate 3.1: a) Riparian site inundated by the River Arun, photo taken from the
embankment. Red arrow indicates the extent of the riparian site, blue arrow the
river. b) Interior site looking towards the embankment, as indicated by an orange
arrow. White markers indicate placement of dipwells.
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3.2.2 Field site description
The field site is located at Amberley Wildbrooks, Sussex, UK (TQ 029141). It is a
grazed marsh covering approximately 322 ha of lowland north of the South
Downs. Amberley Wildbrooks is a Site of Special Scientific Interest (SSSI), and
has international importance for its wintering and breeding wildfowl. Amberley
Wildbrooks, along with two other sister sites have Ramsar status within the
wider Arun Valley area, as internationally important floodplains. Full
descriptions of the plant communities at the field sites and other details can
be found in chapter 4, section 4.2.1.
3.2.2.1 Hydrology
The River Arun flows along the western edge of Amberley Wildbrooks, and the
field site was located adjacent to the River Arun (map chapter 4, section
4.2.1).
Flooding of the grasslands from October through to March is common there
and is dependent on the amount of rainwater being carried in the river Arun,
timing of spring tides and height of water in the ditches. The hydrology of the
Amberley Wildbrooks is influenced by naturally high ground water levels, but
also managed using a complex network of ditches and sluice gates. Flooding
targets for conservation at Amberley Wildbrooks state that shallow flooding
should cover 25-30%, and short-term floods 70% of the area between
November and February each year, with high ground water levels to be
maintained through to June for the benefit of water birds and wildfowl, and
plants and invertebrates that rely on flooding for dispersal (Environment
Agency, 2006).
The Environment Agency (EA) record river levels for the River Arun at Houghton
Bridge and Greatham (fig 3.1), both 2.3km downstream and upstream from
the field sites respectively (Environment Agency, no date). The river is tidal as
far as Pallingham (fig 3.1) 41km upstream, and north of Amberley Wild Brooks,
which is 22 km inland. There is no evidence currently of any saline intrusion at
Amberley Wildbrooks (Environment Agency, 2006).
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River Arun
Pallingham
Greatham
Amberley Wildbrooks
Houghton Bridge

Figure 3.1: The river basin for the River Arun with the approximate positions of
Amberley Wildbrooks relative to Houghton Bridge, Greatham, and Pallingham,
which is the furthest extent of tidal influence. Source ©Environment Agency
copyright and database rights 2010 © Ordnance Survey Crown copyright. All rights
reserved. Environment Agency, 100026380, 2010.

3.2.2.2 Geology
The wider Arun valley, which contains Amberley Wildbrooks, was formed
following rapid sea level rise in the Flandrian transgression at the end of the
last glacial maximum, around 15,000 years BP, through the submergence of
the wider area and back filling of the river channel with alluvial sediment
(Shephard-Thorn, 1975).
Both field study sites are made up, primarily, of river alluvium with an underlying bedrock of Lower Cretaceous Gault formations of mudstone (British
Geological Society, no date). The soil at the field sites is predominately in the
Fladbury soil series (National Soil Resources Institute, 2013). This is a mottled
stoneless clay with ochre intrusions synonymous with ferric salts in saturated
anoxic soils, and evidence of gleying. The HOST soil hydrology classification
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system describes these soils as seasonally waterlogged through groundwater
fluxes, leading to the slow movement of water laterally and a tendency for
the build-up of surface flooding (National Soil Resources Institute, 2013).
3.2.3 Ground water monitoring
Hydrology is the single biggest factor in defining and maintaining any wetland,
including floodplain grasslands (Keddy, 2010), and therefore has a controlling
influence on the vegetation composition, which change significantly under
different hydrological regimes (Toogood & Joyce, 2009).
Water level monitoring at the field sites used a series of dipwells on both the
riparian and interior sites. The dipwells followed the Floodplain Meadows
Partnership design (fig 3.2), with the following adaptation for the local
conditions: a bentonite clay plug was not required due to the high clay
content of the soil, which could be moulded around the lid. Detailed
construction, layout and monitoring procedure for the dipwells is described in
chapter 4, section 4.2.2.
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Bentonite clay
plug (not used
at Amberely
Wildrbrooks)

Sock secured by
tape to tube
Woven sock

1-1.5 m depth
Perforated
PVC tube

Coarse
sand

10cm
Figure 3.2: Dipwell design for use at the field site. After (Floodplains Meadow
Partnership, no date).

3.2.4 Plant transplants
Transplant plant experiments involve the moving and replanting of either
seeds, seedlings or more mature plants from one location to another.
Transplant experiments are common in forestry, horticultural and some
agricultural research. However, a broad spectrum of habitats has been
investigated in ecological research using this method. These habitats include:
woodland (Goisser et al., 2013), tundra (Bennington et al., 2012), grassland
(Joshi et al., 2001), wetlands (Steed et al., 2003; Toogood et al., 2008; Quistberg
& Stringham, 2010), aquatic (Li et al., 2010), etc., involving a range of plants
from common ‘weed’ forbs and grasses, to marine grasses, sedges, rare forbs,
shrubs and monocot forbs. Most transplant experiments investigate all or a
selection of the following: genetic, geographic and ecological distance from
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the plants original source, and the effects on survival, growth and
reproduction of the transplanted plants in comparison to local or other
transplanted specimens (e.g. Joshi et al. 2001; Bowman et al., 2008; Ågren &
Schemske, 2012).
The field site study aimed to investigate how hydrological change impacted
floodplain plants immediately and in subsequent years. Primula veris,
Rhinanthus minor and Lathyrus pratensis were planted into both field sites using
commercially sourced plug plants to investigate the immediate effects of
changed hydrology. Caltha palustris, which grows naturally on the riparian
site, was transplanted both within the riparian site, and into the interior site,
where it is not established, to ascertain whether altered hydrology had a
lagged effect.
3.2.4.1 Transplant plant size and replicates
Although

transplant

experiments

using

seeds

and

seedlings

are

commonplace (e.g. Montalvo et al., 2001; Joshi et al., 2008; Ågren and
Schemske, 2012), high mortality rates of approximately 85-90% are also
common in such experiments (Galloway and Fenster, 2000; Bowman et al.,
2008; Ågren and Schemske, 2012). Therefore, the use of more mature plants
and nursery sourced plugs in transplant experiments is common (Steed et al.,
2003; Quistberg & Stringham, 2010; Bennington et al., 2012; Goisser et al.,
2013). Mortality decreases with the use of plugs and more mature plants
(Vasseur et al., 1994; Steed et al., 2003; Reckinger et al., 2010). Consequently,
more mature plants and plug plants were used in these experiments. Plug
plants are young plants each grown in an individual cell containing growth
medium so that the plant can be planted without disturbance to the roots.
Mature Caltha palustris specimens were transplanted within the field sites,
while plugs of the other three species were used.
Replicate numbers are usually high for experiments using seeds and seedlings,
up to 380 individuals per treatment (Angert & Schemske, 2005; Bowman et al.,
2008; Ågren and Schemske, 2012), probably to compensate for high mortality.
Studies using cuttings and more mature plants and plugs average 30-50
replicates per treatment (Steed et al. 2003; Quistberg & Stringham, 2010). The
experiment at Amberley Wildbrooks used 36 replicates for Caltha palustris per
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treatment, 24 replicates for Primula veris and Lathyrus pratensis, and 20 for
Rhinanthus minor. Full details of the methods for the transplant experiments
are reported in chapter 4, section 4.2.4.2.
3.3 Mesocosms
Mesocosms are experimental units that can mimic a number of aspects of the
natural environment in an artificial setting where one or more environmental
factors can be manipulated e.g. temperature, water, nutrients or light.
Mesocosms are commonly used in ecological plant research. Mesocosms are
especially popular where botanical experiments require water levels to
fluctuate or remain stable (e.g. Kercher & Zedler, 2004; Tonneijck et al., 2004;
Araya et al., 2010b; Hovick et al., 2011), as this is more easily achievable in an
artificial setting. As such, wetland habitats and their plant species often
dominate mesocosm studies; for example fen (Kennedy et al., 2003),
floodplain (Nielsen et al., 2013), salt marsh (Marczak et al., 2013) and wetland
regeneration (Duval et al., 2013) studies.
The mesocosm experiments here investigated the effects of different extreme
flooding durations, and resilience strategies, on four common floodplain
grassland plant species by monitoring survival, growth and flowering.
3.3.1 Mesocosm design
The mesocosm design consisted of plastic pots containing a soil media into
which the four species were planted. The pots were placed inside larger flexitubs where the water level could be controlled to mimic flooding (plate 3.2).
Taps fitted to the bottom of the flexi-tubs allowed the release of water at the
end of each flooding period. Full details of the design, construction and
implementation

are

in

chapter

5,

section

5.2.2.

Methodological

considerations for various components of the mesocosm design are as follows:

41

Plate 3.2: Example of one of the mesocosms containing hydric species Juncus
articulatus and Cardamine pratensis.

3.3.1.1 Soil media
Commercially available soil media were used in the mesocosms, as soil could
not be removed from Amberley Wildbrooks. Approximately 0.75 tonne of soil
was needed to fill the mesocosm pots in the experiments. Removal of soil in
this quantity would be in breach of the protected status of the site.
The use of commercially available soils, sands and peats in wetland plant
mesocosm studies investigating flooding effects are a widespread and
accepted procedure in the scientific literature (e.g. Ewing, 1996; Kennedy et
al., 2003; Tonneijck et al., 2004; Araya et al., 2010b; Steudel et al., 2011).
3.3.1.2 Water
Tap water was used in this research as it was readily available from a nearby
outside tap, which meant that the mesocosms could be quickly filled up
whenever required. Tap water contains chlorine as a sterilizing agent, but this
evaporates from uncovered water within 24 hours. Tap water also differs from
rainwater by containing calcium in hard water areas. The Moulsecoomb
campus at the University of Brighton is a hard water area with 98.8Ca mg/l.
These compounds are generally negligible in rainwater, although nitrogen
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and phosphorous may be found in river water in some quantity if run-off from
conventionally farmed land enters the water system. However, in line with
other mesocosm studies, (Weiher 1995; Tanner et al., 1996; van Eck et al., 2004;
Yetisir et al., 2006; Nygaard & Ejrnæs, 2009) water was used straight from the
tap and no alterations were made to the composition of water.
3.3.1.3 Flooding treatment
Flooding treatments were deliberately based upon known flooding durations
and frequencies modelled on the extreme wet summer of 2012, in an effort to
ensure the treatments represented known extremes encountered in the
growing season, and to avoid unrealistic flood frequency and duration. This is
uncommon in many mesocosm experiments, were flooding is often
continuous for the duration of the experiment (e.g. Loeb et al., 2008; Luo et
al., 2010; Hovick et al., 2011; Cusell et al., 2013) or conducted only once (e.g.
van Eck et al., 2004: Yetisir et al., 2006; Nielsen et al., 2013).
Thus, the flooding durations and frequency were based on the river water
levels at Amberley Wildbrooks from data taken from Houghton Bridge, see
section 3.3.2.1. Flooding becomes possible when river levels reach ≥2.5 m at
Houghton Bridge. In the exceptionally wet summer of 2012, between March
and September, this level was reached or exceeded over eight episodes on
19 separate days. The longest duration was seven days and, two days was the
most common. In the mesocosm experiments, flooding was repeated eight
times for either 2-day or 7-day durations between March and September, to
mimic this ‘extreme’ flooding episode at Amberley Wildbrooks.
3.3.3.4 Use of plug plants
The mesocosm experiments used commercially sourced plugs for all the
species. A pilot study conducted in 2013 used seeds (of different species) sown
directly into the mesocosms. Whilst some of the species germinated and
survived in sufficient numbers to be monitored, other species did not
germinate enough individuals to generate useful data. There were also
problems with unexpected species appearing in the pots, and it was unclear
whether all the additional species were because of contaminated seed mixes
or originated from the soil media. Using plug plants ensured an exact number
of replicates per species; this greatly improves data analysis. Plug plants were
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sourced from a commercial grower as species selection for the mesocosm
experiments did not take place until after the seed dispersal of some of the
species at Amberley Wildbrooks in 2013. Therefore, seeds could not be
collected from the field site to use the following year.
The plug plants were planted into the mesocosms in September 2013, and left
to bed in over the winter until spring the following year. There does not appear
to be a standard bedding-in period before commencing experiments, as
other studies have ranged from five weeks (Steudel et al., 2011) to two years
(Kercher & Zedler, 2004) before commencing flooding regimes.
3.3.3.5 Replicates
Many wetland plant experiments range from one to over 20 species per
mesocosm but may monitor as little as one of each species per pot, and may
simply cut all plant growth for biomass weighing at the end of the experiment
only (e.g. Kercher & Zedler, 2004; Araya et al., 2010b; Steudel et al. 2011). Due
to the more intensive nature of data collection in these experiments (see
chapter 5, section 5.2.2.4), it was advantageous to have fewer species and
relatively few individuals per pot (maximum 12 plants) to reduce errors through
wrongly monitoring the same individual twice in each recording session.
Closer monitoring of fewer individuals per pot also allowed growth and
flowering to be carefully tracked for each individual. There were 11
combinations of plant and flooding treatments, including controls across all
experiments in total. All treatments had six replicate mesocosms, with three
individuals per species per pot. This is a comparable number of replicates to
many other wetland plant studies using mesocosms (Weiher, 1995; Kercher &
Zedler, 2004; Nygaard & Ejrnæs, 2009).
3.4 Plant traits
Plant traits may include aspects of a species growth form, morphology,
phenology, physiology and behaviour (Díaz & Cabido, 2001). While species
are often specific to particular geographic areas, plant traits have a much
more global connotation. Therefore, by examining the traits in both the
selection stage and results analysis this may help to predict the effects and
responses of a wider range of plant species to climate change and extreme
climate events.
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The selection of plant species for both experimental approaches used a plant
trait approach, where species were selected for specific traits in common, or
which differentiated them (table 3.1), to ascertain if responses to hydrological
change had any commonalities.
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Table 3.1: Functional plant traits for the species used in this research.
Plant species name

Ellenberg
IV

Life history

Vegetative traits

Scientific name

F

L

Cardamine
pratensis
Caltha palustris

8

Hydrology

N

C-S-R

P

Life
form

Growth
form

Clonal
growth

Score

Water
table
(cm)

7

4

C-S-R/R

P

Hc

Forb

-

A-C

9

7

4

C-S-R

P

Hc

Forb

-Stolon

D

Yes - Riparian
& interior
Yes - Riparian

Juncus articulatus

9

8

3

C-R/C-S-R

P

Hc

Rhizome

A-D

A

6

8

4

C-S-R/R

P

Hc

-

B

Yes - Riparian
& interior
Yes - Interior

A

Scorzoneroides
autumnalis
Ranunculus acris

Graminoid
Forb

-5 to
+5
-35 to
+15
-30 to
0
-

A

A

A

6-10

6

7

4

C-S-R

P

Hc

Forb

-

A-B

-

Yes - Interior

A

SC

SC

5-7

Lathyrus pratensis

6

7

5

C-S-R

P

Hc

Legume

Rhizome

B

-

No

A

A

5-8

Rhinanthus minor

5

7

4

R/S-R

A

Th

Forb

-

-

-

No

A

7

Primula veris

4

7

3

S/C-S-R

P

Hc

Forb

Rhizome

-

-

No

Note: Key to table on following page.
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Present at
Amberley
Wildbrooks

NVC communities present at the
study sites:

Phenology

MG13
Riparian

MG 9
Riparian

MG6
Interior

Flowering
month

A

A

4-6

A

4-6

A

6-9

4-5

Key to relevant columns in table 3.1:
Ellenberg IV (Hill et al., 1999)
F- moisture:
1 - Indicator of extreme dryness, restricted to
soils that often dry out for some time
12 - Submerged plant, permanently or almost
constantly under water
L – light:
1 - Plant in deep shade
9 - Plant in full light, found mostly in full sun
N – Nitrogen: (a general indicator of soil
fertility)
1 Indicator of extremely infertile sites
9 Indicator of extremely rich situations, such
as cattle resting places or near polluted rivers

Life history (Grime, 1977)
C-S-R:
Competitor strategy – plants of low stress and
low disturbance
Stress-tolerator strategy – plants of high stress
but low disturbance
Ruderal strategy – plants of low stress but
high disturbance
Vegetative traits (Grime et al., 1992)
P (Perennation):
A – annual & P – perennial
Life form:
Th - therophytes includes all annual herbs.
Hc - hemicryptophytes stems that die-back
during the winter, surviving buds at or below
soil level
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Hydrology (Grime et al., 1992)
Water level score tolerance:
A – nil (dry)
B – nil (not marginal to open water)
C – nil (marginal to open water)
D - <100mm
Table (cm)
Water table preferred range applicable for
wetland plants only (Newbold et al., 1997)
National Vegetation Classification (NVC)
communities (Rodwell, 1992)
MG13 (Agrostis stolonifera - Alopecurus
geniculatus)
MG9 (Holcus lanatus - Deschampsia cespitosa)
MG6 (Lolium perenne - Cynosurus cristatus)
A – associated species
SC – sub-community indicator species

Ellenberg Indicator Values (IV) scores were used to ascertain species
preference to soil nutrient levels, light and soil moisture (Hill et al., 2004) (table
3.1). These scores are available for all plants native to the British Isles (Hill et al.,
1999), and for European species (Ellenberg et at, 1991), making them widely
applied and understood.
The Ellenberg IV scores suggest that all species used in this research have
similar preferences for low soil fertility and high light levels (table 3.1).
Furthermore, the species have similar growth form, perennation, and life form
(table 3.1). All species selected are of a similar life history; that is no one species
has a predominantly ruderal, competitor or stress-tolerator life history strategy
(table 3.1). Differences in tolerance to soil water is the plant trait that separates
the species into two broad groups. The Ellenberg IV score for soil moisture (F)
indicates that the species either prefer frequently damp soil (score 4-6), or are
tolerant of saturated and hypoxic soils (score 8-9) (table 3.1).
Gowing et al. (2002) plotted species preferred water-regimes based on
waterlogging and drying from multiple monitoring sites (fig 3.3). They suggest
their work is analogous with the Ellenberg IV F-score for soil moisture. The charts
in figure 3.3 illustrate each species preferred habitat (solid black areas) based
on waterlogging (vertical axis) and soil drying (horizontal axis) over time. It is
apparent from the diagrams that Caltha palustris, Juncus articulatus and
Cardamine pratensis have a greater tolerance of waterlogged soils than the
other species, as also reflected in the Ellenberg F-score in table 3.1.
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Waterlogging in metre.weeks

Waterlogging in metre.weeks

Soil drying in metre.weeks

Soil drying in metre.weeks
Figure 3.3: Modelling of species preferences to waterlogging (vertical) and soil
drying (horizontal) where the black areas represents the species in significantly high
frequencies for the species used at the field site. (Images taken from: Gowing et al.,
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2000) Note: Leontodon autumnalis has changed to Scorzoneroides autumnalis since
2002.

3.4.1 Species selection for the field site
For the immediate effects of the altered hydrology experiment at the field site,
commercially-sourced plug plants of three species were used. These species,
Primula veris, Lathyrus pratensis and Rhinanthus minor, are all associated with
at least one of the National Vegetation Classification (NVC) communities
found at the field site (table 3.1), although were not present at the time of the
experiments. This ensured a realistic selection of species that can be found on
other floodplains with the same or similar plant communities.
Primula veris, Lathyrus pratensis and Rhinanthus minor are all spring and early
summer flowering forbs and therefore distinguishable within the sward
dominated by grasses, sedges and rushes. The three species represent
different functional groups: herbaceous forb (Primula veris), legume (Lathyrus
pratensis) and hemi-parasite (Rhinanthus minor), thus, enabling the
generation of insights into the different responses of these groups to altered
hydrology.
Responses to altered hydrology are not fully understood for both legume and
hemi-parasitic plants. Legumes are known to increase plant production due
to their ability to fix nitrogen in the soil, however plant communities are not
necessarily afforded more protection from extreme weather events because
they contain legume species (Kreyling et al., 2008). Indeed, legumes are as
susceptible to extremes of drought and precipitation as other herbaceous
forbs (Jentsch et al., 2009). Hemi-parasitic plants may also be affected by
climate change, through indirect changes that affect their host plants, and
changes that directly affect themselves (Phoenix & Press, 2005).
Below are brief descriptions of the species forms. Chapter 4, section 4.2.4.1
contains descriptions of habitats, soil nutrient and other preferences, and
species illustrations.
Primula veris is an early flowering (April-May) perennial of the Primulaceae or
primrose family. Primula veris has a basal rosette of rugose evergreen leaves.
The tubular yellow flowers form clusters on long stems, and smell distinctly of
apricot.
50

Lathyrus pratensis is a spreading perennial of the Fabaceae or pea family.
Lathyrus pratensis is a scrambling plant with tendrils for climbing, and can grow
to over a metre in length. It has glaucous lanceolate leaves and yellow flowers
typical of the ‘pea’ family, in clusters at the end of long stalks.
Rhinanthus minor is a hemi-parasitic annual of the Orobanchaceae
(broomrape) family. Rhinanthus minor has narrow serrated leaves that grow
on alternating sides of the stem. The yellow flowers have a beaked
appearance and grow directly up the main stem.
Caltha palustris was selected from the species already growing at the field site
for the experiment on the lag effects of altered hydrology. Of the 45 species
identified at the field site (Appendix 1), Caltha palustris best fulfilled the
following requirements, whilst also having representative life history to the
other species selected for the experiments, and comparable Ellenberg IV
scores for soil nutrients and light requirements. The Ellenberg IV score for soil
water tolerance contrasted with the other species selected for the field site
experiments, as Caltha palustris is highly tolerant of saturated soils and
flooding (table 3.1).


Species found on the permanently saturated riparian site only



A flowering forb, to facilitate monitoring



Frequently occurring within the sward to ensure enough specimens for
transplant and monitoring

The additional advantages of using Caltha palustris were that it is early
flowering and easily recognisable within the sward, has little or no vegetative
growth and a low growing profile allowing for easier transplantation. Also
being a perennial, it allowed monitoring over a number of years. Below is a
brief description of Caltha palustris; however, chapter 4, section 4.2.4.1
contains a more detailed description of habitats, soil nutrient and other
preferences, and an illustration of the plant.
Caltha palustris is an early flowering (March-May) perennial of the
Ranunculaceae (buttercup) family. It is a stout species of approximately 30cm
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in height. It has the glossy yellow sepals synonymous with many buttercup
petals but waxy glabrous cordate/reniform leaves.
3.4.2 Species selection for the mesocosm experiments
The mesocosm plants were selected from species that already grew at the
field site; this ensured the mix of species was realistic both to floodplain
environments and in community composition. The species were placed into
one of two groups dependent on where the species were observed at the
field site: mesic species were found on the seasonally wet interior site only,
while hydric species were found on the permanently saturated riparian site,
but also on the interior site. This provided a tangible link between the
mesocosm experiments and the field site studies.
Four species were selected from the species recorded at the field site
(Appendix 1). The following lists the traits and other qualities included in the
selection rationale:


Two species to be selected from the seasonally wet interior site only,
the other two species to be found on both this site and the permanently
saturated riparian site. This allowed species from two distinct soil water
environments to be used and the species selected to correspond to
different Ellenberg IV F-scores (table 3.1).



Flowering forbs with easily distinguishable flowers, because a pilot study
conducted in 2013 indicated difficulties in accurately monitoring
phenology with grasses and plants that had small-clustered flowers,
≤2mm.



Plant growth would not naturally exceed the size of the mesocosm.
Chapter 5, section 5.2.2.1 describes the pot dimensions.



Species preferred without primary clonal growth so that plants would
not remain in a vegetative state.



All species had all other growth traits broadly in common, such as
growth form, life form, life history and Ellenberg IV scores for soil nutrients
and light.

Two forb species Ranunculus acris and Scorzoneroides autumnalis were
selected from six potential forbs found on the interior site. These two species
are referred to as the mesic species. They prefer damp to moist soils (table
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3.1), while having similar life histories, and have comparable soil nutrient and
light preferences (table 3.1).
The other two species selected were Cardamine pratensis and Juncus
articulatus, which were present within both the riparian and interior sites.
Cardamine pratensis was the only forb to appear on both sites for which
enough trait data was available. Juncus articulatus was selected as it
matched all the other selection criteria, when no other forbs did. These two
species are referred to as the hydric species. They have higher Ellenberg IV Fscores than the mesic species, and their location on the riparian site indicates
a tolerance to saturated soils. In common with the other two species, they also
have similar life histories and Ellenberg IV scores for soil nutrient and light (table
3.1). Chapter 5, section 5.2.1 contains descriptions of habitats, soil nutrient and
other preferences for these four species, as well as illustrations of all species.
Below are brief descriptions of form.
Hydric plants:
Cardamine pratensis is an early flowering (April-June) perennial of the
Brassicaceae (cabbage) family. Like most brassicas it has four petals, these
are a pale pink but can vary in hue. The leaves are compound and variable
as they ascend the lower stalks from roundish-paired leaves to larger terminal
kidney shaped leaves. Upper leaves are generally much narrower.
Juncus articulatus is the only non-forb and monocot across both the field and
mesocosm experiments. It is a small rush of the Juncaceae family growing to
between 20 and 60cm in height. The articulated or jointed name refers to
intervals within the leaves where septa give it a distinctly lumpy feel. The
inflorescence appear above the leaves on very branched upright stems as
small dark brown flowers arranged along, and terminal on the stem.
Mesic plants:
Ranunculus acris is a member of the buttercup family Ranunculaceae. The
species is upright, growing typically to 60cm in height. It has five yellow shiny
petals and superficially looks similar to close relatives Ranunculus repens and
Ranunculus bulbosus. The leaves are divided into three lobes, becoming more
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divided as they ascend the stem. The lobes themselves are often deeply
dissected. Ranunculus acris flowers from May through to October, although
more commonly between May and July.
Scorzoneroides autumnalis is a later flowering (June-October) perennial of the
Asteraceae (daisy) family. The flower heads are yellow and composite,
dandelion like in appearance with the central disk achenes having feathery
pappus for wind dispersal (Picó & Koubek, 2003).

3.5 Data Analysis
Plant species responses in both the field and mesocosm experiments were
analysed for survival, growth and phenology. The data sets were a mix of
discrete, continuous, categorical values and non-independent repeated
measures.
Ecological data are often non-normally distributed. However, transformation
in order to normalise the dataset was not used in this research, because
transformations can change distribution (Steel et al., 2013), giving a false sense
of the distribution and lead to oversight of other non-linear patterns within the
data. Moreover, transformation was not necessary because much of the nonnormality within data sets is due to outliers, and the removal of these often
restores normality (Osbourne & Overbay, 2004).
Unweighted means were used throughout the study. It is not uncommon in
ecological studies for multiple plants to be grown and analysied from the
same plot or mesocosm without nesting the replicate growing spaces (e.g.
Kercher & Zedler, 2004; Nygaard & Ejrnæs, 2004; kreyling et al. 2008; Byun et
al., 2012 etc.). Further, as sample numbers per array (in the field site) and
mesocosms differed in treatments and years as plants died, unweighted
means ensured that all individuals contributed equally to the total mean
value. All individuals in this study were Z-scored per metric, and there were no
instances of multiple individuals from any one growing space showing an
outlying trend in any metric.

54

Analysis of Variance (ANOVA) tests are widely used in ecology as they allow
multiple treatments to be tested against multiple factors, and can be used
with repeated measures and covariances. They are regularly employed in
mesocosm (Kercher & Zedler, 2004; Byun et al., 2012), plant-to-plant
facilitation (Irving & Bertness, 2009; Boughton et al., 2011), transplant
(Ewanchuck et al. 2004; Ågren & Schemske, 2012), and other experiments on
the effects of extreme climate events (Jentsch et al., 2011; Dreesen et al.,
2013). ANOVA can perform robustly with modestly skewed data sets, however
the presence of outliers can have a much more profound effect on the
outcome of these tests, and therefore it was considered essential to check
data sets for outliers before performing ANOVA.
Many of the metrics collected were discrete data sets of counts of flowers,
leaves and stalks. Discrete data sets follow a Poisson distribution, which means
there are no values below zero, but data sets may contain large numbers of
zeros. Log transformation is not recommended for this type of data as this will
add a value to a zero score and therefore may bias the outcome (O’Hara &
Kotze, 2010). Square root transformation can approximate data from a Poisson
distribution to a normal distribution, and therefore is the preferred
transformation for discrete data sets. However, count data were not
transformed in this study since the use of Generalized Linear Models (GZLM)
removes the need to transform data as the distribution can be selected for at
the beginning of the test (O’Hara & Kotze, 2010).
For analysis of change over time, repeated-measures ANOVA and Linear
mixed-effects modelling (MIXED) were both used. Repeated-measures
ANOVA does not accommodate missing data points; therefore, if a number
of separate entries are missing from a number of different individuals, all those
individuals are removed from analysis (Krueger & Tian, 2004), which has the
disadvantage of reducing the remaining number of replicates analysed. So,
when data points were missing, the MIXED analysis was preferred, as this test
does not remove all of an individual’s data when one value is missing.
Relative growth rate (RGR) and relative interaction index (RII) were employed
alongside the inferential statistical tests to expand analysis of the data where
necessary. RGR allows growth analysis over time to be compared while
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accounting for differences in size between individuals (Hunt, 2003), which
would otherwise bias results. Plant interactions, either competitive or
facilitative, can be assessed using the RII. The RII is a relative score of
interaction intensity from -1 (competition) to +1 (facilitation), with zero as no
interaction (Armas et al., 2004). It can be used with any growth metric.
All statistical tests were performed using either Minitab v.17 or SPSS v.24, as
some tests were only available on one or other of the software packages. All
figures and tables were produced using either Microsoft® Excel® 2016 or
Minitab v.17.
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4 Immediate and lag effects of altered hydrology: A field
experiment
4.1 Introduction
Floodplain grasslands are ecotones, which are ecosystems that span two
contrasting yet merging environments. In this case terrestrial and aquatic
riverine habitats that form wetlands often characterised by fluctuating water
levels, seasonal or periodic flooding and saturated soils. It is this variation in
hydrology that characterises floodplain grasslands (Nilsson & Svedmark, 2002).
These ecosystems are often highly biologically diverse (Nilsson & Svedmark,
2002), and are populated by a suite of plant species specifically adapted to
changing hydrological conditions (Colmer & Voesenek, 2009).
Changes to the hydrological regime may adversely effect the functioning of
a floodplain. Changes include substantial increases or decreases in water
levels, and / or shifts in the timing of periodic inundations and high water levels
(Joyce et al., 2016). The effects of these changes may include reductions in
plant productivity, shifts in species composition to either more terrestrial or
aquatic species (Garssen et al., 2014), and the loss of vulnerable or rare
species. Any of these responses may in turn affect the effectiveness of these
wet grasslands as functioning floodplains (Diaz et al., 2006; Joyce et al., 2016).
Climate change can be a cause of hydrological change, specifically
increasing temperatures and altered precipitation patterns, while extreme
climate events may include floods, droughts and heat waves. Extreme
climate events are increasing (IPCC, 2012, Stott et al., 2012), and it is these
events which are most likely to cause sudden and substantial changes in
floodplain hydrology (Joyce et al., 2016). Impacts from extreme climate
events, and indeed even gradual climate change, are not fully understood
for floodplain grasslands, but may reflect the in-situ state of individual
floodplains coupled with the nature of the change in climate and/or extreme
climate event (Mosner et al., 2015). Less is known about the responses of plants
and plant communities to extreme climate events than incremental climate
change in general (Thompson et al., 2013, Kreyling et al., 2014), and even less
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regarding wetlands, including floodplain grasslands (Brotherton & Joyce,
2015).
The evidence available on the impacts of sudden reduction in water levels
through extreme climate events, such as droughts, suggests likely increases in
more terrestrial plant species, coupled with a loss in floodplain specific species
better adapted to wetter conditions (Dawson et al., 2003; Thompson et al.,
2009; Herrera-Pantoja et al., 2012). This scenario could increase the
abundance of invasive species (Cleverly et al., 1997), with the loss of
functionally important and trait-specific species through competition with
species better adapted to dry terrestrial habitats. Other impacts may include
acidification of the soil, which can last several years (Mosley et al., 2012) and
affect vegetation composition.
The effects of sudden increases in water supply may include a reduction in
plant species diversity following extreme flooding, although this may not
necessarily effect productivity (Ilg et al. 2008), with species possessing traits for
coping with submersion and soil saturation most likely to survive such extreme
flooding events (Wright et al., 2016). Sudden hydrological changes whether
increased or decreased water levels, or alterations in timing are likely to shift
and reduce the floodplain grassland zone (Mosner et al., 2015), creating an
overall loss of floodplain habitat and species.
4.1.1 Immediate and lag effects of extreme climate events
Plant and plant community responses to extreme climate events may be
either immediate, where a significant effect is observed relatively quickly
following the event, or lagged, whereby impacts are not immediately
detectable within the same growing season as the extreme climate event
occurred (Smith, 2011). In both cases, impacts could result in change in the
plant community.
4.1.1.1 Immediate effects
Monitoring of a floodplain on the River Elbe in Germany before and after an
extreme flooding event suggests that plants less adapted to flooding are more
likely to be immediately affected, with loss of biodiversity and distribution
changes (Ilg et al., 2008). This reorganisation of plant distribution may last
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several years following the flood event (Vervuren et al., 2003). Species-poor or
monoculture floodplain grasslands experience greater immediate loss of
biomass than more diverse floodplain grasslands within the subsequent
months following extreme flooding events (Wright et al., 2016).
4.1.1.2 Lag effects
Lags in plant responses to gradual climate change have been observed most
notably with regards to changes in range, where migration of plants may lag
behind increases in temperature (Bertrand et al., 2011), and behind other taxa
within their community (Walther, 2010). A lag effect to an extreme climate
event may present initially as resilience, with no immediate response (Kreyling
et al., 2008) where no significant differences in performance are detected.
Lag effects often become observable in subsequent years as significant
differences in growth, flowering, phenology or primary productivity (Sherry,
2007 & 2011; Jentsch et al., 2009). Sala et al. (2012) suggest that primary
productivity is particularly sensitive to the previous year’s precipitation, with a
wet year increasing productivity in the succeeding year, and productivity
reducing following a dry year.
4.1.2 Aim and objectives
It is evident that the immediate and lag effects of climate induced
hydrological change are not well known for wetlands, especially floodplain
grasslands and that this is an important gap in knowledge. Moreover, there
has been little research investigating the role plant traits play in influencing
responses to affected hydrology under field conditions.
The aim of this field research was to investigate how hydrological change
impacts wetland plants immediately and in subsequent years. The study was
located on two contrasting wet grasslands on a floodplain. Objectives were
to:
1. Assess immediate (within-year) impacts of contrasting hydrologies on
floodplain plant species from a range of functional groups.
2. Evaluate immediate and longer-term (3 yr.) effects of altered
hydrology on a characteristic floodplain plant species.
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4.2 Methods
4.2.1 Site location and description
As mentioned in chapter 3, section 3.3.2, the location of this field study was
Amberley Wildbrooks, West Sussex, UK. Central location Ordnance Survey grid
reference TQ029141. The study area was selected because it offered two
contrasting floodplain grassland plant communities with different levels of soil
saturation and inundation in close proximity to each other (i.e. 15 m apart),
that could be used as a substitute for altered hydrological scenarios that may
arise from future climate change.
Amberley Wildbrooks is a protected area of grazing marsh covering 322.6 ha
mainly on the eastern side of the River Arun within the Arun valley (fig 4.1). It is
located within the South Downs National Park and is predominately a
seasonally flooding neutral wet grassland of international importance for its
diverse range of flora and fauna. Amberley Wildbrooks is dissected by a
network of mostly manmade ditches and creeks, which allow water to be
delivered across the entire landscape, further influencing the naturally high
ground water levels. The ditches are controlled by a series of sluice gates and
weirs. The floodplains are generally flooded from autumn through to spring,
but the timing and duration of floods is dependent on factors such as on how
much precipitation the river is carrying and spring tides. Amberley Wildbrooks
is grazed by cattle from approximately April to October, contingent on water
levels. Stocking density at the study area was low but varied year-to-year from
less than ten to around 50 head of cattle in a field of 1.9 ha.
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Figure 4.1: Location of Amberley Wildbrooks within Southeast England. Red line
denotes the boundary of Amberley Wildbrooks east of the River Arun.

The study area comprised of two sites, one either side of the manmade flood
embankment which follows the river Arun on the western edge of Amberley
Wildbrooks (fig 4.2). The two sites were approximately 20 m x 40 m each. Within
each site were located nine dipwells in a 3 x 3 grid for water level monitoring.
The two sites are referred to as the ‘riparian site’ on the riverside of the
embankment and the ‘interior site’ inland of the embankment. These are
relative terms based on location and differences in hydrology.

Interior site
Riparian site

Figure 4.2: The location of the study sites within Amberley Wildbrooks. Red stars
denote the approximate location of the two sites either side of the embankment
(brown line).
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4.2.1.1 Riparian site
The riparian site, selected to represent a relatively high water table, is a semipermanent soil-saturated, narrow (25 m) strip of near bank habitat dominated
by wet grassland plant species along the river Arun (plate 4.1). It is frequently
inundated throughout the winter and spring, including at high tides during
these seasons, and maintains high ground water levels from autumn until early
summer. The riparian site is comprised of National Vegetation Classification
(NVC) inundation plant community MG13 (Agrostis stolonifera - Alopecurus
geniculatus) and MG9a (Holcus lanatus - Deschampsia cespitosa with subcommunity Poa trivialis), a coarse tussocky plant community associated with
some surface flooding in the winter months through poor soil drainage
(Rodwell, 1992). The sward at the riparian site is predominately tussocks of
Deschampsia cespitosa, Juncus effusus and Juncus inflexus. These coarse
species are not palatable to cattle, which graze on the shorter grasses and
forb matrix between the tussocks. Forbs 81 riparian and floodplain habitats are
present in abundant to rare frequencies including Caltha palustris, Cardamine
pratensis, Filipendula ulmaria, Mentha aquatica, Myosotis scorpioides and
Persicaria maculosa.

Plate 4.1: Riparian study site at Amberley Wildbrooks in April 2014.
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Plate 4.2: Interior study site at Amberley Wildbrooks in April 2014.

4.2.1.2 Interior site
The interior site was selected to represent a floodplain grassland of seasonally
damp soil that dries quickly through the spring. It is located inland of the
manmade flood embankment (plate 4.2), and is at a lower elevation than the
riparian site by approximately 60 cm, most likely through subsidence as the
interior does not benefit from regular deposition of flood-borne sediments.
Soil saturation occurs on this site during the winter and early spring, while
flooding is rare. Ground water levels recede relatively quickly from March
onwards depending on annual climatic conditions. The interior site is classified
as NVC MG6a (Lolium perenne-Cynosurus cristatus) (Environment Agency,
2006). This is a short close sward dominated by Lolium perenne (plate 4.2), and
is commonly found on agricultural pasture throughout the UK (Rodwell, 1992).
Cynosurus cristatus is abundant on the interior site whilst Deschampsia
cespitosa and Agrostis stolonifera are locally frequent. Juncus effusus forms
large tussocks that are locally dominant. Carex species were frequent within
the interior site occasionally forming locally abundant patches. The most
frequently occurring forbs were Trifolium repens, Ranunculus repens and two
Asteraceae species: Senecio aquatica and Scorzoneroides autumnalis,
however at least ten other flowering forbs were present.
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4.2.2 Water monitoring
During the winter of 2012/13, eighteen dipwells (nine per site) were installed to
monitor water level and water chemistry attributes at the study area.
Two 3 x 3 grids of dipwells covering an area of 20 m x 40 m were installed on
both the riparian and interior study sites (fig 4.3). The dipwells were constructed
using plastic piping 5 cm in diameter and 120 cm in length. 5 mm holes were
drilled every 10 cm from the bottom until the top 20 cm to allow water to flow
into the tubes (Floodplain Meadows Partnership, no date). The tubes were
then covered with a geotextile socking material to prevent fine particles from
entering and filling up the tubes. Holes of approximately 8cm diameter were
cored from the ground to 120 cm, and the dipwells placed within. Any space
around the tubes were back filled with coarse grade commercially available
sand (Floodplain Meadows Partnership, no date). Each dipwell was capped
with a plastic screw cap to prevent water entering from above, and to
provide easy access for water monitoring. A manual handheld sensor which
could be lowered into each dipwell was used to record the depth of water
below ground relative to the soil surface to the nearest half centimetre
(Quistberg & Stringham, 2010). Wooden pegs were placed next to the dipwells
to aid relocation, as they were flush to the ground.

Interior site
Riparian site

Figure 4.3: Dipwell locations at the two study sites at Amberley Wildbrooks. Dipwells
are represented by individually assigned numbers (not to scale).
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Water level monitoring was conducted each year throughout the growing
season of the monitored plants on either a weekly or a fortnightly basis.
Flowering times changed slightly each year and therefore the dipwell
monitoring was adjusted to reflect this. In 2014, the dipwells were monitored
every two weeks from mid-March to July where practical. In 2015, monitoring
was weekly between late March and June, and in 2016 early March to midJuly.
Water chemistry data were collected to provide an indication of the baseline
characteristics at the study sites. Data on salinity and pH were collected once
a month where practical for four months in 2014 using a salinity refractometer,
and Johnson universal pH indicator paper. In 2016, water samples were
collected from all dipwells that had sufficiently high water levels to sample
from, on seven separate occasions for analysis of both nitrate and phosphate.
The water was analysed using a Hach® spectrophotometer to measure the
milligrams per litre of both compounds.
4.2.3 Water and environmental characteristics

4.2.3.1 Climate
Meteorological records from 2014 to 2016 were downloaded for the Southeast
of England from the Met Office (Met Office, no date), the national weather
service for the UK. Each year monitored was relatively climatically different
compared to the others, 2014 being in general a wet and warm year, 2015 a
dry and cool year and 2016 a wet and cool year, based on the averages for
the southeast and south central regions of England (table 4.1) (Met Office, no
date). In particular, records from the Met Office suggest that 2014 was the
warmest year on record for UK land and coastal waters at that time (+1.1 oC
above average). It was also the fourth wettest year on record for the UK with
the winter 2013/14 being the wettest for England and Wales since 1766. On
average 2016 was 0.5 oC above the long-term mean temperature, although
April was colder than average (Met Office, no date).
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Table 4.1: South East and Central South England Mean Temperature (degrees C) and rainfall (mm), for the years 2014-2016 inclusive.
Source: Met Office, UK. Monitoring at the study sites took place between March and June each year.
Year
Jan
Feb
Mar
Apr
May
Jun
Jul
Aug
Sep
Oct
Nov
Dec
Temperature
2014
6.2
6.7
8.1
10.6
12.5
15.8
18.6
15.9
15.8
13.3
9.0
5.5
(oC)
2015
4.9
4.1
6.9
9.6
11.7
14.9
16.9
16.6
13.2
11.3
10.0
10.5

Rainfall
(mm)

2016

5.7

5.4

6.1

8.1

13.0

15.4

17.5

17.9

16.7

11.2

6.4

6.1

2014

205.2

147.7

37.9

75.1

74.1

37.8

46.2

102.0

14.8

111.4

135.6

53.9

2015

96.6

58.9

23.5

18.6

62.9

26.7

60.0

108.6

67.9

58.1

78.0

80.4

2016

136.4

56.7

86.8

54.2

64.8

95.6

21.0

40.3

47.6

33.3

103.1

18.8
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4.2.3.2 Dipwell water levels
Overall, the interior site had lower water levels than the riparian site, and dried
out quicker through the spring, in all three years (fig 4.4). Water levels
remained similar in March and early April on both the interior and riparian sites,
but from late April onwards the interior site exhibited a more rapid reduction
in water levels, whereas the riparian site had some continuing fluctuations,
with similar water levels in both early April and late May (fig 4.4).

Time of the year
March

Early Apr

Late Apr

Early May

Late May

June

0

-10

N=59
N=45

water level (cm)

N=43
-20

-30

Riparian

N=39

Interior

N=32

N=53
N=54

N=34

-40
N=36
N=45

-50

N=36
N=34

-60

Figure 4.4: Water levels at the riparian and interior site at Amberley Wildbrooks. Mean
water levels with ±1SE of three years combined (2014-2016) results. Early water levels
are 1st-14th of the month. Late water levels are 16th-31st of the month.

Each year of monitoring had its own signature, but with both sites following the
same trends within years (fig 4.5 & 4.6). There were no discernible trends
between the years on either site. The wettest of the three years was 2014; with
on average the highest water levels throughout the monitoring period on both
the interior and riparian sites. Monitoring in 2015 suggests that this was the
driest of the three years (fig 4.5 & 4.6), with some of the lowest recorded water
levels on both sites. In 2016, the water levels remained high until mid-April and
early May for the interior and riparian sites respectively, with little difference in
water levels (0 cm – 2.2 cm) between the two sites.
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Figure 4.5: Mean water levels (cm) as an average of all available dipwells per recording day on the riparian site across three years. n=9.
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Figure 4.6: Mean water levels (cm) as an average of all available dipwells per recording day on the interior side across three years.
2014 n=8 except 20/3 n=7. 2015 n=9 except 10/3 n=8. 2016 n=9 except 27/4 & 25/5-22/6 n=8, 4/5-18/5 n=7.
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Average water levels were not related to tide times except in the early spring
where river water was observed to overflow the banks into the riparian site
during high tides.

4.2.3.3 Salinity and pH
Salinity and pH levels were recorded in 2014 on four separate occasions in
order to provide an indication of the characteristics of the water environment.
Table 4.2 indicates that the pH levels were very similar at both sites each
month of monitoring. In both cases, the pH rose from an average of 6 in April
to 6.5 in May and 7 by August suggesting an overall shift from slight acid to
neutral from spring to summer. There were no individual recordings of pH
greater than 7, however there were two recordings of pH 5 in April on the
interior site.
Table 4.2: pH levels of the dipwell water at the study area in 2014.
Riparian site
Dipwell 1
2
3
7
8
9
13
14
April
6
6
7
7
6
May
6
6.5
6.5
6.5
6
July
7
7
6
7
7
6
7
7
August
7
7
7
7
7
Interior site
Dipwell 4
5
6
10
11
12
16
17
April
5
5
6
6
May
6
6.5
6
July
August
7

15

7
18
7
6.5
7

Median
6
6.5
7
7
Median
6
6.25
7

The average salinity for the riparian site was zero (no salinity) in all months
tested (table 4.3). On the interior site, the average salinity was 1 ppt and 2 ppt
in March and May respectively. Agricultural soils are considered saline when
they have a salinity greater than 2.5 ppt (Abrol et al., 1988), below this figure
is likely not to affect crops. Whilst the river Arun is still tidal at this point, there is
no evidence of saline intrusion. Instead, evaporation and constituents of the
parent rock may be more likely responsible for the slight changes in salinity on
the interior site.
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Table4.3: Salinity levels of the dipwell water at
measured in parts per thousand (ppt).
Riparian site
Dipwell 1
2
3
7
8
April
0
1
May
2
2
2
0
July
0
0
0
0
August
0
0
0
0
Interior site
Dipwell 4
5
6
10
11
April
1
May
0
1
0
July
0
0
0
August

the study area in 2014. Salinity

9

13

14

0
0

0
0
0

0

12
1

16

17

0
0

15
0
0
0

Mean
0
0
0
0

18
0
1
0
0

Mean
1
0.5
0
0

4.2.3.4 Nitrate and phosphate
Water samples were taken to assess phosphate and nitrate levels in 2016
between April and June. There were no significant differences in the levels of
either phosphate (p=0.110) or nitrate (p=0.972) between the two sites (table
4.4). The values for nitrate were virtually identical (fig 4.7) between the two
sites, while there was more variation in the phosphate on the interior site (fig
4.8) compared to the riparian site. These results indicate that neither of these
site was higher in nutrients than the other, which would likely favour plant
growth on that particular site (Verhoeven & Schmitz, 1991). The average levels
of nitrate at the study area (table 4.4) are well below the recommended 50
mg/l for ground water, as set by the EC nitrates directive (91/676/EEC).
Table 4.4: T-test results for nitrate and phosphate levels in the dipwell water, for the
riparian and interior sites at Amberley Wildbrooks in 2016.
Compound
Site
N
Mean
df
t-test
p
Nitrate
Riparian
7
0.757
11
0.04
0.972
Interior
7
0.742
phosphate
Riparian
7
0.307
6
1.87
0.110
Interior
7
0.460
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Figure 4.7: Boxplot of nitrate levels in the dipwell water from the riparian and
interior sites at the study area. Mean value indicated by a circle. N=7.
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Figure 4.8: Boxplot of phosphate levels in the dipwell water from the riparian
and interior sites at the study area. Mean value indicated by a circle. N=7.

4.2.4 Plant experiments

4.2.4.1 Experimental species
The following four plant species were used in the study at Amberley
Wildbrooks. These plants were selected for their various functional groups,
plant traits and tolerances to inundation and saturated soils, and are
described below (selection rationales can be found in the chapter 3, section
3.2.1).
Caltha palustris (fig 4.9a) is an early flowering (March-May) perennial
of the Ranunculaceae family, and is common to a variety of wet habitats
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including wet grasslands, riparian and lake edges, and carrs. It is tolerant of
waterlogged conditions, preferring water tables between +15 cm to -35 cm
of the soil surface (Newbold & Mountford, 1997). Caltha palustris exhibits a
number of adaptive mechanisms with which to cope with saturated soil and
inundation, these include well developed aerenchyma through the
enlargement of spaces between cells (Smirnoff & Crawford, 1983) and
hyponastic growth (Colmer & Voesenek, 2009).
At Amberley Wildbrooks Caltha palustris is abundant on the riparian site, but
not present within the interior site. This species is associated with the NVC
MG13 community (Rodwell, 1992), which partly characterises the riparian site
at Amberley Wildbrooks.
Lathyrus pratensis (fig 4.9b) is a spreading perennial of the Fabaceae
family. As a legume, Lathyrus pratensis is a nitrogen fixer, whereby the plant is
able to convert nitrogen N2 into ammonia NH3 for direct use by the plant via
a symbiotic relationship with bacteria (Franche et al., 2009) that is otherwise
not be available to non-legume plants.
Lathyrus pratensis was not found at the study area, however it is associated
with both NVC MG6 found on the interior site and MG9 on the riparian site
(Rodwell, 1992). This indicates that this species should be able to survive at
both sites. The Ellenberg score of 6 for soil moisture for Lathyrus pratensis
suggests it prefers frequently damp and moist soils (Hill et al., 1999), more similar
to those found at the interior site of the study area.
Primula veris (fig 4.9c) is an early flowering perennial of the
Primulaceae family. It is most commonly found on species-rich, low nutrient,
neutral and calcareous grassland, and on the edges of woodland and scrub
as it is not shade tolerant (Brys & Jacquemyn 2009). Primula veris is known as a
drought tolerant species (Whale, 1984), and does not perform as well on
waterlogged soils as the roots cannot penetrate anoxic soils, leading to
reduced root growth (Brys & Jacquemyn 2009).
However, this species is associated with five mesotrophic grassland
communities in the UK, including three which are concomitant with
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floodplains, notably the NVC MG9 (Rodwell, 1992) community observed at
the riparian site, although Primula veris itself is not present at the study area.
Rhinanthus minor (fig 4.9d) is a hemi-parasitic annual of the
Orobanchaceae family. It is found most commonly in open grasslands but
also on verges and sand dunes (Westbury, 2004). It extracts water and
nutrients from a host plant through haustoria (root-to-root connections) which
benefits the growth and fitness of Rhinanthus minor (Westbury, 2004). As a
hemi-parasitic plant, Rhinanthus minor is able to photosynthesise, however
growth is reduced, as is the production of flowers when compared to
exploiting host plants for nutrients (Seel & Jeschke, 1999).
Rhinanthus minor grows in a wide range of environments, including neutral
and calcareous soils, from well drained to waterlogged conditions including
three mesotrophic grasslands associated with floodplains (Rodwell, 1992). It is
associated with the interior site plant community MG6, although is not present
at the study area.
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a

Caltha palustris

c

Primula veris

b

Lathyrus pratensis

d

Rhinanthus minor

Figure 4.9: Illustrations of the species used in the field study at Amberley Wildbrooks.
Illustrations by botanical artist Carl Axel Magnus Lindman (1856-1928) Source: Bilder
ur Nordens, Stockholm.

The four species used at the field site represent species with differing
preferences to soil saturation and inundation, whilst also having a number
other traits in common (table 4.5). Specifically, all species are a mix of
competitor, stress tolerator and ruderal life history strategies (Grime et al.,
1992). All species have similar pH and nitrogen preferences based on
Ellenberg indicator values (Hill et al., 1999), and all species are associated with
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an NVC community found at one of the study sites, although only Caltha
palustris was actually present (table 4.5).
Table 4.5: Summary of traits, environmental preferences and presence in the study
area of the four plant species used in the field study at Amberley Wildbrooks.
1
2
3
Species
Life
Ellenberg
Clonal
Life
NVC
Site
strategy
growth
History
association
presence
F
R
N
Caltha
palustris
Primula veris

C-S-R

9

6

4

Secondary

Perennial

MG13

S/C-S-R

4

7

3

Rhizome

Perennial

MG9

Present

Not
present
Lathyrus
C-S-R
6
6
5
Rhizome
Perennial
MG6&9
Not
pratensis
present
Rhinanthus
R/C-S-R
4
7
3
N/A
Annual
MG6
Not
minor
present
1Growth strategy: Competitor - Stress tolerator – Ruderal classification (Grime, 1977)
2Ellenberg Indicator Values for moisture (F), Reaction or pH (R), nutrient level (N) (Hill
et al., 1999)
3NVC association after Rodwell (1992)

4.2.4.2 Experimental methods
Two experimental designs were used to investigate immediate and lag effects
of contrasting hydrology on plants at the field site. Primula veris, Lathyrus
pratensis and Rhinanthus minor were introduced to the study area to
investigate immediate impacts of contrasting hydrologies. A plant transplant
experiment using Caltha palustris was conducted within the study area to
investigate lag effects of altered hydrology (table 4.6).
Table 4.6: Summary of methods for the two field study designs.
Experiment 1:
Experiment 2:
Immediate effects
lag effects
Aim
Assess immediate (within year) Evaluate immediate and longer term
impacts of contrasting hydrologies on (3yr) effects of altered hydrology on a
wetland plant species from a range of characteristic wetland plant species
functional groups
Design
Introduction of plug plants
Plant transplants using an in-situ
species
Species
Primula veris, Lathyrus pratensis, Caltha palustris
Rhinanthus minor
Treatments
Control, riparian site, interior site
Control, lift and replant, transplant
Duration

7 - 13 weeks (varies by species)

3 years

Replicates

20 – 24

32

Measurements

Survival, biomass, flower abundance

Survival, leaf abundance and size,
flower abundance and timing
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4.2.4.2.1 Immediate effects experiment
Commercially grown plug plants were sourced from two UK companies; British
Wild Flower Plants (www.wildflowers.uk) for Primula veris and Lathyrus
pratensis, and Naturescape (naturescape.co.uk) for Rhinanthus minor.
Primula veris and Lathyrus pratensis were introduced to the study area on 4th
April 2016. Rhinanthus minor was introduced on 9th May 2016, as it was not
available earlier in the spring.
Twenty-four plugs of Primula veris and Lathyrus pratensis were planted directly
into the riparian and interior site each. The plug plants were approximately 34 cm tall in 5 cm deep trays. Small holes were cored and the plugs were
placed directly into these holes. The holes approximated the size of the plug
cell. No additional growth medium was added. The plants were watered in
the morning before being planted at the study area, but were not
subsequently watered once in place. Plugs were planted in straight lines
between dipwell posts per species, for ease of relocation.
Rhinanthus minor plugs came with a Fescue sp. as a host plant, and 20 plugs
per site were planted out with the host plant a month after the other two
species, using the same method. Survival of the Rhinanthus minor plugs was
poor and therefore only 20 replicates per treatment were available.
Control

conditions

were

established

at

the

University

of

Brighton

Moulsecoomb campus, where a further 24 Lathyrus pratensis and Primula veris
plugs were planted in 10 cm diameter pots on the same day as those planted
at the study area. The pots were filled with commercially available compost
(MiracleGro All Purpose). Control condition plants were kept outside in full
sunlight. Pots were placed on trays and watered weekly for 10 seconds per
pot. Twenty plugs of Rhinanthus minor with host plant were also planted into
the same size pots at the Moulsecoomb campus as controls on the same day
as those planted at the study area.
All plants were monitored weekly for survival at the study area and at the
University of Brighton. Additionally, Primula veris flowering abundance was
recorded weekly. Monitoring ceased and plants were removed from the
study area and control pots for drying and further analysis on 25th May for
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Primula veris, and 6th July for Lathyrus pratensis and Rhinanthus minor.
Monitoring ceased after flowering finished at the study area for Primula veris.
Due to cattle grazing, Lathyrus pratensis did not flower at the study area and
plants were removed once the control plants came into flower.
Biomass analysis on Primula veris was performed by drying the plants in an
oven at 60 oC for 72 hours. Plants were rinsed of soil from their roots prior to
drying; however, it was not possible to wash successfully all soil from the roots
without breaking off root fragments. This was the case across all the
treatments. Once plants were removed from the oven, the roots were cut
from the rest of the plant. Above and below ground plant material was then
weighed separately. Seed weight was measured after drying of Rhinanthus
minor plants as not enough plants survived to perform biomass analysis,
however sufficient seeds were available from two of the treatments for
statistical analysis. Root length rather than biomass was used to test for
differences across treatments in Lathyrus pratensis. Due to the nodules on the
roots, soil could not be sufficiently removed to continue with biomass
monitoring without potential bias in the results. Table 4.7 summaries which
metrics were measured on each species.
Table 4.7: Summary of analysis on the plants used in the immediate effects of
contrasting hydrology study. Ticks represent the analysis undertaken for that species.
Biomass:
Biomass:
Plant
Root
Seed
Flower
Metric
above
below
height
length
weight
abundance
ground
ground
Unit
(mg)
(mg)
(mm)
(mg)
(µg)
(Count)



Primula
X
X
X
veris
Lathyrus
pratensis
Rhinanthus
minor

X

X



X

X

X



X

X

X



X

4.2.4.2.2. Lag effects experiment
In 2014, Caltha palustris plants were transplanted at the study area. Caltha
palustris grows naturally and abundantly on the riparian site at Amberley
Wildbrooks, but was not present on the interior site. The experiment removed
plants from the riparian site and either transplanted them into the interior site
(transplant treatment) or replanted them within the riparian site (lift
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treatment). Control condition plants were plants monitored in-situ on the
riparian site without disturbance. The lift treatment was designed to ascertain
whether any differences in plant survival and growth were due to the
disturbance of being removed and replanted (Toogood et al., 2008).
Caltha palustris plants for the transplant and lift treatments were collected
and moved on 20th March 2014 in small batches to minimise stress. Individuals
for transplanting were sourced from the area adjacent to the study sites at
Amberley Wildbrooks, and relocated within the interior and riparian sites.
Plants of a similar size and development as gauged by the number of leaves
present (four) were selected. The plants were individually removed using a
spade including a core of earth approximately 10 cm3 in size surrounding the
roots. Plants for the transplant treatment were moved from the riparian site
and placed into holes on the interior site the same size as the core of earth
the plants were removed with. Plants for the lift treatment were placed into
cored holes within the riparian site. No compost or additional growth media
were added to the cored holes prior to or after transplant and no removal or
cutting back of vegetation was under taken around the treatment and
control individuals within the growing season.
A total of 96 plants were monitored, 32 in each treatment including the
control. Plants that were transplanted were arranged into four arrays per
treatment with eight individuals per array. An array consisted of a coloured
peg marking a central position around which eight individuals surrounded the
peg to form a circle (plate 4.3). As control plants were in-situ, they were not
arranged around a peg, but a peg was used to relocate individuals by their
distance and direction from it.
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Plate 4.3: An array of transplanted Caltha palustris within the interior site at the
study area. Eight Caltha palustris were transplanted around an orange peg. Blue
circles highlight seven plants within the sward, the eighth is off camera.

All Caltha palustris plants were monitored on a weekly basis until flowering
plants had produced seeds; this was repeated over three successive growing
seasons, 2014-2016. The length and timing of the growing season varied as the
phenology changed slightly each year, and therefore monitoring periods
varied:
25th March - 16th May 2014
1st April - 5th June 2015
31st March - 25th May 2016
Monitoring of Caltha palustris recorded survival, growth and flowering. Plant
survival was recorded as a visual assessment as to whether a plant was alive
at the time of the survey. Four growth metrics were measured in all Caltha
palustris individuals; largest leaf width, largest leaf length, number of leaves
and height of tallest flowering stem, all in millimetres. Flowering was recorded
by counting the number of fully open flowers on each plant every week.
4.2.5 Data analysis
Data sets were examined, where applicable for normal distribution of
continuous variables only using the Anderson-Darling test and for homogeny
of variance with the Levene’s test. If assumptions of normality were not met,
the raw data was checked for outliers using Grubb’s test. If outliers were found,
they were removed. ANOVA tests are robust enough for small violations of
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normality and are more sensitive to outlying data (Osbourne & Overbay,
2004). Where outliers have been removed before tests were run, an asterisk in
the results table is used to indicate affected treatments. Only in the instances
where a data set was greatly skewed were non-parametric tests used.
Over the three years of monitoring some plants did not survive, therefore
results from 2015 and 2016 are often unbalanced (unequal numbers of
samples). The more conservative post-hoc test Tamhane’s T2 has been used
instead of Tukey in these cases (Primpas & Karydis, 2010). Where tests were
performed between years, the closest day of the year in each year was used
as actual survey dates varied slightly year-on-year. For example, in 2014 plants
were monitored on 1st May, however in 2015 and 2016 the closest dates were
28th April and 4th May respectively.
Repeated-measures ANOVA was used for between years’ relative growth
rate over the course of seven consecutive weeks. Sphericity was not assumed
and the adjusted Greenhouse-Geisser statistic was used (Leech et al., 2011).
Generalized linear models (GZLM) were used to compare between
treatments where count data had been collected (O’Hara & Kotze, 2010),
such as flower abundance. A Poisson loglinear model for main effects testing
was used, with post-hoc pairwise comparisons of estimated marginal means
using least significant difference (LSD). Maximum step halving was five except
for the comparison of leaf abundance in Caltha palustris in 2014, where it was
necessary to increase this to 20. All the inferential statistical tests used are
detailed below in table 4.8.
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Table 4.8: Summary of the inferential statistical tests used in the study of immediate
impacts and lag effects of contrasting hydrology.
Test
T-test
One-way ANOVA
Repeatedmeasures ANOVA
MANOVA

Pearson ProductMotion
Generalized
linear model
Chi-square test
Generalised
Estimated
Equation
Kruskal-wallis

Species
Rhinanthus
minor
Caltha palustris
Caltha palustris
Primula veris
Caltha palustris
Caltha palustris
Caltha palustris
Caltha palustris

Metric

Data type

Post-hoc tests

Seed weight

Micrograms

-

Millimetres

Tukey

Millimetres

-

Micrograms
Millimetres

Tukey &
Tamhane’s 2

Millimetres

-

Leaf width &
length
Leaf width &
length as RGR
Biomass
Leaf width &
length
Leaf width &
length
Flower
abundance
Leaf abundance

Counts

Least significant
difference
-

Counts

Primula veris

Flower
abundance

Counts

-

Lathyrus
pratensis

Root length &
plant height

Millimetres

Dunn’s

Relative growth rate (RGR) of Caltha palustris was calculated with equation
(1) following Hunt (1982), where W1 and W2 are the leaf widths at the times t1
and t2. Although length and width are highly correlated, width was the more
consistently measured variable across the three years, and was the preferred
variable. All monitored years had at least seven weeks of consecutive leaf
measurements, therefore RGR could be calculated on a weekly basis. This
generated six RGRs per year over the peak of the growing period. The actual
dates vary between years due to phenology of flowering, so RGR was
calculated between 4th April - 16th May 2014, 14th April - 5th June 2015, and
20th April - 25th May 2016.
𝑅𝐺𝑅 =

ln(𝑊2 ) − ln(𝑊1 )
𝑡2 − 𝑡1
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(1)

4.3 Results
4.3.1 Experiment 1: Immediate impacts of contrasting hydrology
Survival rates between the three species, Primula veris, Lathyrus pratensis and
Rhinanthus minor differed across the control and the two field sites. Primula
veris had the highest survival rate in all treatments compared to the other two
species (fig 4.10). Rhinanthus minor only survived in the control conditions and
on the interior site, and had the lowest survival of the three species (fig 4.10).

Primula veris

Lathyrus pratensis

Rhinanthus minor

100

Survival (%)

80

60

40

20

0
Control

Interior

Riparian

Figure 4.10: Plant survival as a percentage of original number of plugs planted for
the three species in the immediate impacts of contrasting hydrology study.
n= 24 except Rhinanthus minor n=20.

All of the species flowered in the control conditions and interior site, however
only Primula veris flowered at the riparian site (fig 4.11). Both Primula veris and
Rhinanthus minor had a greater percentage of surviving plants flowering
under the hydrological treatments compared to the control condition plants
(fig 4.11), however it should be noted that only two Rhinanthus minor plants
survived on the interior site.
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Primula veris

Lathyrus pratensis

100

Flowering plants (%)

23

20

17
80

Rhinanthus minor

2

16

60

7

40

20

1
0
Control

Interior

Riparian

Figure 4.11: Percentage of surviving plants that flowered for the three species in the
immediate impacts of contrasting hydrology study. Numbers above the bars
indicate the actual number of flowering plants.

4.3.1.1 Primula veris
In 2016, Primula veris plug plants were planted on both the interior and riparian
sites at Amberley Wildbrooks with a further 24 at the University of Brighton
campus to act as controls. Survival was high across all treatments with only
two plants dying during the experiment, one in the control and one at the
riparian site. The number of plants that flowered ranged from 23 (100% of
survivors) at the riparian site to 20 on the interior site and 16 control plants
(table 4.9). The total count of flowers also varied with the riparian site having
the highest total flower count of 319 (table 4.9). However, there was no
significant difference in the number of flowers between the treatments using
the Generalised Estimating Equation test (Wald chi-square=0.241, p=0.886)
over the monitoring period calculated per flowering plant.
Table 4.9: Numbers of surviving and flowering Primula veris plants for the immediate
impacts of contrasting hydrology study.
Location
Survival
No of plants that
Total number of
flowered
flowers
Control
23/24
16
276
Interior
24/24
20
295
Riparian
23/24
23
319
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There was no difference between the treatments in peak flowering date of
the 9th May (fig 4.12). However, plants in the control conditions had a longer
flowering period of two weeks than the plants from the riparian site, and a
week longer in comparison to the interior site plants (figure 4.12).

Control
Interior
Riparian

06/04/2016

20/04/2016

04/05/2016

18/05/2016

01/06/2016

Figure 4.12: Flowering period and peak flowering of Primula veris for the immediate
impacts of contrasting hydrology study. Horizontal bars indicate flowering period
(≥10 flowers counted), diamonds represent peak flowering (maximum counted
flowers).

Both above and below ground biomass was tested for significant differences
between treatments. The mean below ground biomass for the control
condition plants was 1.426 g and the interior site plants had a mean weight of
1.048 g, while the riparian site had the greatest mean weight of 1.461 g (fig
4.13). The spread of data was far greater in the below ground biomass than
the above ground, suggesting greater variability among individual plants
below ground (fig 4.13).
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3.5

Biomass (dry weight/g)

3.0
2.5
2.0
1 .5
1 .0
0.5
0.0
Control

Interior

Riparian

Control

Aboveground

Interior

Riparian

Belowground

Figure 4.13: Box and whisker plot showing the above and below ground biomass
(dried weight) of Primula veris for immediate impacts of contrasting hydrology study.
The black circles represents the mean. n=23 for the control and riparian, and n=24
for the interior treatment.

A MANOVA test for both above and below ground data combined found
there was a significant difference between the three treatments plant
biomass (p<0.001) (table 4.10). However, within-subject effects suggest that
only the above ground biomass results were significantly different (p<0.001),
while there was no difference between the treatments for below ground
biomass (p=0.142) (table 4.10).

Table 4.10: Combined and univariate MANOVA results of above and below ground
biomass (dried weight) of Primula veris for immediate impacts of contrasting
hydrology study.
Biomass
n
f-test
p
df
Effect (multivariate)
138
14.848
<0.001
4
Above (Univariate)
68
30.143
<0.001
2
Below (univariate)
70
2.011
0.142
2

4.3.1.2 Lathyrus pratensis
Twenty-four Lathyrus pratensis plug plants were planted at each of the riparian
and interior sites and a further 24 were planted in control conditions at the
University of Brighton. On the 10th June all plants at the interior site were alive,
two plants had died in the control conditions, while 13 plants at the riparian
site could not be relocated and were presumed dead (table 4.11). Lathyrus
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pratensis did not start to flower in the control conditions until 24th June, and
plants were removed for analysis on 6th July. Unfortunately, cattle are
suspected of eating much of the above ground growth at the Amberley
Wildbrooks study area, so only one individual planted in the interior site
flowered before being removed for analysis (table 4.11).
Table 4.11: Number of Lathyrus pratensis plants surviving and number, which
flowered during the immediate impacts of contrasting hydrology study. Note cattle
grazing happened after 10th June.
Date
Metric
Control
Interior
Riparian
4th April (planted)
Survival
24
24
24
10th June
Survival
22
24
11
6th July (removal)
Survival
21
18
6
Flowering
17
1
0

Both the plant height and root length were significantly different between
treatments (p<0.001 & p<0.001 respectively) (table 4.12). Post-hoc testing
using Dunn’s test indicates in both cases that plants in the control conditions
were significantly taller and had longer roots than plants from the two field site
locations (fig 4.14 & 4.15).
Table 4.12: Results of Kruskal-Wallis tests of above and below ground plant height
and root length for Lathyrus pratensis, for the immediate impacts of contrasting
hydrology study.
Plant height
n
df
H
p
Above ground
45
2
29.43*
<0.001
Below ground
43
2
25.44
<0.001
*adjusted for ties

The median plant height for those in control conditions was over four times
that of the interior site, implying that the cattle grazing affected this result (fig
4.14). Plants in the riparian site had a slightly greater median height than those
at the interior site, which may be due to lower grazing pressure as the riparian
site still had relatively high water levels in June 2016.
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Interior n=1 8

Riparian n=6

Figure 4.14: Box and whisker plots showing the above ground plant height (mm) for
Lathyrus pratensis for the immediate impacts of contrasting hydrology study.
Horizontal lines represent median values, asterisks denote outliers. Letters A & B
represent the post-hoc test grouping.

Median root length probably provides a more reliable measurement of
performance than the grazed above ground plant parts in this study. Although
roots in control conditions were significantly longer than the two hydrological
treatments from the field site, there was not as great a difference as for plant
height (fig 4.15). There was a relatively large variance in the root length of the
plants in the riparian treatment, which may be due to the small sample size
(n=6).
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Figure 4.15: Box and whisker plots showing the below ground root length (mm) for
Lathyrus pratensis for the immediate impacts of contrasting hydrology study.
Horizontal lines represent median values, asterisks denote outliers. Letters A & B
represent the post-hoc test grouping.

4.3.1.3 Rhinanthus minor
Survival of Rhinanthus minor was poor even in the control conditions, with only
14 plants surviving from an initial 20. No plants survived beyond four weeks in
the riparian site and only two survived in the interior site. Both plants that
survived on the interior site flowered, while only half of the plants in control
conditions flowered. As this species is hemi-parasitic it was not possible to
disentangle the roots from its host plant, and there were too few survivors on
the interior site to compare height or biomass. Seeds however were available
in large enough quantity to dry and weigh for comparison, with the caveat
that they come from a small sample of plants (n=2) from the interior site.
There was a significant difference in the weight of dried seeds between the
control condition plants and interior site plants (t-test=6.76 p<0.001), with seeds
from control plants significantly heavier than those from the interior treatment.
Mean seed weights were 0.00342 mg in the control and 0.00276 mg in the
interior treatment (fig 4.16).
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Seed weight (mg)

0.0040

0.0035
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0.0025

Control

Interior

Figure 4.16: Box and whisker plots of the dried seed weight (mg) for Rhinanthus minor
from two treatments for the immediate impacts of contrasting hydrology study.
Circles represent mean values, horizontal lines median values. n=20.
Note: no plants survived in the riparian treatment.

4.3.2 Experiment 2: Lag effects of altered hydrology
4.3.2.1 Initial surveys
Comparisons of leaf width, leaf length and leaf abundance at the outset of
the experiment indicated if there were any differences in Caltha palustris
plants in the different treatments. Results suggest there was no significant
difference in the leaf width (p=0.246) and leaf abundance (p=0.245) between
the three treatments. However, leaves were significantly longer for the plants
in the control conditions compared to both the lift and transplant treatment
plants (p<0.001) (Table 4.13 & 4.14).
Table 4.13: Results from the initial survey of Caltha palustris plants at the outset of the
immediate and lag effects of altered hydrology study in 2014
Metric
Test
n
df
Test statistic
p
Leaf width
One-way ANOVA
32
2
1.42 f-test
0.246
Leaf length
One-way ANOVA
32
2
12.33 f-test
<0.001
Leaf
GZLM
32
2
2.817 Likelihood
0.245
abundance
ratio
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Table 4.14: Post-hoc test groups (letters) and mean values with ±1SE for the test
results in table 4.13 for Caltha palustris from initial plant surveys at the start of the
study. Tukey post-hoc test was used for the leaf width and length, least significant
difference (LSD) for the leaf abundance.
Treatment
Leaf width (cm)
Leaf length (cm)
Leaf abundance (count)
Groups
Mean
Groups
Mean
Groups
Mean
Control
A
62.7 ± 1.7
A
63.8 ± 1.6
A
8.0 ± 0.8
Lift
A
59.6 ± 1.7
B
56.5 ± 1.7
A
6.8 ± 0.5
Transplant
A
59.3 ± 1.4
B
52.8 ± 1.5
A
6.8 ± 0.4

4.3.2.2 Survival
From March 2014, 96 Caltha palustris plants across three treatments were
monitored during the growing season only for three years. In the first year, all
plants in all treatments survived until the end of the monitoring period. In 2015,
all plants survived in the control conditions, while four plants in the lift
treatment did not reappear and were presumed dead, referred to here as
lost. The transplant treatment lost seven plants (figure 4.17). In 2016, all control
condition plants continued to survive, while in the lift treatment four plants
remained lost from the previous year, and one additional plant was recorded
as lost. Within the transplant treatment arrays the number of lost plants
increased to 11 at the start of 2016 (figure 4.17), with a further two plants eaten
by slugs and snails during the monitoring period of 2016.
100
90
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32
28

80
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27
25
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30
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20
10
0
2014
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2016

Year
Figure 4.17: Survival of Caltha palustris plants as a percentage of the original
replicate numbers at the end of each growing seasons at Amberley Wildbrooks
under three treatments, for the lag effects of altered hydrology study. Numbers
inside the columns are the actual number of surviving plants.
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4.3.2.3 Leaf abundance
Leaf abundance was analysed for the end of April/beginning of May across
all treatments and years as monitoring finished in mid-May in 2014. Leaf
abundance is the count of all leaves on each plant at a given date. Leaf
abundance was classified into four categories (table 4.15) based on a boxplot
of all leaf counts, using quartiles and outliers as category boundaries. Leaf
abundance counts below the first quartile (<7 leaves) were classified as ’few’,
while counts of more than 39 leaves were outlier, and categorised as ‘superabundant’. The first to third quartile made up the ‘moderate’ category, and
counts in the third to fourth quartile were termed ‘abundant’.
Table 4.15: Grouping of leaf abundance of Caltha palustris into four categories. The
categories apply across treatments and for all three years.
Leaf abundance category

Number of leaves

Few

1-6

Moderate

7-20

Abundant

21-39

Super-abundant

40-112

Over the three years of the study, the number of leaves ranged from one to
112 leaves per plant. A chi-square test of association based on frequencies of
leaf abundance categories suggests that observed frequencies of leaf
abundance did not equal expected leaf abundance (Pearson Chi-Square =
69.090, df = 6, p<0.001). There were greater numbers of ‘few’ leaved plants
observed and fewer ‘abundant’ and ‘super-abundant’ leaved plants than
expected in transplant plants (table 4.16). The plants in control conditions had
a greater number of ‘abundant’ leaved plants, and less ‘few’ leaved plants
than expected (table 4.16). Lift treatment plants did not deviate considerably
from the expected frequencies for all leaf abundance categories.
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Table 4.16: Results from the Chi-square test, for leaf abundance by category
between the three treatments for Caltha palustris in the lag effects of altered
hydrology study combining all three years.
Super
Treatment
Few
Moderate
Abundant
abundant
Transplant Observed
35
42
2
0
Expected
18.39
41.91
13.27
5.43
Contribution
14.994
0.000
9.569
5.427
Lift
Observed
19
53
13
2
Expected
20.26
46.16
14.61
5.98
Contribution
0.078
1.015
0.178
2.646
Control
Observed
7
44
29
16
Expected
22.35
50.93
16.12
6.6
Contribution
10.543
0.943
10.286
13.410
Total
61
139
44
18

Total
79

87

96

262

There was a significant difference between the treatments’ leaf abundance
in 2014 (p<0.001) (table 4.17) despite all treatments having a mean leaf
abundance value within the ‘moderate’ category (fig 4.18). The control
condition plants had significantly more leaves than the lift and transplant
treatment plants. In 2015, all treatments averaged more leaves per plant than
in 2014 (fig 4.18). The control condition plants averaged 32 leaves per plant,
which was significantly greater than the other two treatments (p<0.001) (table
4.17). In 2016, the average leaf abundance reduced slightly for the control
condition plants to 28 leaves per plant, while the lift treatment increased to
an average of 21. The plants in the transplant treatment had the same number
of leaves on average as 2014, a reduction from 2015 to on average seven
leaves per plant (fig 4.18).

Table 4.17: Generalized linear model test results by year for leaf abundance
between treatments for Caltha palustris plants in the lag effects of altered hydrology
study. Post-hoc grouping are identified in figure 4.18.
Year
n (total replicates)
df
Likelihood ratio
p
Chi2
2014
96
2
17.438
<0.001
2015
85
2
72.413
<0.001
2016
78
2
53.429
<0.001
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Figure 4.18: Interval plot of leaf abundance (±1SE) for Caltha palustris plants over
three years of monitoring, for the three treatments in the lag effects of altered
hydrology study. Circles represent the mean number of leaves. Post-hoc groups per
year are represented by letters a-c using Least Significant Difference.
n= 32, except 2015 lift n=28 transplant n=25, 2016 lift n=27 transplant n=19.

4.3.2.4 Leaf length & width
Leaves were measured weekly throughout all three growing seasons. In 2014,
the leaf width was not significantly different between the three treatments at
the beginning of the experiment, but the control condition plants showed
significantly longer leaves in the initial survey (section 4.3.2.1). Results from a
MANOVA test of both leaf width and length variables suggests there was a
significant difference (p<0.001) between the treatments at the end of the
growing season in 2014 (table 4.18). Post-hoc testing using Tukey HSD indicates
that in both cases the leaves in the control conditions were significantly longer
and wider than leaves on plants in the lift and transplant treatments (fig 4.19
& 4.20). In 2015, there was also a significant difference in leaf width and length
between the treatments (p<0.001). Post-hoc testing with Tamhane’s T2
indicated that the transplant treatment plant leaves were both shorter and
narrower than the lift treatment and control condition plants (fig 4.19 & 4.20).
However, the mean length of leaves in 2015 was shorter than in 2014 across all
three treatments. Both the lift treatment and control condition plants had
wider leaves on average in 2015 than 2014, whereas the transplant treatment
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plant leaves were narrower in 2015 than 2014. Results from 2016 again showed
a significant difference between the treatments (p<0.001). Post-hoc testing
indicated leaves on both the lift treatment and control condition plants were
significantly longer and wider than on the transplant treatment plants. Overall,
the leaves in 2016 were wider and longer than the two previous years for both
the control condition and lift treatment plants. The transplant treatment plant
leaves were similar in size to those of 2014 (fig 4.19 & 4.20).

Table 4.18: Results from the MANOVA tests of leaf width and length over three years
by treatments for Caltha palustris in the lag effects of altered hydrology study.
Year
n (total replicates)
df
f-test
p
2014
96
4
8.426
<0.001
2015
85
4
13.458
<0.001
2016
78
4
15.154
<0.001
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Figure 4.19: Mean leaf length (mm) (±1SE) for Caltha palustris in the lag effect of
altered hydrology study. Letters represent post-hoc groupings using Tukey HSD in
2014 and Tamhane’s T2 in 2015 & 2016. n=32 except lift 2015 =28, lift 2016 =27,
transplant 2015 =25 & transplant 2016 n=19.
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Figure 4.20: Mean leaf width (mm) (±1SE) for Caltha palustris in lag effect of altered
hydrology study. Letters represent post-hoc groupings using Tukey HSD in 2014 and
Tamhane’s T2 in 2015 & 2016. n=32 except lift 2015 =28, lift 2016 =27, transplant 2015
=25 & transplant 2016 n=19.

There is a strong positive correlation between leaf length and width across all
years (unweighted) (Pearson product-moment r=0.826, n=259, p<0.001)
suggesting that as length increases so does the width of the leaf for Caltha
palustris, regardless of hydrological conditions.
4.3.2.5 Relative growth rate (RGR)
Relative growth rate was calculated using leaf width per treatment over
seven consecutive weeks per year. The RGR’s were then analysed with a
repeated–measures ANOVA. Results suggested that within years the RGR
varied between weeks (p<0.001 for each year) (table 4.19), but the
interaction between weeks and treatments indicated no significant
difference in any of the years of monitoring (table 4.19). Therefore, the growth
rate was not significantly different between the treatments in any given year
despite the measured leaf width being significantly different within all years
between treatments. This indicates that plants in all treatments followed a
similar growth rate each year regardless of hydrology and actual size of
leaves.
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Table 4.19: Results from the repeated-measures ANOVA test of Relative Growth Rate
(RGR) for Caltha palustris, over six consecutive weeks each year. The adjusted
Greenhouse-Geisser statistic was used, as sphericity was not assumed.
Year
n (total replicates)
df
F- test
p
2014
Weeks
6
3.8
11.654
<0.001
Weeks*treatment
93
7.6
0.949
0.473
2015
Weeks
6
3.1
6.981
<0.001
Weeks*treatment
82
6.3
1.523
0.168
2016
Weeks
6
3
10.849
<0.001
Weeks*treatment
69
5.9
1.362
0.232

Figure 4.21 illustrates the similarity between RGR in the three treatments within
each six-week period per year, particularly between the control condition
and lift treatment plants. All three years appear to be different from one
another. In 2014 and 2015, RGR in general declined throughout the monitored
period, which suggests that RGR was increasing before the period observed
here when the plants first emerged (fig 4.21). In 2016, there was a substantial
peak in RGR for all treatments recorded on the 9th May. The RGR fell below
zero only in 2014, indicating a reduction in leaf size possibly through loss of the
largest leaf. There was no observed relationship between RGR and peak
flowering dates (section 4.3.2.6) within any year, thus RGR may have been
greater during emergence than flowering.
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Figure 4.21: Relative growth rate of Caltha palustris (±1SE) by treatment per year for
the lag effects of altered hydrology study. Circles represent mean values. n=32
except lift 2015 =28, lift 2016 =27, transplant 2015 =25 & transplant 2016 n=19.
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4.3.2.2.4 Flowering stalk height
Flowering stalk height is defined as the tallest stalk per plant each year of
monitoring. The results of an ANOVA test suggest both year and treatment are
significant factors for flowering stalk height (p=0.048) (table 4.20). Tukey posthoc tests indicate that in 2015 Caltha palustris plants had significantly shorter
stalks across all treatments than in 2014 or 2016 (fig 4.22). The transplant
treatment plants had significantly shorter stalks over all the years combined
than the lift treatment and control condition plants (fig 4.22).
Table 4.20: Results from an ANOVA test with both interaction and univariate results for
the stalk length of Caltha palustris between years and between treatments for the lag
effects of altered hydrology study. Post-hoc grouping (letters) are from Tukey HSD.
n (total replicates)
df
F-test
p
Year*treatment
163
4
2.453
0.048
Treatment
3
2
10.956
<0.001
Year
3
2
17.755
<0.001
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Figure 4.22: Mean stalk height (mm) (±1SE) for Caltha palustris plants by treatment in
chart a), and year in chart b) for the lag effect of altered hydrology study. Tukey
post-hoc groups represented by letters A & B.

4.3.2.6 Flowering abundance and phenology
In 2014, there were equal numbers of plants in all treatments, however not all
plants flowered (fig 4.23). Only 47% of plants flowered in each of the transplant
and lift treatments, while 78% of plants flowered in the control conditions. In
2015, the numbers of flowering plants increased in all treatments. The plants in
the transplant treatment increased their overall number of flowering plants by
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one but the number of plants that flowered as a percentage of those surviving
increased to 76%. The plants in the control conditions increased the number
of flowering plants by six to 31 (97%). The lift treatment plants had the greatest
increase of plants flowering that year, an increase of nine, up to 24 (86%). In
2016, all plants in both the control condition and lift treatment flowered, 32
and 27 plants respectively (fig 4.23). Only 11 of the 19 surviving plants in the
transplant treatment flowered (58%), which was less than the number of
actual flowering plants in this treatment in 2014. Both the number and the
proportion of flowering plants to plant survival increased each year for the
control condition and lift treatment plants, whilst there was a decline in the
transplant treatment plants in 2016.
Control
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Figure 4.23: Flowering Caltha palustris plants by year and treatments as a
percentage of surviving plants for the lag effect of altered hydrology study. Actual
numbers of flowering plants in each column.

4.3.2.6.1 Abundance of flowers
The maximum number of flowers from the peak flowering survey day was used
to investigate any differences in flowering abundance. The day of peak flower
count per treatment differed by one or two weeks between treatments and
years (fig 4.24). Analysis used the number of plants flowering not the total
number of plants.
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Figure 4.24: Total counts of fully open Caltha palustris flowers per survey date by year
and treatment, for the lag effects of altered hydrology study.
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Weekly abundance of flowers increased markedly in each treatment until the
peak count was reached each year (fig 4.24). Overall, the total numbers of
flowers increased year-on-year: in 2014, 302 flowers were counted across all
treatments. In 2015, 744 flowers were counted in the control condition plants
alone, with 1,156 flowers over all treatments. This increased to 1,449 flowers in
all treatments in 2016. However, in 2016 the total flowers counted in the
transplant treatment plants was 56, the lowest total count by treatment across
the three years (fig 4.24).
In 2014, there was no difference in the abundance of flowers at peak
flowering date between treatments (p=0.838), however, in both 2015 and
2016 there were significant differences in peak flower counts between the
treatments (table 4.21). In 2015, there were significantly more flowers on plants
in the control conditions than the other two treatments (p<0.001), with on
average 10 flowers per plant compared to five in the lift treatment and three
in the transplant treatment plants (table 4.22). In 2016, the transplant
treatment plants produced significantly fewer flowers per flowering plant than
the other two treatments (p=0.014). Across the three years, the transplant
treatment plants varied little in the average abundance of flowers per
flowering plant per year, whilst plants in the other two treatments increased
their average number of flowers annually (table 4.22).
Table 4.21: Results from a generalised linear model of differences in flower abundance
for Caltha palustris, by year and treatment for the lag effect of altered hydrology
study. Flower abundance was the maximum count per plant per year regardless of
the date.
Year
n (total replicates)
df
Likelihood ratio
p
2014
55
2
0.354
0.838
2015
72
2
32.602
<0.001
2016
68
2
8.554
0.014

Table 4.22: Post-hoc (LSD) groups (letters A& B) following the results from the GZLM test
in table 4.21. Groupings by year per treatment with the mean number of flowers per
flowering plant in each the treatment and ±1SE.
Year
2014
2015
2016
Mean
Group
Mean
Group
Mean
Group
Control
3.0 ±0.4
A
10.3 ±1.2
A
10.6 ±1.7
A
Lifted
3.4 ±0.4
A
5.2 ±0.7
B
8.6 ±1.2
A
Transplant 3.2 ±0.3
A
3.1 ±0.6
B
3.7 ±0.6
B
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4.3.2.6.2: Flowering period
Timing of peak flowering and length of flowering altered between years and
within treatments. Overall the earliest and shortest length of flowering was in
2014, especially within the control condition and lift treatment plants (fig 4.25).
In all years the lift and transplant treatment plants started flowering later than
the control condition plants. Peak flowering was not synchronised between
treatments in any of the years, with up to two weeks’ difference between the
first and last peak flowering date per year (fig 4.25). Overall flowering duration
and peak date were more similar in 2015 and 2016 compared to 2014.
Increased length of flowering, as seen in the control condition and lift
treatment plants, may account for greater flower abundance in these
treatments in 2015 and 2016 (section 4.3.2.6.1).
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Figure 4.25: Caltha palustris flowering period and peak flowering by day of the year
(January 1st = 001) over three years during the lag effect of altered hydrology study.
Peak flowering indicated by diamonds, bars represent the length of flowering period
for flower counts greater than 10.
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4.4 Discussion
4.4.1 Immediate effects of contrasting hydrology
In the immediate effects of contrasting hydrology experiment using Primula
veris, Lathyrus pratensis and Rhinanthus minor, all species performed better in
the control conditions of non-saturated soil with regards to growth (weight or
length) compared to the sustained wet conditions of the riparian and
seasonally damp interior sites at Amberley Wildbrooks. Survival was either
equal to or better in the control conditions, whilst flowering abundance
differed between the species.
Lathyrus pratensis and Rhinanthus minor had the lowest survival rates within
the riparian site and the best survival rates in the control conditions, suggesting
that increased water levels may be an important immediate factor in the
survival of these species. The survival of Primula veris was not affected by the
hydrological conditions.
Growth did not significantly differ between the hydrologically contrasting
riparian and interior sites for all three species, however it was significantly
different from plants in the control conditions, with the exception of below
ground biomass of Primula veris. This suggests an immediate impact on growth
in saturated conditions, although the severity of hydrological change appears
to be less important.
All species produced flowering plants in the control conditions and in the
interior site, although Lathyrus pratensis and Rhinanthus minor only produced
one and two flowering plants respectively. Primula veris produced flowering
plants under both hydrological conditions, and more flowers than in control
conditions, although the increase was not significant.
Plants less adapted and tolerant to inundation and saturated soils are more
likely to be affected by these conditions than those already adapted to
wetter environments (Bailey-Serres & Voesenek, 2012). Primula veris however
has the lowest tolerance to saturated soils from the Ellenberg indicator values
(F-score 4) of the three species in this study. One possible explanation for
Primula veris’ performance is that it flowers very early and therefore avoided
competition and herbivory, which may in this case be more influential to
flowering and growth than avoiding saturated and inundated environments.
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Whilst every care was taken to ensure that the plugs planted into the field site
were approximately the same in above ground size within each species, it was
not possible to discern the amount of below ground biomass prior to planting.
This may have led to some plants with larger, or more well established roots
having an advantage over others. This may account for the greater variance
in the below ground data compared to above ground data (see figs. 4.13
and 4.14 compared to 4.15). Issues regarding sample size and cattle grazing
are further discussed in the Methodological Considerations (section 7.4.1).

4.4.1.1 Primula veris
There was no significant difference between the survival, below ground
biomass or flowering abundance of Primula veris in the non-saturated and
saturated hydrology conditions. The exception was above ground biomass,
which was significantly greater in the plants in the control conditions.
However, by the time the plants were removed for drying and weighing the
plants at the riparian and interior sites had finished flowering and were in
decline e.g. senescence of leaves, and were not at their visible largest. This
may have affected the results for the above ground biomass.
Although Primula veris does not have deep roots in saturated soil, preferring
to keep roots close to the surface (Brys & Jacquemyn, 2009), the mass of
lateral roots may be similar to deeper taproots, accounting for the similarity in
below ground biomass.

4.4.1.2 Lathyrus pratensis
Grazing of Lathyrus pratensis by cattle meant that above ground
measurements were likely affected at the riparian and interior sites and
therefore no reliable conclusions could be drawn. Below ground root length
for plants in the unsaturated conditions were significantly longer than those
from plants in the two hydrological conditions, but there was no significant
difference between root lengths in the seasonally damp interior and saturated
riparian sites. Wright et al. (2016) concluded that legume species were
negatively affected by flooding, regardless of which community they were in.
This may explain the similarity in root lengths between the interior and riparian
sites, in that both hydrologies had a negative impact on the plants, although
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the wetter conditions of the riparian site reduced survival considerably
compared to the interior site. Evidence from a range of Trifolium species
(legumes) suggests that while waterlogging may negatively affect tap root
length, lateral roots that grow close to the surface may compensate and can
be up to three times the length of tap roots (Gibberd et al., 2001). Further
research on Lathyrus pratensis may be better directed at examining the
lengths of the two types of roots for a clearer understanding of the effects of
different hydrology.

4.4.1.3 Rhinanthus minor
Only two plants of Rhinanthus minor survived from an initial 40 at the field sites.
Although it is a species tolerant of habitats associated with saturated soils,
such as flood-meadows, spring flushes and mires, and, in the South of England
it is traditionally associated with seasonally flooding meadows (Westbury,
2004), the inundation on the riparian site may have negatively affected it such
that no plants were able to survive. This species is associated with the NVC
MG6a community found on the interior site, and should have survived better
here, but it is likely that competition was too strong, and the sward already too
dense for the plugs to establish and thrive (Westbury, 2004).
Seeds were collected from the surviving plants on the interior site, and
compared to seeds from plants in control conditions. The plants from the
interior site produced significantly lighter seeds. Waterlogging of crops such as
Vigna radiate (mung bean) and Brassica napus (rapeseed) does not reduce
seed weight in comparison to plants in non-waterlogged conditions (Ahmed
et al., 2002; Xu et al., 2015), but there is generally limited research on seed
weight following waterlogging. Therefore, it is possible that the results from this
study were not the effects of contrasting hydrology, but that competition was
more likely to have had an immediate effect on seed weight through reduced
plant vigour.

4.4.2 Lag effects of altered hydrology
There was evidence of a lag effect in plant performance in the Caltha
palustris after three years, which had been transplanted from the saturated
riparian site to the seasonally damp interior site. Leaf and stalk growth, and
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flowering abundance were significantly reduced in the transplanted Caltha
palustris plants compared to plants that remained in the sustained saturated
conditions by 2016. It is likely that the disturbance of transplanting affected
plants initially, as both transplant and lift treatments plants had significantly
reduced growth in the first year. By 2016, the transplanted plants performance
in the seasonally damp grassland either remained the same as in 2014, or
declined. However, lifted plants that remained within the saturated
conditions, subsequently improved their performance metrics annually,
suggesting a recovery by 2016 from the initial disturbance in 2014.
The poor performance of Caltha palustris transplanted into the dryer
seasonally damp grassland by 2016 may be the result of a lag effect of the
altered hydrology. Evidence of a lag effect in plant performance following
extreme climate events includes delayed flowering in the year following
higher temperatures and rainfall, for a number of grassland forb species
(Sherry et al., 2011). Sherry et al. (2007) also suggest that biomass in mesic
grasslands may decrease following particular extremes, but that the declines
are observed only in the subsequent year. Sala et al. (2012) suggests also that
following exceptionally dry years, biomass of dry and mesic grasslands
decreases in the following year. In this study, 2015 was the driest of the three
years and in the transplanted plants, leaf growth, and number of flowers,
decreased the following year in 2016. However, there was either no change
or increased leaf growth in the plants on the riparian site in 2016.
Grootjans et al. (1996) suggest that Caltha palustris may survive in less
favourable environmental conditions for up to 14 years, but that the initial
population will never increase. There was no evidence of new Caltha palustris
plants appearing within the vegetation on the seasonally damp interior site
over the duration of the experiment. By 2016, there was a reduction in plant
survival of 40%, and of flowering plants by 27%. In contrast, plants that
remained undisturbed in the saturated conditions on the riparian site had
100% survival in all three years.
Some of the differences in leaf width and length within the transplant
treatment plants were due to leaves (and buds) lost to herbivory as damaged
flowering stalks and missing flower heads were noted. Slugs and snails were
regularly observed on and around the leaves in all years. In 2014, deer
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droppings were discovered close to the plant arrays, and it is possible that
deer also consumed some plant parts. As the water levels were higher on the
riparian site, this may have deterred herbivorous activity from land molluscs
and deer in the early spring on Caltha palustris. An indirect consequence of
reduced water levels on floodplain grasslands may be to expose plants to
herbivory that they previously had not experienced.
4.4.2.1 Relative growth rate
Relative growth rate (RGR) did not change between Caltha palustris plants in
the saturated riparian and seasonally damp interior conditions within each
year, despite significant differences in leaf size, abundance, flowering
abundance and flowering period. A number of plant hormones including
auxcin, gibberellins and strigolactones are known to regulate plant growth
including regulating response to environmental conditions (Koltai & Kapulnik,
2011). This may account for the similarity in RGR between the different
hydrological conditions within years. Nippert et al. (2011) observed similarity in
growth rates within four species of C4 grass across a range of elevations and
soil depths. This suggests that the findings here are not anomalous, and that
RGR may be consistent within years within species, and regulated internally
rather than by external environmental conditions.

4.4.2.2 Transplant effects
Transplant experiments observing differences between ecological and
geographical distance from source populations suggest that in general
ecological distance has a more significant effect on plant performance
(Raabová et al. 2007; Bowman et al., 2008). In 2014, there were no significant
differences between the transplant and lift treatments. By 2016, the lifted
plants had become more similar to the undisturbed plants. Results from Joshi
et al. (2001), Montalvo & Ellstrand (2001) and Ågren & Schemske (2012) using
a range of forb species suggest that transplanted plants have a higher fitness
level when planted back into their original source location than within an
ecologically different location. Whilst geographic distance was negligible
here, the environmental distance created by the different hydrologies was
substantial enough to affect a range of growth and flowering metrics in
Caltha palustris.
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Evidence suggests that transplanted plants may flower at slightly different
times from source population plants when introduced to a novel environment,
especially when that novel environment may introduce abiotic stresses not
encountered or moderated in the original habitat (Levin, 2009). Transplanted
Caltha palustris plants reached peak flowering in both 2015 and 2016 later
than plants remaining in the source location. The flowering period was also
shorter by at least three weeks in these years suggesting that both flowering
abundance and phenology may have been altered due to changes in the
hydrology.
4.4.2.3 Temporal effects
Within year trends appeared to be similar across all treatments, and were
probably related to climatic differences in each of the three years. Rainfall
most likely influenced water levels at the study area but changes in
temperature may also have been responsible for some between year
variations in growth and flowering. Average temperatures and rainfall (section
4.2.3.1), and water levels (section 4.2.3.2), suggest that each of the three years
at the study area was climatically different (table 4.23):
2014 – Relatively wet with high ground water levels until early summer, and
above average temperatures from the beginning of the year onwards.
2015 – Relatively dry with low water levels throughout the monitoring period.
Cooler than the other two years.
2016 – Relatively wet in early spring with high ground water levels that dropped
by mid-spring. Cool temperatures in mid-spring with a relatively hot early
summer.
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Table 4.23: Graphical representation of the relative temperature and water levels,
and likely plant stress levels by study site, at Amberley Wildbrooks for the three years
of monitoring Caltha palustris for the lag effects of altered hydrology study.
Climatic conditions
Stress levels
Year

Temperature

Water levels

Summary

 
2014

Wet & hot





2015

Dry & cool



*Control plants
(Riparian site)
High
(immediate
effect)

Moderate

Moderate

High

Low

High
(lag effect)



2016

*Transplant
plants
(Interior site)

Damp & warm

*likelihood of stress on plants as indicated by the growth and flowering results for the
control and transplant treatment plants.

Both leaf size and flowering of Caltha palustris in 2014 were different
compared to the subsequent two years, this was especially evident in the
control condition plants. The warmest of the three years was 2014, and had
the highest overall water levels in both the riparian and interior sites. It is
probable that increased flooding affected leaf growth metrics, but it is not
possible to determine whether the early flowering or the increased inundation
was the cause of the reduction in flowering abundance in control plants
compared to the following years. There is some evidence to suggest that
increased spring temperatures which induce earlier flowering (Jentsch et al.,
2009) also reduce flower abundance (Saavedra et al., 2003; Semenchuk et
al., 2013), and increased temperatures may also reduce the flowering period
(Sherry et al., 2011) in a range of ecosystems (Jolly et al., 2005). Flowering
abundance was lowest for the transplanted plants in 2016 following the dry
conditions the previous year, suggesting in this case that the previous year’s
climatic

conditions

may

have

affected the

following

year’s

plant

performance (Sala et al., 2012). The increased flower abundance in 2015 and
2016 (excluding transplant plants in 2016), compared to 2014, may be a
response to longer flowering periods, and / or later flowering.
Higher spring temperatures coupled with the higher water levels of 2014
(relative to the other years) potentially created two stresses upon Caltha
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palustris plants, noticeable in the results from the undisturbed control plants in
comparison to other years. Climatic conditions in 2015 and 2016 were more
‘moderate’ in comparison. A combination of more than one stress, such as
high temperatures combined with high water levels, may have had an
additive and immediate impact on Caltha palustris (table 4.23) in the control
conditions, while the longer-term stress of reduced ground water particularly
in 2015 significantly affected the Caltha palustris in the transplanted treatment
by 2016. Long-term stresses or additional stressors may be more important than
the initial stress when determining likely responses by Caltha palustris to
extreme climate events.

4.5 Conclusion
This study suggested that both immediate and lag affects exist in relation to
changing hydrology and are evident in plant responses.
The immediate impacts of altered hydrology were evident in Lathyrus
pratensis and Rhinanthus minor in their declining survival from non-saturated
to the inundated hydrological conditions of the riparian site. Both above-and
below ground measurements were negatively affected in Lathyrus pratensis,
and seed weight in Rhinanthus minor under contrasting hydrology. Primula
veris however, did not show evidence of immediate effects of contrasting
hydrology. This finding may be the result of earlier flowering and/or reduced
competition in early spring.
Caltha palustris did not perform as well under altered hydrological conditions
across three climatically variable years. The transplant treatment plants were
similar to the lift treatment plants in the first year, suggesting results in the first
year may be due to the disturbance of being moved rather than initial
changes in hydrology. There appears to be evidence for a lag effect in the
decline of the transplanted plants by 2016, possibly exacerbated by drier
conditions in 2015.
A complementary experiment was conducted using a mesocosm experiment
in which water levels were controlled, to investigate the responses of differing
durations of flooding in plants with similar traits. The results of this further
experiment are reported in chapter 5.
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5 Responses to flooding of different durations: A mesocosm
experiment.
5.1 Introduction
5.1.1 Plant responses to duration and frequency of flooding
While both depth and frequency of flooding are important factors in plant
community composition, flooding duration may be more important
(Casanova & Brock, 2000). Johansson & Nilsson (2002) suggest summer
flooding duration to be the most important factor affecting survival and
growth of a range of species, although Garssen et al., (2015), intimate that
flooding depth is negatively correlated with biomass, particularly when plants
are completely submerged.
Experiments using a variety of plants from different elevational zones on
floodplains found that survival, and often growth, were universally better in
non-flooded conditions, despite many species possessing functional traits to
survive inundation (Casanova and Brock, 2000; Garssen et al., 2015; Campbell
et al., 2016; Wright et al., 2016). Casanova and Brock (2000) found that both
biomass and biodiversity were greatest in non-flooded conditions, in
comparison to a variety of flooding durations and frequencies. Productivity
was at its lowest in continuous flooded conditions. Short and frequent flooding
prompted the highest levels of both biodiversity and biomass (Casanova &
Brock, 2000). The optimal flood duration may be 8-24% of the growing season,
but the number of species and plant cover reduces quickly when longer than
30% of the growing season is in flood (Campbell et al., 2016). Campbell et al.
(2016) also noted that, as flooding duration increased, there was a shift in
functional plant type from broadleaved to graminoid species, but that no
species survived continuous flooding. Wright et al. (2016) also observed that
graminoids were less affected by extreme flooding than herbaceous forbs. A
meta-analysis by Garssen et al. (2015) suggested that increased flooding
duration reduced plant survival even in inundation adapted wetland plants.
Many floodplain plants, although tolerant to flooding and adapted to
inundation, may be sensitive to even small changes in flooding duration.
Changes of 10% in flooding duration may be enough to eliminate some wet
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grassland species from floodplains (Campbell et al., 2016), although how
communities will alter depends on the many abiotic and environmental
factors of the individual wetland (Garssen et al., 2015). However, highly
biodiverse communities may suffer less loss of both productivity and species
during extreme flooding (Wright et al., 2016) than low diversity systems.
Changes in plant communities following extended flooding may not always
be rapid. Johansson et al. (2002) observed four common floodplain species
from a range of inundation zones, and all survived below their perceived
elevation limits for 15 months following different flooding regimes, leading the
authors to speculate that any influence of flooding on these species was not
immediate.
5.1.2 Escape or quiescence strategies to flooding
There are two main strategies plants may employ to survive flooding: ‘escape’
or ‘quiescence’ (Bailey-Serres & Voesenek, 2008). With quiescence, a plant
may slow its metabolic rate and other functions so as to sustain life while fully
submerged (Bailey-Serres &Voesenek, 2010), and it is therefore more common
in amphibious species. Most floodplain plants, from riparian to wet meadow
species, are more likely to use an escape strategy, whereby the plant may be
able to elongate leaves or stems quickly (Banach et al., 2009), so that these
plant organs are above the water. This in turn allows oxygen to be taken in
through these elongated organs and distributed to the roots via aerenchyma
(Bailey-Serres & Voesenek, 2008). Elongation of shoots is considered the most
important factor in survival of longer than ‘normal’ flooding durations (Garssen
et al., 2015). However, this adaptation, found generally in species
characteristic of riparian habitats that are frequently inundated, is less
common in species from grasslands which experience saturated soil only
(Banach et al., 2009). Additionally, a species’ ability to recover from flooding
is correlated to the number of adaptions to inundation, with flood tolerant
species more readily able to recover, regardless of flooding duration (van Eck,
2004).
A further adaptation to flooding is mechanistic hyponastic growth, in which
leaves that are normally spread horizontally around a plant lift up to near
vertical to ensure a leaf is above water level (Bailey-Serres &Voesenek, 2008).
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In general, plants will lift only one leaf, as this is an energetically expensive
activity.
5.1.3 Spring and summer flooding
Evidence suggests that flooding in the growing season can have a
detrimental effect on floodplain plants, despite these species possessing a
range of adaptations to flooding. Inundation sensitive species, which live on
the limits of floodplain inundation zones, are more tolerant of flooding in the
winter than the summer (van Eck et al., 2006), as summer flooding has a more
immediate impact on plant survival (van Eck et al., 2004). Most flooding
traditionally takes place in the winter and early spring (van Eck et al., 2004)
when many species have slow metabolic rates, and little growth (van Eck et
al., 2006). Additionally, water from flooding in the summer is usually warmer
than winter floodwater. This is likely to lead to a quicker release of compounds,
which in high concentrations may become phytotoxic (Loeb et al., 2008).
The majority of flooding on floodplains takes place before many species come
into flower. Flowering can be sensitive to changes in environmental conditions
such as flooding (Blom et al., 1996), air temperature (Hovenden et al., 2008)
and drought (Jentsch et al., 2009). Any increases in spring flooding frequency
and duration are likely to be extremely important, especially as advanced first
flowering date due to increased air temperatures through climate change
has been well established, with early flowering species more likely than
summer flowering plants to advance flowering (Fitter and Fitter, 2002). The rate
of change has been suggested as 5-6 days earlier on average for every 1 oC
increase in temperature (Wolkovich et al., 2012). This is likely to amplify the
number of species exposed to spring flooding while flowering as extreme
precipitation events increase.
The growing season is approximately March to September in temperate
regions, incorporating spring (March, April, May) and summer (June, July,
August). A trend of increased magnitude spring precipitation events in the UK
between 1961-2009, shorter return periods, and increases in longer (10-day)
summer precipitation events has been observed (Jones et al., 2013),
suggesting that change in extreme precipitation in the growing season is
already happening. Furthermore, although there is expected to be a
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reduction in the average amount of precipitation in the summer months
across Europe, it is predicted that there will be an increase in extreme
precipitation events, with a potential increase in the intensity of these events
(Christensen & Christensen, 2003).
5.1.4 Aims and objectives
It is evident that even small changes in spring and summer flooding duration
may have significant effects on plant survival and growth, including for
adapted species of floodplain communities. However, how species with
similar traits respond to different durations of flooding, and especially the
effect of flooding on both flower abundance and phenology, has not
previously been investigated.
The aim of this mesocosm experiment was to investigate how different
durations of flooding through the growing season affect floodplain grassland
plant species. The objective was to:


Determine the impact of repeated flooding of different durations (2 or
7-day) on plant species representing hydric and mesic floodplain
grassland communities.

5.2 Methods
5.2.1 Experimental species
The following four plant species were used in the mesocosm experiment on
the effects of flooding duration. These plants were selected as representative
of species growing on the floodplain at Amberley Wildbrooks, Sussex, UK (see
chapter 3 and 4 for site details), and characterising two different communities
on the floodplain. Two species were commonly located in the hydric
conditions within the frequently inundated riparian vegetation: Cardamine
pratensis and Juncus articulatus; and two were established only in more mesic
seasonally saturated vegetation: Ranunculus acris and Scorzoneroides
autumnalis. Selection rationales for all species can be found in chapter 3
section 3.2.2.
All four species have similar Ellenberg scores for light requirements: 7 to 8 which
indicate non-shaded sites, and nutrient levels 3 to 4 indicating a preference
for low fertile to infertile soils (Hill et al., 2004) (table 5.1). All species are
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perennials with similar life history strategies of C-S-R, suggesting that none of
these species is predominantly of one strategy (Grime et al., 1992). All of the
chosen species co-exist on the floodplain at Amberley Wildbrooks on the
interior site, and all species are associated with at least two of the NVC plant
communities found at Amberley Wildbrooks (table 5.1). The main difference
between the species are water level tolerances, which are characterised by
the differences in the Ellenberg Indicator value score for moisture (F) (table
5.1).

A score of 6 for Ranunculus acris and Scorzoneroides autumnalis

indicates a preference for a moist to damp environment, while score of 8 and
9 for Cardamine pratensis and Juncus articulatus respectively, suggest a
preference for saturated and oxygen depleted wet soils (Hill et al. 2004).
Newbold et al. (1997) give water level preferences for the hydric species, with
both species surviving in soil saturated at ground level (table 5.1).
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Table 5.1: Summary of functional traits and habitat preferences for the four species used in the flooding duration experiment. Fully table in
chapter 3, section 3.2.
Experiment grouping

Species
Name

Ellenberg IV1
F
L
N

Life strategy2
Life history

Form

Hydric

Cardamine pratensis

8

7

4

C-S-R/R

Perennial

Hydrology
Water table
preference3
0 cm

Hydric

Juncus articulatus

9

8

3

C-R/C-S-R

Perennial

-30 cm - 0 cm

MG 9, 13

Riparian & Interior

Mesic

Ranunculus acris

6

7

4

C-S-R

Perennial

Not known

MG 6, 9

Interior

Mesic

Scorzoneroides
autumnalis

6

8

4

C-S-R/R

Perennial

Not known

MG 6, 9, 13

Interior

1Hill

et al. (1999), Ellenberg indicator values for British plants. F= moisture L= light N= nutrient
et al., (1992), Competitor-stress tolerator-ruderal life histories
3Newbold et al. (1997), water level requirements of wetland plants
4Rodwell (1992), National Vegetation Classification for plant communities (NVC)
2Grime
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Floodplain association
Associated NVC4
Amberley Wild Brooks
MG 6, 9

Riparian & Interior

Cardamine pratensis (fig 5.1a) is an early flowering (April-June)
perennial of the Brassicaceae family. It is found across a wide range of
habitats including moist and wet woodland and woodland rides, wet and
moist grasslands and riparian areas (Rodwell, 1991 & 1992), with a preference
for damp and seasonally saturated soils of neutral and low nutrient quality (Hill
et al., 1999) (table 5.1). The loss of wooded areas has increased Cardamine
pratensis’ distribution into wet meadows and mires (Grootjans et al., 1996).
Cardamine pratensis is a polymorphic (Hussein, 1955) and polyploid (Berg,
1967) species with many subspecies, many of which have occurred since the
last glacial maximum (Franzke & Hurk, 2000). The high variability in phenotypes
of this species may explain the species distribution in both woodland and
open grasslands.
Juncus articulatus (fig 5.1b) is a small rush of the Juncaceae family.
Juncus articulatus flowers from June to September. It is native to much of the
northern hemisphere, but introduced in the southern hemisphere where it is
considered invasive (Smith & Brock, 1996). It is a plant of many wetland
habitats including wet grasslands, mires, riparian, and wet woodlands
(Rodwell, 1991 & 1992) as well as dune slacks, where it is deemed a pioneer
species (Grootjans et al., 2001). It has also been observed to recolonise bare
ground quickly following disturbance on floodplains (Toogood & Joyce, 2009).
Juncus articulatus is tolerant of shallow standing water, but thrives best in
fluctuating water levels (Smith & Brock, 1996), preferring infertile soils of weakly
acid to near neutral soil pH (Hill et al., 1999) (table 5.1).
Ranunculus acris (fig 5.1c) is a member of the buttercup family
Ranunculaceae. It is a widely distributed perennial of much of Europe and
Asia and has been introduced to a number of other continents. It is
synonymous with a range of habitats from unimproved meadows to
agricultural and amenity grasslands (Rodwell, 1992), and is found on moist soil
types (table 5.1), fed either by ground water or abundant precipitation
(Harper, 1957). It can persist in short duration floods through induced traits,
which support survival in hypoxic conditions (He et al., 1999). Ranunculus acris
displays genetic differences depending on the habitat in which the plant is
found, suggesting that environmental factors influence the species (Odat et
al., 2004).
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Scorzoneroides autumnalis (fig 5.1d) is a later flowering (June-October)
perennial of the Asteraceae family. It is common to amenity, agricultural and
other grassland and open habitats (Hill et al., 1999), although the species is
also associated with wetter grassland communities (Rodwell, 1992), and has
been observed to thrive below its normal river bank range on riparian sites in
Sweden (Johansson et al., 2002). The species prefers moderately acid and low
fertility soils (Hill et al., 1999) (table 5.1). Scorzoneroides autumnalis is not a
competitive species, particularly in tall swards (Hofmann & Isselstein, 2005) but
will establish quickly following disturbance (Hofmann & Isselstein, 2004).

b

a

Cardamine pratensis

c

Juncus articulatus

d

a

Ranunculus acris
Scorzoneroides autumnalis
Figure 5.1: Illustrations by botanical artists Carl Axel Magnus Lindman (1856-1928) of
the four species used in the flooding duration experiment. Source: Bilder ur Nordens
Flora and Johann Georg Sturm (1742-1793) Source: Deutschlands Flora in
Abbildungen (Cardamine pratensis only).
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5.2.2 Experimental methods

5.2.2.1 Mesocosm design
As briefly mentioned in section 3.4.1, the mesocosm experiment was
conducted at the University of Brighton Moulsecoomb campus, Brighton, UK,
central location Ordnance Survey grid reference TQ325067, and the full
experimental details are given in that section.
The mesocosms were situated outside on a level site, of approximately 50 m2,
and were 15 l black plastic pots with a 33 cm diameter at the top lip, an
external height of 26 cm and a 5o taper down to the bottom (plate 5.1a). Each
pot was placed inside a blue 40 l flexi-bucket, with a plastic tap attached at
5 cm (internal height) above the bucket base following the drilling of a hole
for releasing water (plate 5.1a) after flooding treatments.
All pots were lined with a root exclusion fabric to prevent roots from escaping
through the drainage holes at the bottom of the pots. The fabric was covered
with a layer of pea gravel to cover the surface only. The pots were then filled
to within 5 cm of the top with a 2:1:1 mixture by volume of commercially
available washed sharp sand, topsoil with screened and sterilised loam and
commercial compost (Araya et al., 2010b). The pots were allowed to settle
and topped up with this mixture if needed prior to the planting of plug plants.

120

(a)

(b)

(c)

(d)

Plate 5.1: Mesocosm design for the flooding duration experiment: (a) Taps which
allow water to flow out and to be turned off to retain water. (b) Mesocosms as of
January 2014 before monitoring commenced in March, and without the flexi-buckets.
(c) Mesocosms in flood with water levels at the top of some buckets. (d) Pot with
Cardamine pratensis in flower on 14th April 2014.

Plugs of the four species detailed in section 5.2.1 were sourced from a
commercial supplier (British Wild Flower Plants, Norfolk, UK). Prior to planting,
the pots were watered and a mixture of potting compost and vermiculture
was added and turned over in the surface layer of the potting mixture to aid
establishment of the plug plants. Plugs were removed from their plastic trays
and transferred straight into holes made within the soil. When all plugs were
planted, the pots were further watered. The plug plants were planted in
September 2013 and ‘bedded in’ over winter for treatments to commence in
March 2014. No further additions to the soil were added once the plugs were
planted. As the plants were outside through the autumn and winter, they did
not require any further watering beyond the end of September. All plants
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survived over winter with the exception of three Cardamine pratensis, which
were replaced from a stock of ‘spare’ plants in mid-January 2014.
Each pot was given a unique code depending on the treatment applied. This
was written on the pots with permanent marker to ensure correct treatment
when flooding and identification when monitoring. The pots were then placed
randomly into mixed rows to eliminate bias of location to any one treatment,
with the pots remaining in these positions for the duration of the experiment
(plate 5.1b).
The water level in the mesocosms was maintained at a constant 5 cm above
the bottom the flexi-buckets in all treatments unless flooded. The tap (plate
5.1a) enabled water levels to be kept at a constant level by draining excess
water when not flooded and for control conditions. In order to place
mesocosms into flood conditions, the taps on the flexi-buckets were turned off
and water was supplied into the top of the flexi-buckets using a hose
connected to a mains tap. The flexi-tubs were filled to the rim, this placed the
pots under water by approximately 7 cm. This meant that in the early floods
many plants would have been completely submerged, until they grew above
the rim of the flexi-tub. The water was directed into the buckets rather than
the pots so-as-to minimise disturbance to the soil (plate 5.1c).
O-rings either side of the taps prevented water escaping when buckets were
filled. During a ‘flood’ treatment, the buckets were inspected every two/three
days and topped-up if the water level had dropped due to evaporation.
Outside of flooding treatments, the water levels were monitored weekly in the
spring but more frequently through the summer and topped up to the 5 cm
level when necessary.
5.2.2.2 Plant combinations
Each pot contained six plants of two species, with three individuals per species
(example plate 5.1d). There were two plant combinations as follows:


Cardamine pratensis & Juncus articulatus – Hydric plants



Ranunculus acris & Scorzoneroides autumnalis – Mesic plants
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These plant combinations are referred to as ‘hydric’ plants and ‘mesic’ plants
as a reference to their relative preference of soil moisture conditions and
location at Amberley Wildbrooks.
5.2.2.3 Flood treatments
The flood treatments consisted of the following scenarios:


7-day flooding commencing every three weeks



2-day flooding commencing every three weeks



no flooding (Control)

Eight floods of the two different durations were applied between the end of
March and the beginning of September 2014, initiated at evenly distributed
intervals (table 5.2). The frequency and duration of floods were based on river
level data, taken during the extreme wet summer of 2012, by an Environment
Agency monitoring station on the River Arun 2.3 km from Amberley Wildbrooks.
In 2012, the river Arun breached the banks eight times between March and
September at this location. The most frequent duration was for two days, and
the longest duration was seven days.
Flood duration was measured in 24-hour periods, therefore the 2-day flood
duration would start and finish at approximately the same time across three
consecutive days. Control conditions received no flooding and water levels
were maintained 5 cm above the base of the bucket. There were six replicate
pots per plant combination, giving 18 plants per species per flooding
treatment.
Table 5.2: Dates for the repeated floods for the flooding duration experiment.
Flood No
Flooding date
Duration of flood
days
1
Mon 31st March – Mon 7th April
7
Mon 31st March – Wed 2nd April
2
2*
Tue 22nd April – Tue 29th April
7
Tue 22nd April – Thu 24th April
2
3

Mon 12th May – Mon 19th May
Mon 12th May – Wed 14th May

4

Mon 2nd June – Mon 9th June
Mon 2nd June – Wed 4th June

5

Mon 23rd June – Mon 30th June
Mon 23rd June – Wed 25th June

6

Mon 14th July – Mon 21st July
Mon 14th July – Wed 16th July

7
2
7
2
7
2
7
2
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7

Mon 4th Aug – Mon 11th Aug
Mon 4th Aug – Wed 6th Aug

8*

Tue 26th Aug – Tues 2nd Sept
Tue 26th Aug – Thu 28th Aug

7
2
7
2

*National holidays on these Mondays, flooding therefore commenced on Tuesdays.

5.2.2.4 Plant monitoring
All plants were monitored in weekly surveys from 17th March 2014 until 8th
September 2014 inclusive. Measurements included survival, growth and
flowering. All plants were individually tagged prior to monitoring using
coloured plastic bag ties, which ensured that growth and flowering were
tracked for each plant. Plant survival was recorded as a visual assessment of
whether each plant was alive at the time of the survey, and no judgement
was made on the condition or likely survival until the next survey.
Juncus articulatus was trimmed to 50 mm at the start of monitoring in March
so that all plants of this species started at the same height; however, this was
not possible to do for the other species due to their morphologies.
Plant growth was monitored by recording the length of longest leaf from the
base of the plant to the tip of the leaf (basal leaves only), number of flowering
stalks, and height of the tallest flowering stalk including the flowering head.
Flowering stalks were recorded from node on the stem on Ranunculus acris,
and from emergence from basal leaves for Cardamine pratensis and
Scorzoneroides autumnalis. On Juncus articulatus leaf spikes flower, so in this
case measurements changed from leaf height to total height including
flowering head once flowers were present. All measurements of growth were
recorded in millimetres.
The number of fully open flowers was counted on each individual plant
except for Juncus articulatus, where the number of flowering spikes was
counted weekly, once the first flower was recorded. Flowering phenology was
recorded by using a categorical classification based on the reproductive
stage of the oldest flower on the plant following Price and Waser (1998) and
Sherry et al. (2007). The flowering plants were recorded as follows:
S1 - Unopened buds
S2 - Open flowers
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S3 - Old flowers defined as postanthesis
S4 - Petals gone and initial fruit
S5 - Expanded fruit
S6 - Dehisced fruit
5.2.3 Data analysis
A range of data types were collected including count, continuous and
categorical. Data sets were examined for normal distribution of continuous
variables with the Anderson-Darling test, and the Levene’s test for homogeny
of variance. Outliers were removed before tests were performed, where their
presence affected the normal distribution of data. Where outliers have been
removed in any test, the species is marked with either an asterisk or hash in the
results tables, and the number of plants removed noted below the table. Nonparametric tests were used where data sets did not meet the assumptions of
normality.


Generalized linear models (GZLM) were used to assess whether there
were any differences between treatments for the number of stalks and
number of flowers. A Poisson loglinear model was used, and post-hoc
grouping used least significant difference (LSD).



A one-way ANOVA test was used for stalk height with either Tukey posthoc grouping, or Tamhane’s 2 for unequal sample sizes.



Linear mixed-effects modelling (MIXED) was utilised for analysing
repeated measures of leaf length. MIXED was preferred over repeatedmeasures ANOVA as it coped with missing data and unequal variance.
The test was run using the repeated covariance type Teoplitz
heterogeneous and restricted maximum likelihood (REML).
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5.3 Results
5.3.1 Survival
At the end of monitoring on 8th September 2014, the survival rates of all species
were high. Both Juncus articulatus and Ranunculus acris had 100% survival of
plants in all three treatments (table 5.3). Cardamine pratensis lost one plant in
the control conditions, and Scorzoneroides autumnalis lost two plants, one
each from the control conditions and 7-day flood treatment (table 5.3). The
lost Cardamine pratensis plant was considered dead from 7th July. The lost
plant in the control conditions for the Scorzoneroides autumnalis was
considered dead on the 18th Aug, while the 7-day flood treatment plant was
believed dead on 8th September. Both plants had flowered and produced
seeds before dying, and therefore are included in all other analysis where
appropriate. The survival of these four species in two-plant combinations does
not appear adversely affected when grown together. The two different
flooding regimes within the mesocosms did not negatively affect the survival
of any of the species.
Table 5.3: Number and percentage of surviving plants in the flooding duration
experiment by species and treatment.
Grouping
Species
Control
2-day flood
7-day flood
Hydric plants Cardamine pratensis
17 (94%)
18 (100%)
18 (100%)
Juncus articulatus
18 (100%)
18 (100%)
18 (100%)
Mesic plants Ranunculus acris
18 (100%)
18 (100%)
18 (100%)
Scorzoneroides
17 (94%)
18 (100%)
17 (94%)
autumnalis

5.3.2 Growth
5.3.2.1 Abundance of flowering stalks
All individual plants of all species, except Cardamine pratensis, produced
flowering stalks in all treatments. For Cardamine pratensis, eight plants out of
18 produced flowering stalks in the control conditions compared to 15 in the
2-day flood, and 14 in the 7-day flood. Thus, for three of the four species in this
study, the flooding treatments did not influence production of flowering stalks,
except for Cardamine pratensis.
The mean number of flowering stalks produced per flowering plant varied
between species and treatments. All species produced their greatest number
of stalks per plant in either the 2-day or the 7-day flood treatment (fig 5.2).
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There were significant differences in the number of stalks produced in all
species except Ranunculus acris (p=0.473) (table 5.4). Plants treated to 2-day
floods produced significantly more flowering stalks per plant than those in the
7-day flood for both Cardamine pratensis and Scorzoneroides autumnalis
(p=0.013 & p=0.022 respectively). Juncus articulatus was the only species to
produce significantly more flowering stalks in the 7-day flooding treatment
(p=0.001) (fig 5.2). Thus, the duration of flooding significantly affected the
number of flowering stalks produced in three species in this study. It had no
significant effect on Ranunculus acris.
Cardamine pratensis
3.5

Juncus articulatus
35

A

3

B

30
A

2.5

A/B

25

Number of flowering stalks

2

B

20

1.5

15

1

10

0.5

5

0

0
Control n=8

2-day flood
n=15

7-day flood
n=14

Ranunculus acris
4

Control n=18 2-day flood
n=18

7-day flood
n=18

Scorzoneroides autumnalis
A

9
A

3.5
3

A

A

A

8
7

A/B

6

2.5

B

5

2

4

1.5

3

1

2

0.5

1

0

0
Control n=18

2-day flood
n=18

7-day flood
n=18

Control n=18 2-day flood
n=18

7-day flood
n=18

Figure 5.2: Mean number (±1SE) of flowering stalks per species in the flooding
duration experiment by species and treatment. Post-hoc grouping with LSD
represented by letters A & B.
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Table 5.4: Results of the GZLM test for flowering stalk abundance per species in the
flooding duration experiment.
Species
Treatment
n
df
Likelihood ratio
p
Cardamine pratensis
Control
8
2
8.740
0.013
2-day flood
15
7-day flood
14
Juncus articulatus
Control
18
2
13.097
0.001
2-day flood
18
7-day flood
18
Ranunculus acris
Control
18
2
1.498
0.473
2-day flood
18
7-day flood
18
Scorzoneroides
Control
18
2
7.676
0.022
autumnalis
2-day flood
18
7-day flood
18

5.3.2.2 Height of flowering stalks
Results for the flowering stalk height were based on the maximum height the
stalks reached per plant. Flowering stalk height varied between species and
treatments (fig 5.3). Cardamine pratensis overall had the shortest stalks, while
the tallest flowering stalks were produced by Ranunculus acris. There was no
significant difference in the flowering stalk height between flood treatments
for both Cardamine pratensis (p=0.926) and Ranunculus acris (p=0.197) (table
5.5). There was a significant difference in stalk height for Juncus articulatus
between different flood treatments (p<0.001). Plants in the 7-day flood had
significantly taller flowering stalks than plants in the other two treatments (fig
5.3). For Scorzoneroides autumnalis the plants in the 7-day flood had
significantly shorter flowering stalks than plants in the other two treatments
(p=0.006).
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Cardamine pratensis
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Juncus articulatus

A
A

B
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A
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A
A
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n=15
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800
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Scorzoneroides autumnalis

Ranunculus acris
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Control n=18 2-day flood
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A
A
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A

A

A
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700

B
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0

0
Control n=18

2-day flood
n=17

7-day flood
n=18
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n=18

7-day flood
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Figure 5.3: Mean stalk height (±1SE) per species in the flooding duration experiment
by species and treatment. Post-hoc grouping with Tukey represented by letters A &
B, except for Cardamine pratensis where Tamhane’s 2 post-hoc test for unequal
variance was used.
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Table 5.5: Results from a one-way ANOVA of stalk height per species in the flooding
duration experiment.
Species
Treatment
n
df
f-test
p
Cardamine pratensis
Control
8
2
0.077
0.926
2-day flood
15
7-day flood
14
Juncus articulatus
Control
18
2
32.226
<0.001
2-day flood
18
7-day flood
18
Ranunculus acris
Control
18
2
1.679
0.197
2-day flood
17*
7-day flood
18
Scorzoneroides
Control
18
2
5.721
0.006
autumnalis
2-day flood
18
7-day flood
18
*One outlier removed

Juncus articulatus produced significantly more and taller flowering stalks in the
7-day flood regime. Scorzoneroides autumnalis produced significantly fewer
and shorter stalks in the 7-day flood regime. Flooding had no impact on either
number of or stalk height for the Ranunculus acris. While flooding duration
significantly affected the number of flowering stalks produced by Cardamine
pratensis, but had no impact on stalk height.
5.3.2.3 Leaf length
Leaf length for all species was compared between the beginning of the
experiment (17th March), midpoint (9th June) and at the end of the experiment
(8th September).
Leaf lengths at the beginning of the experiment were not significantly different
between treatments for any of the species (fig 5.4).
Linear Mixed-Effects Modelling results of both treatment, time and an
interaction of these two factors suggest that time was always a significant
factor (p<0.001 in all species) (table 5.6), and that in general leaves got longer
over time in all treatments, except for Scorzoneroides autumnalis (fig 5.4).
Whilst the longest leaves were recorded at the end of the experiment for
Juncus articulatus, Ranunculus acris and two of the three treatments for
Cardamine pratensis (fig 5.4), Scorzoneroides autumnalis leaves were longest
at the mid-point. Additionally, the leaves of Cardamine pratensis subjected to
the 7-day flood treatment were shorter at the end of the experiment
compared to the mid-point (fig 5.4).
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Figure 5.4: Mean leaf length (±1SE) at three time points for the flooding duration
experiment per species by treatment (n=18 except for Cardamine pratensis control
mid-point and end, and Juncus articulatus 7-day flood end where n=17). LSD posthoc results from the mixed-effects modelling test for repeated measurement of leaf
length grouped using letters A-C.

Table 5.6: Results of the mixed-effects modelling test for repeated measurement of
leaf length per species in the flooding duration experiment by treatment and time.
Species
Treatment
n
df
f-test
p
Cardamine
Flood
3
2
11.153
<0.001
pratensis#
2
219.894
<0.001
Time
3
4
16.754
<0.001
Flood*time
9
Juncus articulatus#
Flood
3
2
40.202
<0.001
2
1518.281
<0.001
Time
5
4
24.385
<0.001
Flood*time
9
Ranunculus acris
Flood
3
2
2.719
0.075
2
231.454
<0.001
Time
3
4
4.640
0.003
Flood*time
9
Scorzoneroides
Flood
3
2
1.311
0.278
autumnalis
2
267.677
<0.001
Time
3
4
8.492
<0.001
Flood*time
9
#one outlier removed

All species showed significant interactions between time and treatment at the
mid-point and end of the experiment for leaf length (table 5.6). By the midpoint leaves in the 7-day flood treatment were significantly longer than the
other treatments for all species except Scorzoneroides autumnalis. For this
species, leaves in both flood treatment were significantly longer than the
control condition plants (fig 5.4). At the end of experiment, significant
differences between treatment leaf lengths were not the same as at the mid132

point for any of the species. Juncus articulatus and Ranunculus acris both
produced the longest leaves on average in the 7-day flood treatment plants;
however, leaf length was not significantly different from the 2-day flood plants
for Ranunculus acris. For Juncus articulatus, the leaf lengths in the three
treatments were all significantly different from each other (fig 5.4), with the
control condition plants being significantly shorter than those in the 7-day
flood plants, but significantly longer than those in the 2-day flood.
At the end of the experiment, Cardamine pratensis plants in the 2-day flood
treatment had the longest leaves, and these were significantly longer than
leaves of plants in the control conditions, but there was no significant
difference between the two flood treatments (fig 5.4).
Scorzoneroides autumnalis was the only species to have the longest leaves on
average at the end of the experiment in the control condition plants (fig 5.4).
However, these lengths were not significantly different from the leaves of the
plants in the 2-day flood treatment, while plants in the 7-day flood had
significantly shorter leaves.
Flooding had a significant effect on leaf length in all the species in this study,
with the 7-day flood treatment having the greatest impact. In general, leaves
were longer in the 7-day flood treatment plants, except for Scorzoneroides
autumnalis, where the leaves were shorter. The plants in control conditions
generally had either the shortest leaves or leaves of similar length to the 2-day
flood plants for most species.
5.3.3 Flowering abundance and phenology
All plants in all treatments flowered for all species, except Cardamine pratensis
where the number of flowering plants was variable in each treatment (table
5.7). Total numbers of flowers varied greatly between treatments for all species
(table 5.7). Cardamine pratensis, Ranunculus acris and Scorzoneroides
autumnalis all produced the greatest abundance of flowers from plants in the
2-day flood treatment. For Juncus articulatus, the greatest number of flowers
was from plants in the 7-day flood treatment.
Flowering duration (time in which 10 or more flowers were present on plants)
varied between species and treatments. All species had the longest flowering
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duration for plants in the 2-day flood treatment. Generally the control
condition plants either had the shortest flowering duration or equal to the 7day flood (table 5.7).
Peak flowering date (date of greatest number of flowers counted) did not
vary for Cardamine pratensis and Juncus articulatus plants across the three
treatments. For Ranunculus acris peak flowering was a week later in the 7-day
flood plants compared to those in the other two treatments (table 5.7).
Scorzoneroides autumnalis peak flowering was a week earlier in the 7-day
flood treatment plants compared to the other two treatments.
Table 5.7: Summary of flowering abundance and timing in the flooding duration
experiment per species by treatment. Flowering duration was based on a count of
10 or more open flowers except for Juncus articulatus where the number of weeks
an S2 phenological stage was recorded was used. Peak count was the single largest
count of flowers and peak date is the date of this count.
No of
Total
Flowering
Peak
Peak
plants in
flower
duration
flower
flower
flower
count
count
date
Cardamine
Control
8
139
10wks
25
19th May
pratensis
2-day flood
15
463
13wks
113
19th May
7-day flood
14
170
12wks
31
19th May
Juncus
Control
18
-~
3 wks~
418
28th July
articulatus
2-day flood
18
-~
4 wks~
365
28th July
7-day flood
18
-~
3 wks~
545
28th July
Ranunculus
Control
18
1130
20wks
281
2nd June
acris
2-day flood
18
1543
22wks
372
2nd June
7-day flood
18
1164
20wks
299
9th June
Scorzoneroides Control
18
290
10wks
72
11-Aug
autumnalis
2-day flood
18
340
13wks
77
11-Aug
7-day flood
18
67
12wks
14
4-Aug
~Flowering stalk number counted rather than flower number, total flower count not
available.
Species

Treatment

5.3.3.1 Flowering abundance
Cardamine pratensis, Ranunculus acris and Scorzoneroides autumnalis all
produced more flowers per flowering plant in the 2-day flood treatment (fig
5.5). Juncus articulatus produced the most flowers per flowering plants in the
7-day flood treatment. Cardamine pratensis and Scorzoneroides autumnalis
produced the lowest number of flowers on flowering plants in the 7-day flood
treatment (fig 5.5).
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The average number of flowers produced per flowering plant was significantly
different across all species (table 5.8) except for Ranunculus acris (p=0.473)
despite large differences in the total number of flowers per treatment. In the
three species with significant differences in flower abundance, the control
condition plants and 2-day flood treatment plants were not significantly
different in the number of flowers produced per flowering plant. The 7-day
flood treatment accounted for all significant differences in flowering
abundance in these three species (fig 5.5).
Juncus articulatus
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7-day flood
n=18

Scorzoneroides autumnalis
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Figure 5.5: Bar charts of mean number of flowers per flowering plant (±1SE) in the
flooding duration and frequency study per species by treatment. Post-hoc grouping
with LSD represented by letters A & B.
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Table 5.8: Results from the GZLM of number of flowers per flowering plant in the
flooding duration and frequency study.
Species
Treatment
N
df
Likelihood ratio
p
Cardamine
Control
8
2
7.369
0.025
pratensis#
2-day flood
15
7-day flood
14
Juncus
Control
18
2
13.097
0.001
articulatus##
2-day flood
18
7-day flood
18
Ranunculus acris
Control
18
2
1.498
0.473
2-day flood
17*
7-day flood
18
Scorzoneroides
Control
18
2
33.948
<0.001
autumnalis
2-day flood
18
7-day flood
18
*One outlier removed.
#maximum step halving increased to 20 (unequal data sets).
## based on the flowering stalks therefore the results are the same as in table 5.4.

5.3.2.2 Flowering phenology
Phenological stages of flowering were recorded as the most advanced flower
per plant as follows: S1 unopened buds, S2 open flowers, S3 old flowers postanthesis, S4 petals gone and initial fruit, S5 expanded fruit, S6 dehisced
fruit (Price & Waser, 1998).
Cardamine pratensis in all treatments reached stage S1 (bud) at the same
time. Plants in the 2-day flood treatment were the first to flower two weeks
after budding. There was a four-week interval until the first flowers appeared
on the control and 7-day flood plants (fig 5.6a). There was little difference in
the timing of stages 3-5 between the treatments. Plants in the 7-day flood
treatment began dehiscing a week earlier than plants in the other two
treatments.
There were no differences in reaching each phenological stage for Juncus
articulatus plants in all treatments except first flower, which was a week later
in the control condition plants than the plants in the two flood treatments (fig
5.6b).
For Ranunculus acris the plants in the 2-day flood treatment generally
reached each flowering phenological stage before the control condition
plants, while the plants in the 7-day flood treatment reached most stages after
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the control condition plants (fig 5.6c), however the difference was never more
than a week between the treatments per stage.
Scorzoneroides autumnalis plants in the control conditions were generally the
last to reach each flowering phenological stage, in some cases by four weeks,
such as first flower (S2) (fig 5.6d). Both flood treatments started dehiscing seeds
(S6) two weeks before the control condition plants.
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Ranunculus acris (c)
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2-day flood
7-day flood
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110
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Date of the year
Scorzoneroides autumnalis (d)

S2

S1

S1

S2

S1

S5/6

S4-6

S3

S2

S3/4

Control

S6

S4

2-day flood
7-day flood

170

180
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200

210

220

230
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Figure 5.6: Earliest recorded point at which each phenological stage was reached
per species by any plant within that treatment. Day of the year is where 65= 5th
March and 230= 17th August.
Note: Scorzoneroides autumnalis 7-day flood phenological stages 3 and 5 were not
recorded until after subsequent stages presented as they occurred between
monitoring dates and so are not shown. S3 was not recorded for Juncus articulatus.

Figures 5.6a-d illustrate when the first plant in any treatment reached each
flowering phenological stage. However, this date can sometimes differ
substantially from the date by which half, or all plants reach each
phenological stage. Figure 5.7a-d illustrates the day at which half the plants
and all plants reached phenological stage S2 (open flowers) in comparison
to the first plant.
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Figure 5.7: Flowering phenological stage S2 (open flowers) per species. White circles
= first flowering plant, patterned fill = 50% of plants in flower, solid fill = all plants in
flower. Day of the year where 01 = 1st Jan.

While half the control condition and 2-day flood Cardamine pratensis plants
were in flower the week following first flower, there were four weeks between
the first flower and half the plants being in flower in the 7-day flood treatment
(fig 5.7a). This suggests that in general plants in 7-day flood treatment were
delayed coming into flower.
All plants for Juncus articulatus in control conditions came into flower on the
same date; there was no difference between first and all flower date. Both
the flood treatments started to flower two weeks before the control plants, but
it was a further four weeks before all plants were in flower in both flood
treatments (fig 5.7b).
Ranunculus acris plants in the 2-day flood treatment flowered before plants in
the control conditions and all plants were in flower before the control plants.
In contrast, the 7-day flood treatment plants were always later to flower than
the control condition plants, from first flower to all plants in flower (fig 5.7c).
The control condition plants for Scorzoneroides autumnalis were the last to
start flowering, and half the plants in both flood treatments were in flower by
that point. The 2-day flood plants reached all plants in flower a week ahead
of the other two treatments (5.7d).
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5.4 Discussion
In this study Cardamine pratensis, Juncus articulatus, Ranunculus acris and
Scorzoneroides autumnalis were monitored for their survival, growth and
flowering in two different flooding durations of 2-day and 7-day, which were
repeated every three weeks to represent extreme climate scenarios. These
results were compared to non-flooded plants.
Table 5.8a&b summarises the results for all four species in the flooding duration
experiment. The results from the two flood treatments are compared to results
for the plants in the non-flood conditions.
Table 5.9: Summary of results from the flooding duration experiment. Table (a) shows
the hydric species and table (b) shows the mesic species. Arrow symbols are in
comparison to control conditions (↑ =greater ↓ =less ← =earlier → =later).
Statistically significant results are identified by the following symbols:
ⱡ significant compared to control condition plants.
ⱡⱡ significant compared to other flood treatment plants.
(a)
Metrics
Cardamine pratensis
Juncus articulatus
Flood
2-day
7-day
2-day
7-day
treatment
Survival
Percentage
100
100
100
100
Growth
Stalk number
↑ⱡⱡ
↓ⱡⱡ
↓
↑ⱡ&ⱡⱡ
Stalk height
↓
↓
↓
↑ⱡ&ⱡⱡ
Leaf length–mid
↑
↑ⱡ&ⱡⱡ
↓
↑ⱡ&ⱡⱡ
Leaf length-end
↑ⱡ
↑
↓
↑ⱡ&ⱡⱡ
Flowering
First flower date
←
←
←
←
Number of flowers
↑ⱡⱡ
↓ⱡⱡ
↓
↑ⱡ&ⱡⱡ
(b)
Flood
treatment
Survival
Growth

Flowering

Metrics

Ranunculus acris
2-day
7-day

Percentage
Stalk number
Stalk height
Leaf length-mid
Leaf length-end
First flower date
Number of flowers

100
↑
↑
↓
↑ⱡ
←
↑

100
↑
↑
↑ⱡ & ⱡ ⱡ
↑ⱡ
→
↑

Scorzoneroides autumnalis
2-day
7-day
100
↑ⱡⱡ
↑
↑ⱡ
↓
←
↑

94
↓ⱡⱡ
↓ⱡ&ⱡⱡ
↑ⱡ
↓ⱡ&ⱡⱡ
←
↓ⱡ&ⱡⱡ

There were differences in how the four species responded to the same
flooding durations despite having a number of key functional traits in
common. This included similar life strategies (C-S-R), all perennials with no
clonal growth, and preferring the same nutrient poor soil conditions.
Additionally, all are associated with at least two of the NVC communities
found on the floodplain at Amberley Wildbrooks. Effects of flooding duration
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on flowering abundance, stalk height and number of stalks in particular
produced a different outcome for each species (table 5.9).
There were some similarities in responses to flooding duration despite the four
species being associated with two different types of soil saturation (table 5.8),
as reflected in the Ellenberg IV F-scores (for soil moisture) and habitat
preferences of the individual species. Both survival and earlier flowering in
flood treatments were in general the same for all species (table 5.9).
Overall, the hydric species did not perform as well as expected in the flooding
conditions, specifically Cardamine pratensis to the 7-day flood, and Juncus
articulatus in the 2-day flood (table 5.9). The mesic species had divergent
performance with Ranunculus acris growing well in both flooding durations,
while Scorzoneroides autumnalis performance was particularly influenced by
the longer 7-day flood duration (table 5.9).
While every effort was made to ensure regulated conditions within the
mesocosms, water temperature within the flexi-tubs was non-controlable. This
may have resulted in the heating of the flood water within individual
mesocosms during treatments. Warmer water can more rapidly release
compounds that can be phytotoxic (Loeb et al., 2008) and impact growth.
However, flexi-tubs were blue rather than black in an effort to minimise heat
absorbtion, and as stated in section 5.2.2 the mesocosms were topped-up
with (cool) tap water where evaporation had reduced the water level. The
use of commercially available soils in the mesocosms, may also differentiate
these results from those of a field experiment, however the justification of
commercial soils was outlined in section 3.3.1.1 of the Methodology chapter.
5.4.1 Survival
Of the 216 individual plants in this study all survived except three. Two of these
were in control conditions for the Cardamine pratensis and Scorzoneroides
autumnalis. A further Scorzoneroides autumnalis plant died in the 7-day flood
treatment. Survival was not affected by flooding duration. Studies by He et al.
(1999) and Banach et al. (2009) suggest that survival in Ranunculus acris is
possible even when the flooding duration is six weeks in length. Johansson &
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Nilsson (2002) suggest Scorzoneroides autumnalis can survive inundation of up
to 200 days.
5.4.2 Growth
Growth of flowering stalks and leaves was often greater in the flooded plants
compared to the plants with no flooding, although not always significantly so.
However, species differed in response to the 2-day or 7-day floods, for which
the latter did not always produce longer stalks and/or leaves, resulting in no
common trends across all species. Garssen et al. (2015) suggest stalk
elongation to be the most important factor in avoiding flooding. This is a
known behavioural mechanism of some plants, which may also have the Low
Oxygen Escape Syndrome trait of aerenchyma commonly found in wetland
plants. The ability to activate aerenchyma is also found in plants not
associated with flooding, although in these cases it is stress induced (Evans,
2003; Voesenek et al., 2006). Interestingly, in this experiment stalk elongation
was not common in the hydric species. For example, Juncus articulatus plants
in the 2-day flood treatment produced shorter stalks than plants in unflooded
control conditions. The only species to produce longer stalks in both flood
treatments compared to the control conditions was Ranunculus acris;
however, these results were not significant.
Plants can also exhibit stress avoidance by elongating leaves to ensure they
are above the water line (Pierik et al., 2009). This may be the case for
Cardamine pratensis here, which had significantly longer leaves in flooded
conditions compared to plants in control conditions. There is, however, no
research with which to compare the results in this experiment of Cardamine
pratensis in flooded conditions.
In general, Juncus articulatus responded with greater growth in the 7-day
flood treatment, however growth in the 2-day flooding was reduced
compared to unflooded control plants. It is difficult to suggest why this may
be the case. Smith et al. (1996) compared growth of Juncus articulatus
between permanently flooded conditions, fluctuating water levels, and soil
saturation. Growth was greatest in the fluctuating water levels, but
performance was poorest in saturated soil conditions. It may be that the 2-
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day flood regime in this experiment was closer to a saturated soil situation,
and this could account for the poorer growth.
Ranunculus acris overall showed greater growth when flooded, however only
leaf length was significantly different to those of plants with no flooding. Given
that Ranunculus acris plants exhibited no statistically significant negative
responses to the flooding regimes, it may be reasonable to suggest that this
species is highly tolerant of a wide range of flooding, and that it has a suite of
physiological mechanisms to deal with short-term inundation. Results from a
mesocosm flooding experiment by Banach et al. (2009) of plants from two
contrasting wet grasslands with permanently saturated soils or infrequent
submerged events noted that Ranunculus acris was established in the
permanently saturated soils only. However, it was one of just two species from
this habitat to be tolerant of infrequent submersion for a period of up to six
weeks (with a mortality rate of 20-30%). Plants in the Banach study showed
shoot elongation, although biomass decreased, suggesting that these plants
were possibly not producing more stems, unlike this study, in which plants
produced a greater number of stems on average when flooded. He et al.
(1999) also suggest Ranunculus acris is far more tolerant of flooding than its
range within wet grasslands would suggest, and that this species ameliorates
flooding stress through shoot elongation and aerenchyma which are
triggered by both waterlogging of the soil and submergence of the plant.
Given that this species has the capacity to survive periods of inundation there
are evidently other factors that must explain its absence from inundation sites
on floodplains.
Scorzoneroides autumnalis was the only species to have no positive responses
to 7-day flooding in terms of elongated stems or leaves. Stalk height was
significantly reduced in the 7-day flood, suggesting that the tolerance to
flooding within this species is restricted. This would therefore be a limiting factor
in the distribution of this species. Johansson et al. (2002) observed that
Scorzoneroides autumnalis survived across a range of free-flowing and
regulated rivers for long durations albeit with no growth, although bank
elevation was an important factor on some of their sites. The findings from this
study may indicate that while Scorzoneroides autumnalis was able to
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withstand the 2-day flood it either did not possess adaptations to longer-term
flooding, such as aerenchyma, or exceeded its threshold with the 7-day flood.
A short duration flood could allow even the least adapted plants to tolerate
the event, because “… even seemingly poorly adapted species possess some
short-term resilience that is important for overall success of these plants…”
(Jackson & Colmer, 2005) when faced with flooding stress. However,
Scorzoneroides autumnalis is a species of damp rather than flooded habitats,
and therefore the variation in growth between the flood durations in this
experiment may lie in the difference between a tolerance for soil saturation
rather than inundation.
5.4.3 Flowering
5.4.3.1 Abundance
Impacts of the flooding on flowering abundance differed between the
species. Flooding induced greater numbers of flowers in all species; however,
only Ranunculus acris showed increased numbers in both flood durations
compared

to

non-flooded

plants.

Both

Cardamine

pratensis

and

Scorzoneroides autumnalis produced significantly fewer flowers in the plants
flooded for 7-days, whilst Juncus articulatus produced significantly more
flowers in the 7-day flooded plants compared to control condition plants.
There is a paucity of studies examining flower abundance and extreme
climate events. However, timing of snowmelt due to air temperature and
snow cover are important factors for herbaceous alpine species in
determining flowering abundance (Semenchuk et al., 2013). Southwick and
Davenport’s (1986) direct manipulation of water levels (drought and
repeated drought) suggests water stress induces Citrus latifolia to flower
significantly more abundantly than plants without water stress. Wada and
Takeno (2010) indicate that plants can be induced to flower through applying
a stressor such as nutrient, light and temperature stress. Further evidence of
climate

impacts

on flowering

abundance

suggests

previous

years’

precipitation and air temperature (Tyler, 2001; Inouye et al., 2003) may affect
flowering abundance both positively and negatively, responses being species
specific. Results from this study may support evidence that stress, in this case
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flooding, influenced flowering abundance. However, responses were species
specific and related to the duration of flooding.
5.4.3.2 Phenology
Compared to plants in the non-flood conditions, Cardamine pratensis plants
were overall later flowering in both flood durations. Scorzoneroides autumnalis
was in general earlier flowering in both flood durations, while Juncus
articulatus was unaffected by flooding. The flowering timing in Ranunculus
acris diverged in the flood durations with plants in the 2-day flooding flowering
earlier and the 7-day flood plants flowering later than the control condition
plants.
Whilst increased air temperatures are known to advance flowering, there is
little evidence available on flowering phenological changes due to flooding.
However, some variation in phenology of individual plants and within
communities of any given population is not uncommon, and is associated with
phenotypic plasticity (Toräng et al., 2010). It is difficult to ascertain why
flooding may induce changes in flowering phenology, as timing of flowering
is not obviously linked to plant performance. Indeed, flowering phenology has
been demonstrated to be independent of other plant functional traits and
grassland management in tall prairie grasslands (Craine et al., 2011), and
therefore more likely related to environmental cues such as air and soil
temperature, soil moisture and light, of which flooding may affect soil
temperature, moisture content and light availability. Plants may be
responding to increases in water availability which may not be so abundant
later in the growing season, or inundation is triggering rapid flowering in case
of return flooding. Blom et al. (1990) suggest two strategies used by riparian
species to avoid flooding, namely either accelerated flowering between
floods or remaining in a vegetative form until the following season.
Differences in phenology between species in this study may be the result of
individual responses to changes in environmental conditions. However, there
is some evidence that more closely related species have similar phenologies
(Willis et al., 2008). Many wet grassland and riparian forbs belong to a small
number of dominant plant families such as Ranunculaceae and Juncaceae.
Understanding flowering phenology in one species may be helpful in
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predicting responses from closely related species within the same habitat.
Genes for environmental cues to flowering may allow similarity in phenological
activity in certain plant families (Davies et al., 2013).
Divergent flowering phenology was observed in Ranunculus acris where
plants in the 2-day flood were advanced while plants in the 7-day flood were
delayed compared to non-flooding. This may be related to the differences in
flooding duration, where more intense flooding delays flowering, while
‘moderate’ flooding promotes early flowering, however there is no research
to confirm this theory. Very few papers investigate divergence of phenology
under extreme climate events. Evidence is mainly related to warming trends,
which are now well known to induce divergent flowering along flower
photoperiod types (Fitter & Fitter, 2002), or divergence among different
species to the same stress (e.g. Hwang et al., 2014; Cook et al., 2009; Sherry et
al., 2007). Jentsch et al. (2009) found that there was phenological divergence
between years and drought or rain treatments for the same species, but not
between different intensities of the same treatment.
5.4.4 Traits
Banach et al. (2009) suggest that the ability of a plant species to tolerate short
periods of submergence, and the traits a plant may carry to cope with
submergence, are not the same as the traits needed for prolonged soil
saturation. Thus, plants adapted to both types of flooding would be
uncommon. Shallow flooding or soil saturation requires plants to be adapted
at the root level only, whilst submergence requires the entire plant to be able
to respond, which may include elongation of the shoots (Banach et al., 2009)
and other flood avoidance traits. Flooding duration, however, is the most
important factor in determining species presence on floodplains, rather than
frequency or depth of floods (Casanova & Brock, 2000).
Modelling species hydrological niches for waterlogging/soil drying under
taken by Gowing et al. (2002), included all four species used in this experiment.
Whilst both Ranunculus acris and Scorzoneroides autumnalis were shown to
be tolerant of dry soil conditions (fig 5.8), Ranunculus acris had a greater
range of tolerance from dry to shallow groundwater tables, and
Scorzoneroides autumnalis probably better tolerated deeper but fluctuating
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water levels (fig 5.8). This is contrary to the findings of this study, where
Ranunculus acris was unaffected in general by different flooding durations,
but Scorzoneroides autumnalis responded negatively to the longer flooding
duration. Ranunculus acris and Scorzoneroides autumnalis are probably
adapted to different types of flooding. In particular, Scorzoneroides
autumnalis responded poorly to prolonged flooding, which may suggest that
it is better able to cope with long-term soil saturation (not tested here), as
suggested by its waterlogged location at Amberley Wildbrooks. Ranunculus
acris, in contrast, appears to be more robust and able to withstand both the
soil saturation that characterises the field site and the experimental flooding.
The modelling for the hydric species suggests that both species are equally
tolerant of long durations of flooding. However, the Cardamine pratensis is
indicated as having a greater range of tolerance to varying conditions, and
is equally likely to tolerate some short-term drier conditions (fig 5.8). Again, this
was not borne out in the results here, as both species had a distinct preference
for different flooding duration as noted by their better growth in that particular
flooding duration.
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Cardamine pratensis

Waterlogging in metre.weeks

Juncus articulatus

Ranunculus acris

Scorzoneroides autumnalis

Soil drying in metre.weeks
Figure 5.8: Modelling of the mesic species used in the flooding duration and
frequency study for their preferences to waterlogging (vertical) and soil drying
(horizontal) where the black areas represents the species in significantly high
frequency. Calculated using Sum Exceedance Values in metre.weeks above
threshold levels for waterlogging and soil drying. (Source: Gowing et al., 2002).

5.5 Conclusion
Survival of all plant species was unaffected by the extreme flooding durations
tested here. Growth was significantly enhanced for Juncus articulatus and
Ranunculus acris by flooding in general, while Cardamine pratensis had a
more mixed response. Scorzoneroides autumnalis growth was mostly
negatively affected by longer duration flooding. Flower abundance was
generally greater under extreme flooding, although only Ranunculus acris
responded positively with more flowers produced under both flooding
durations. Flooding prompted earlier flowering in both flood durations for all
species except Ranunculus acris, which had later flowering in the 7-day
flooding.
Elongation of stalks and leaves as a strategy to avoid flooding was evident in
all species in this experiment, although the results suggest species may differ
in which plant organ is elongated and that this response is not presented in all
flooding durations.
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Despite a number of common traits in the two mesic species, Ranunculus acris
and Scorzoneroides autumnalis, including tolerance to soil moisture, the
responses to flooding were substantially different. A further mesocosm
experiment was conducted to ascertain whether the stabilizing concept of
‘ecological stress memory’ explains resilience to flooding, and if plant-to-plant
facilitation would benefit either species’ resilience to flooding stress. The results
of these experiments are reported in chapter 6.
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6 Resilience in plants to repeated flooding stress: Mesocosm
experiments
6.1 Introduction
With extreme events increasing due to incremental changes in the climate,
there is growing concern about the impact on natural environments. Extreme
climate events may destabilize plant communities through increased
mortality, which then leads to changes in plant communities (Lloret et al.,
2012), and can result in changes in the ecosystem function (Diaz et al., 2006).
For floodplain grasslands, changes to flood regimes such as drying out through
droughts and heat waves could affect plant communities by favouring
competitive functional plant types such as grasses to the detriment of
specialist wet grassland forbs (Joyce et al., 2016). Further, increases in
unseasonal flooding in the growing season have been demonstrated to
impact survival and growth of even the most well adapted species (Garssen
et al., 2015; Campbell et al., 2016).
Despite these concerns, there is evidence to suggest many plant communities
are able to remain stable or recover relatively rapidly from extreme climate
events. Lloret et al. (2012) suggest that woody species in particular are
especially resilient to shifts in community composition, and quick to recover.
Xeric communities have shown to be resilient to community change from
variations in precipitation over the long-term (decades) (Shafran-Nathan et
al., 2013; Bestelmeyer et al., 2013) suggesting recovery following rain events.
There is also evidence of the stability of mesic grasslands in the face of
extreme climate events. Experimental manipulation of both drought and
extreme precipitation showed no impact on either below or aboveground
productivity of grassland species in one study (Kreyling et al., 2008; Jentsch et
al., 2011) while, in another experiment, plant productivity increased with
repeated extreme heat and drought (Dreesen et al., 2013). In both cases,
these experimental communities remained resilient to extreme climate events.
Floodplains are already known to be resilient to episodic (seasonal/annual)
changes between wet and dry conditions (Bayley, 1995). However, whether
floodplain plant communities are resilient to extreme changes in their flooding
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regime is unclear, and the mechanisms by which they may remain resilient are
untested.
There are a number of theories explaining how plant communities may remain
resilient or recover quickly following perturbations. These include the condition
of the habitat before the event, plant-to-plant facilitation, and reduced
competition through the loss of dominant species (Lloret et al., 2012) at the
community level, and phenotypic plasticity and ecological stress memory at
the species level. Beyond specific adaptations to flooded conditions, how
plant species in floodplain grasslands may remain resilient to repeated
unseasonal flooding has so far not been examined, but it is likely that plant-toplant facilitation may play a role in supporting less well-adapted plants.
Whether ecological stress memory is also utilised by floodplain plants is
unknown, but may also explain resilience to repeated flooding.
6.1.1 Facilitation
Plant-to-plant facilitation is a positive but indirect interaction between two
plants of different species, where modifications to the immediate
environment, or provision of shelter by one species, benefits the other at no
additional cost to either (Bruno et al., 2003). These positive interactions in
plants (and animals) are often associated with harsh environments, for
example deserts, tundra and alpine, as well as wetland environments such as
salt marshes (Bertness & Callaway 1994) (table 6.1). Specifically, plants may
indirectly reduce stressors such as edaphic, mechanical and biotic stress on
neighbouring plants (table 6.1). Nurse-plants provide shelter for other plants,
such as shade from the sun, and examples of these come most often from arid
environments (Lloret & Granzow-de la Cerda, 2013).
Table 6.1: Examples of the variety of harsh physical conditions ameliorated by sessile
organisms (Source: Bertness & Callaway, 1994)
Physical stress
Organisms
Heat/desiccation
Barnacles, mussels, intertidal algae, desert shrubs
Low nutrient levels
Terrestrial plants, seagrasses, marsh grasses
Osmotic stress
Marsh grasses
Soil oxygen
Marsh grasses
Soil moisture
Terrestrial plants
Disturbance
Mussels, marsh grasses, algae, trees
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Butterfield and Callaway (2013) suggest that there is evidence to propose a
trait based approach to facilitative responses. Plants that respond positively
to the facilitative actions of a neighbour plant may be carrying a set of traits
or a life history strategy that is different to that of a species that does not need
the ‘support’ of a facilitative neighbour. For example, the riparian sedge
Carex nudata was found to have a facilitative effect on the liverwort
Conocephalum concicum but no effect on the moss Brachythecium frigidum
in the same habitat (Levine, 1999).
Maestre et al. (2009) expanded on the trait based approach by suggesting
that the interaction outcome between two species is dependent on both the
life history strategies (competitor or stress-tolerator) of the species, and
whether the stress is resource or non-resource limited (e.g. water /
temperature respectively). They suggest that non-resource limiting stresses
should always prompt a facilitative response at moderate and high stress
levels regardless of whether the facilitator plant is a stress-tolerant or
competitor species. However, when the stress is resource limited, only
moderate stress levels prompt facilitative interactions. At higher stress levels
competitive interactions return with the exception of competitor facilitators
on stress-tolerant benefactor species. Holmgren and Scheffer (2010) argue
that facilitative interactions are more likely to be observed under moderate
stress than high stress conditions, because in extremely harsh environments
absolute growth often ceases. Stresses that may alter plant interactions from
competitive to facilitative on floodplain grasslands include mechanical stress,
hypoxic soils and osmotic shock. This is a mix of both resource (oxygen) and
non-resource stress.
He et al. (2013) differentiated between plant interactions on survival, growth
and reproduction. Accordingly, plant interactions were facilitative for survival
at high versus low stress levels, for both resource and non-resource stresses.
However, only non-resource stressors had a facilitative effect on growth, and
no significant effects on reproduction, whereas resource-limiting stresses
remained competitive (He et al., 2013). Grouping the plants into growth forms
(herb, grass, shrub and tree) He et al. (2013) showed that while there was a
consistent weakening of competitive interaction for growth, only for survival
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did interactions switch from competitive at low stress levels to facilitative at
high stress levels for all growth forms. Their meta-analysis suggests that growth
form does not affect the interaction outcome, however, the metrics analysed
(survival and growth) are important in determining exactly how facilitation
affects plants.
Facilitation between salt marsh plant species has been relatively well
evidenced (e.g. Pennings & Callaway, 2000; Bertness & Ewanchuk, 2002;
Pennings et al., 2003; Zhang & Shao, 2013; Morzaria-Luna & Zedler, 2014 etc.)
compared to other wetland habitats. Evidence of facilitation on floodplain
grasslands is limited, although some studies consider facilitation in relation to
grazing pressure (Boughton et al., 2011), competition (Levine, 1999), and the
nurse-plant effect on woody seedlings (Walker & Chapin, 1987; Olff et al.
1999). However, wet grassland plants adapted to flooding through
aerenchyma could facilitate neighbouring plants by re-oxygenating the soil
as oxygen escapes out of plant roots (Callaway and King, 1996). This is one of
a number of mechanisms by which facilitation is thought to occur on salt
marshes (Zhang & Shao, 2013).
6.1.2 Ecological stress memory
Walter et al. (2013) suggest that plants may respond in one of three ways to a
repeated stress: 1) A negative response, where plants die or die back. 2) No
response, where plants are acclimatized to the stress and growth is neither
positively nor negatively affected. 3) A positive response, where stress memory
is initiated after an initial stress event, and this increases the speed of response
and performance of plants to subsequent stresses of the same nature (Walter
et al., 2013).
Ecological stress memory is the ability of a plant to better respond to future
stresses such as extreme climate events following an initial stressful event
(Bruce et al., 2007). The foundations of a stress memory may be built following
a ‘priming’ event that may be mild, but which then ‘primes’ the plant for future
and more extreme stresses (Hilker et al., 2015). Ecological stress memory
functions at the phenotypic level, and includes changes in physiology and
metabolism (Hilker et al., 2015). There is also evidence that a stress memory
could be passed on to subsequent generations of plants and enhance their
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performance in the future, which is referred to as transgenerational memory
(Hilker et al., 2015). As ecological stress memory is a response by individuals,
and not community wide (Walter et al., 2013), it should not to be confused
with ecological memory, which is another term for stable state theory.
Examples of stress memory established in the scientific literature are rare,
although heat, drought and frost have all been examined; these stresses are
linked by the common theme of dehydration (Walter et al., 2013). In addition,
many examples of ‘priming’ in plant defences against herbivory and pest
attack exist, where subsequent attacks lead to quicker deployment of
chemical deterrents (Hilker et al., 2015). The mesic grassland species Holcus
lanatus and Plantago lanceolata have been shown to be more resistant to
severe drought following a number of mild drought events (Backhaus et al.,
2014). In contrast, Zanalloni et al. (2009) found that Plantago lanceolata,
along with a number of other mesic grassland species, was less resistant to
severe drought following a number of mild droughts over three years. Dreesen
et al. (2013) found that more time between extreme events benefited plant
recovery, and this in turn enabled a stronger response to future repeated
events. Pre-exposing halophytes to saline conditions lowers oxidative stress
when re-exposed to salinity (Hamed et al., 2013). To the best of knowledge,
ecological stress memory has not been tested in flooding conditions, or on
plant species from floodplain grasslands. Therefore, this study seeks to establish
for the first time whether an ecological stress memory is detectable in
repeatedly flooded plants from floodplain grasslands.
6.1.3 Aims and objectives
There are a number of resilience strategies that plant species’ may use to
survive and even thrive, when subjected to extreme events and conditions.
Whether plants with similar traits respond and use the same resilience
strategies to flooding stress has so far not been tested. The aim of these two
complementary mesocosm experiments was to investigate whether two plant
species with similar traits representing the same seasonally damp floodplain
community exhibit comparable resilience to repeated flooding stress.
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Objectives were to:


Establish if facilitation exists in selected floodplain grassland species,
and whether facilitative interactions increase with the duration of
flooding.



Determine whether flooding elicits an ‘ecological stress memory’
effect on plants when flooded repeatedly within and between years.

6.2 Methods
6.2.1 Experimental methods
6.2.1.1 Mesocosm design
The mesocosm set-up was identical to that already described in chapter 5,
section 5.2.2.1. Thus to recap, the experiments were conducted at the
University of Brighton Moulsecoomb campus, in 2014 and 2016. An outside site
of approximately 50 m2 in size (plate 6.1) was used.

Plate 6.1: Mesocosm pots in the facilitation and stress memory study in 2016.
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Mesocosms comprised 15 l black plastic pots placed into 40 l blue flexibuckets. The pots were filled with a mixture of washed sharp sand, topsoil and
compost in a 2:1:1 ratio by volume. Water levels in the mesocosms were kept
at a constant 5 cm above the bottom of the flexi-buckets. Holes with taps
attached to the outside of the flexi-buckets allowed the mesocosms to be
flooded, and for floodwater to be released quickly. Tap water was used
throughout the experiments for the flooding treatments.
6.2.1.2 Facilitation experiment
To establish whether facilitative interactions existed and increased with the
duration of flooding, three scenarios of repeated flooding of two, seven and
fourteen days were conducted using four plant species. The species were
divided into facilitator (those expected to support plant survival and growth
in flooded situations) and beneficiary species (those expected to benefit in
growth and survival from facilitator species). Species designation reflected
their natural location within the floodplain grassland at Amberley Wildbrooks.
The facilitator species are found at the saturated and regularly flooded
riparian site, while the beneficiary species are only found on the seasonally
damp interior site. As the facilitator species are characteristic of flooded
environments compared to the other two species, it was hypothesised that
they could support the beneficiary plants in flooding conditions. The plant
species used in this experiment were the same as detailed in chapter 5.2.1,
the two facilitator species were Cardamine pratensis and Juncus articulatus,
and the two beneficiary species were Ranunculus acris and Scorzoneroides
autumnalis (plate 6.2).
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Ranunculus acris
Scorzoneroides autumnalis

Juncus articulatus

Plate 6.2: A facilitation experiment pot containing both the facilitator and
beneficiary species (Cardamine pratensis not visible from the photograph angle).

Each pot contained three plants from all four species, totalling 12 plants per
pot. Plugs for the species were sourced from a commercial supplier (British Wild
Flower Plants, Norfolk, UK) in 2013 for the first phase of the experiment
conducted in 2014, and in 2016 for the remaining phase conducted in 2016.
The experiment ran over the growing season, March to September in both
years. There were eight repeated 2-day and 7-day floods conducted in 2014
delivered on a three-week cycle (table 6.2) along with a no-flood treatment.
There were six replicate pots per flood scenario giving 18 plants per species
per flooding treatment. In 2016, the 14-day flood scenario was delivered on a
four week-cycle to maintain the two-week gap between flooding treatments.
There were five rather than eight repeats of this duration as it was not possible
to accommodate as many repeated floods into the same period (table 6.2).
Controls in facilitation experiments are the beneficiary species grown without
the facilitator species, but experiencing all the same treatments. The control
treatments for the 0, 2 and 7-day flood facilitation experiment used the mesic
species flood treatments as reported in chapter 5 (Ranunculus acris and
Scorzoneroides autumnalis were flooded for 0, 2 and 7-days). These controls
158

were conducted in 2014, as this is when the facilitation experiment for these
durations was conducted. The control for the 14-day flood was conducted in
2016 alongside the 14-day flood treatment in this year.
Table 6.2: Summary of the flooding treatments in the facilitation experiment.
Treatment name

Duration of flooding

No of repeated floods

Cycle time of flooding

No flood

0 days

N/A

N/A

2-day

2 days

8

21 days

7-day

7 days

8

21 days

14-day

14 days

5

28 days

6.2.1.3 Stress memory experiment
This experiment used Ranunculus acris and Scorzoneroides autumnalis only, to
ascertain whether repeated flooding elicited an ecological stress memory
effect, and whether this effect was detectable within and between years.
Flooding treatments comprised two different durations of flooding, 2-day and
7-day scenarios. The initial flood event was applied at the beginning of April
2014. Flooding was then repeated seven more times until the end of August.
In 2016, the experiment was repeated with the same flooding scenarios on the
same individuals as in 2014. An initial flood was conducted mid-April 2016, and
seven more floods were performed until late August. This set-up allowed results
to be compared between and within the years, to ascertain if the priming
event was the initial flood in April, or whether flooding throughout the 2014
growing season acted as a priming for 2016. In 2015, no flooding was
conducted, and the plants remained in-situ in their pots with taps open on the
buckets to ensure flooding did not occur, effectively in a control condition
state.
In addition to the two flooding treatments, there was a control of no flooding.
Flooding was conducted on a 21-day cycle with eight floods per treatment in
both years between April and September. There were three individuals of
each species in each pot, with six pots per treatment, totalling 18 individuals
per treatment.
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6.2.1.4 Plant monitoring
Monitoring for both experiments was conducted on a weekly basis between
17th March 2014 - 8th September 2014 inclusive, and 31st March 2016 - 29th
August 2016 inclusive. Monitoring was conducted as per the effects of the
flooding duration experiment (section 5.2.2.4). Survival, growth of both leaves
and stalks, and flowering abundance were recorded. All individual plants
were tagged to track growth and flowering within and between years. Plant
growth was recorded in millimetres. Flower abundance comprised a weekly
count of all fully opened flowers per plant.
6.2.2 Data analysis
Continuous, count, categorical and repeated data were collected, and
therefore analysis varied depending on the data type. Data sets were
inspected for normal distribution of continuous variables using the AndersonDarling test, and the Levene’s test for homogeny of variance where
appropriate. Outliers were removed before tests were run where their
presence affected the normal distribution. Where outliers were removed, the
species is marked with a hashtag in the results tables in section 6.3, and the
number noted below the table.


General Linear Models (GLM) were used for the stalk heights and leaf
lengths in the facilitation experiment, and stalk height for
Scorzoneroides autumnalis only in the ecological stress memory
experiment.



Generalized Linear Model (GZLM) was used for count data.
Specifically this test was used for the number of stalks and number of
flowers in the facilitation experiment, and the number of flowers in the
ecological stress memory experiment.



Linear mixed effects modelling (MIXED) was used for repeated
measures. This test was used in the ecological stress memory
experiment to examine leaf growth from multiple time points. Analysis
concentrates on leaf length over a nine-week period that covers the
first three flood events (commencing 24/03/14 and 31/03/16). These
nine weeks were blocked into three-week periods as the fit of the
MIXED test to the data reduces with each additional repeated
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measure (week). As this test reports a highly conservative p-value, the
results from univariate tests were also analysed for each of the nine
weeks.


Paired t-tests were used to compare data collected in 2014 and 2016
for the ecological stress memory experiment. These tests were only
used for Ranunculus acris because this species had a high survival
rate and therefore all plants could be paired across years, paired ttests cannot be performed on mismatched samples or unbalanced
treatments.

The Relative Interaction Index (RII) to ascertain whether facilitator plant
interactions were competitive or facilitative to the beneficiary plants was
used:
𝑅𝐼𝐼 =

𝐺𝑤 − 𝐺𝑜
𝐺𝑤 + 𝐺𝑜

Where Gw represents a growth metric, e.g. stalk height, in the beneficiary
species when grown with facilitator plants and Go represents a growth metric
in the beneficiary species when grown without facilitator plants (Armas et al.,
2004). The RII generates a value between +1 and -1, where +1 represents
facilitative and -1 indicates competitive interactions.
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6.3 Results
6.3.1 Facilitation experiment
Results presented for the facilitation experiment concern the survival, growth
and flowering of the beneficiary species Ranunculus acris and Scorzoneroides
autumnalis only as a consequence of hypothesised facilitation from the
facilitator species.
6.3.1.1 Survival
Survival at the end of the experiment was high, with all survival rates greater
than 90% across both species in all flood treatments (table 6.3). Both
Ranunculus acris and Scorzoneroides autumnalis had a 100% of plants
surviving in both the no-flood, 2-day and 14-day flood treatments. One plant
died for both species in the 7-day flood treatment (table 6.3). The Ranunculus
acris plant died in June, while the Scorzoneroides autumnalis plant died at the
end of August. Survival of both species does not appear to be affected by
the two facilitator species.
Table 6.3: Number and percentage of surviving plants in the facilitation experiment
by species and treatment.
Species
No-flood
2-day flood
7-day flood
14-day flood
Ranunculus acris
18 (100%)
18 (100%)
17 (94%)
18 (100%)
Scorzoneroides
18 (100%)
18 (100%)
17 (94%)
18 (100%)
autumnalis

6.3.1.2 Growth
6.3.1.2.1 Abundance of flowering stalks
All except one surviving Ranunculus acris plant produced flowering stalks in
the no-flood treatment. Scorzoneroides autumnalis had one individual in both
the no-flood and 14-day flood treatments which did not flower and therefore
did not produce flowering stalks.
There was little difference in the mean number of flowering stalks produced
by Ranunculus acris plants in the no-flood, 2-day and 7-day flood treatment,
producing either 2 or 2.5 stalks per plant (fig 6.1). The 14-day flood treatment
plants produced significantly more stalks (p=0.002), on average 3.8 stalks, than
the other flooding durations (table 6.4).
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Figure 6.1: Mean number of flowering stalks (±1SE) on Ranunculus acris by flood
duration in the facilitation experiment. Post-hoc grouping with LSD represented by
letters A & B.

For Scorzoneroides autumnalis, the 2-day flood treatment produced on
average the largest number of flowering stalks, while the 14-day flood
treatment plants produced the least (fig 6.2). There was a significant
difference in the number of stalks produced between treatments (p<0.001)
(table 6.4), with the control and 2-day flood producing significantly more
flowering stalks than the 7-day and 14-day flood treatments (fig 6.2).
6

A

5.5

Number of flowering stalks

5
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4.5
4
3.5

B

B

7-day n=17

14-day n=8

3
2.5
2
1.5
1
0.5
0
No-flood n=17

2-day n=18

Figure 6.2: Mean number of flowering stalks (±1SE) on Scorzoneroides autumnalis by
flood durations in the facilitation experiment. Post-hoc grouping with LSD
represented by letters A & B.
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Table 6.4: Results of the GZLM test for flowering stalk abundance by species and
flooding duration in the facilitation experiment.
Species
Treatment
n
df
Likelihood ratio
p
Ranunculus acris
No-flood
17
3
34.502
0.002
2-day flood
18
7-day flood
17
14-day flood
9
Scorzoneroides
No-flood
17
3
14.370
<0.001
autumnalis
2-day flood
18
7-day flood
17
14-day flood
8

Despite significant differences in the mean number of flowering stalks
produced in both Ranunculus acris and Scorzoneroides autumnalis across the
four flooding durations, the Relative Interaction Index (RII) results suggest all
interactions to be competitive (fig 6.3). In both species competitive
interactions increased as the flooding duration increased from the no-flood to
the 7-day flood. Competitive interactions reduced in the 14-day flood, to
approximately the level of the interactions found in the no-flood conditions for
both species.
Ranunculus acris

Relative interaction Index

no-flood

Scorzoneroides autumnalis
2-day

7-day

14-day

no-flood

0

0

-0.05

-0.05

-0.1

-0.1

-0.15

-0.15

-0.2

-0.2

-0.25

-0.25

2-day

7-day

14-day

Figure 6.3: Relative interaction index results for number of flowering stalks for
Ranunculus acris and Scorzoneroides autumnalis in the facilitation experiment.
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6.3.1.2.2 Height of flowering stalks
The height of flowering stalks is based on the maximum height of the tallest
stalk per plant. For Ranunculus acris, the overall tallest stalks were generally in
the 2-day flood treatment (fig 6.4), with the shortest on plants in the 14-day
flood treatment. There was a significant difference between the treatments
(p<0.001) for stalk height (table 6.5). Post-hoc tests identified the 14-day flood
treatment plants as producing significantly shorter stalks than all the other
treatments (fig 6.4).
The 2-day flood treatment plants also produced the tallest stalks for
Scorzoneroides autumnalis, and again the 14-day flood treatment plants had
the shortest stalks (fig 6.5). There was a significant difference between the
treatments (p<0.001) (table 6.5), post-hoc tests suggest the 2-day flood and
no-flood condition plants had similar heights, but the no-flood plants were also
similar to the 7-day flood plants. The 7 and 14-day flood plants were grouped
together in the post-hoc tests.
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Figure 6.4: Mean maximum height of flowering stalks (±1SE) for Ranunculus acris by
flood duration in the facilitation experiment. Post-hoc grouping with Tamhane’s T2
represented by letters A & B
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Figure 6.5: Mean maximum height of flowering stalks (±1SE) for Scorzoneroides
autumnalis by flood duration in the facilitation experiment. Post-hoc grouping with
Tamhane’s T2 represented by letters A to C.

Table 6.5: Results of the GLM test for flowering stalk height by species and flooding
duration in the facilitation experiment.
Species
Treatment
n
df
f-test
p
Ranunculus acris
No-flood
17
3
8.919
<0.001
2-day flood
18
7-day flood
17
14-day flood
9
Scorzoneroides
No-flood
17
3
10.666
<0.001
autumnalis
2-day flood
18
7-day flood
17
14-day flood
8

The results of the RII suggest that interactions for stalk height were all
competitive

for

Ranunculus

acris

across

all

treatments

(fig

6.6).

Competitiveness reduced from the no-flood to the 7-day flood treatment, but
then increased in the 14-day flood treatment. These interactions were less
intense than those for the number of stalks, where the range for all treatments
ran from -0.061 to -0.019 for stalk height, and -0.089 to -0.168 for number of
stalks (fig 6.3). The interaction is contradictory for the two metrics with stalk
number in general becoming more competitive the greater the flooding,
while height was less competitive the greater the flooding duration.
For Scorzoneroides autumnalis plants, the RII results indicated there was a
facilitative interaction for the 2-day flood plants for stalk height (fig 6.6),
although it was a weak facilitative interaction. All other treatments produced
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competitive interactions. The no-flood conditions produced the strongest
competitive interaction. As with Ranunculus acris, the results indicate that
interactions for stalk height are less intense than for number of stalks (fig 6.3).
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No-flood 2-day
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7-day

14-day
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Figure 6.6: Relative interaction index results for stalk height for Ranunculus acris and
Scorzoneroides autumnalis in the facilitation experiment.

6.3.1.2.3 Leaf length
Leaf length was measured on 26th August 2014 and 29th August 2016 at the
end of the two monitoring periods.
Ranunculus acris plants had the longest leaves in the 7-day flood treatment
and the shortest leaves in the 14-day flood treatment (fig 6.7). However, there
were no significant differences between any of the mean leaf lengths for any
of the flood durations by the end of the experiment (p=0.057) (table 6.6).
For Scorzoneroides autumnalis, the longest leaves were in the 2-day flood
treatment (fig 6.8). Plants in the 14-day treatment produced the shortest
leaves by the end of the experiment (fig 6.8). The leaf lengths were
significantly different between flooding treatments (p=0.001) (table 6.6). Posthoc tests show that plants in the 14-day flood produced significantly shorter
leaves than the no-flood and 2-day flood treatment plants, but not plants in
the 7-day flood.
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Figure 6.7: Mean leaf length (±1SE) at the end of the experiment for Ranunculus
acris by flood duration in the facilitation experiment. Post-hoc grouping with
Tamhane’s T2 represented by letter A.
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Figure 6.8: Mean leaf length (±1SE) at the end of the experiment for
Scorzoneroides autumnalis by flood duration in the facilitation experiment. Posthoc grouping with Tamhane’s T2 represented by letters A & B.
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Table 6.6: Results of the one-way GLM test for leaf length by species and flooding
duration in the facilitation experiment.
Species
Treatment
n
df
f-test
p
Ranunculus acris
No-flood
16~
3
2.664
0.057
2-day flood
17~
7-day flood
17
14-day flood
8~
Scorzoneroides
No-flood
17
3
6.859
0.001
autumnalis
2-day flood
18
7-day flood
17~
14-day flood
9
~plants with a leaf length of zero were removed from analysis. These plants were not
dead but had lost all leaves (number removed =1 except Ranunculus acris no-flood
n=2).

Results for the RII indicate competitive interactions in all flood durations for
Ranunculus acris, with a gradual increase in competitiveness from no-flood to
7-day flood plants. There was then a reduction in the competitive interaction
for the 14-day flood plants (fig 6.9).
The RII for Scorzoneroides autumnalis suggests that there was a facilitative
interaction for leaf length from the no-flood treatment, which increased in
intensity up to 7-day flooding duration (fig 6.9). The interaction for the 14-day
flood plants did not follow this trend and instead showed a strong competitive
interaction.
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Figure 6.9: Relative interaction index results for leaf length for Ranunculus acris and
Scorzoneroides autumnalis in the facilitation experiment.
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6.3.1.3 Flowering abundance
The mean number of flowers per flowering plant produced on Ranunculus
acris was 64.9 on the 2-day flood plants, while plants in the 14-day flood
treatment produced on average 29.1 flowers (fig 6.10). There were significant
differences in the number of flowers produced per flowering plant across the
treatments (p=0.004) (table 6.7). Post-hoc tests show that plants in the 2-day
flood treatment produced significantly more flowers per plant than those that
were not flooded (fig 6.10). The plants in the 14-day flood treatment produced
significantly fewer flowers than any other treatments.
80

B

70

Number of flowers

60

A/B
A

50
40

C

30
20
10
0
No-flood n=18

2-day n=18

7-day n=17

14-day n=9

Figure 6.10: Mean flowering abundance per flowering plant (±1SE) for Ranunculus
acris by flood treatment in the facilitation experiment. Post-hoc grouping with LSD
represented by letters A - C.

For Scorzoneroides autumnalis, the 2-day flood plants also produced the most
flowers per plant at 9.7, with the 14-day flood plants producing only 4.8 flowers
on average (fig 6.11). There was a significant difference in the number of
flowers produced per flooding treatment (p=0.048) (table 3.5). The post-hoc
tests indicate that plants in the 2-day flood produced significantly more
flowers than plants in the longer flooding durations; there was no significant
difference in the number of flowers produced between the 7-day and 14-day
flood durations (fig 6.11).

170

14

Number of flowers

12

A
A/B

10
8

B/C

6

C

4
2
0
No-flood n=17

2-day n=18

7-day n=14

14-day n=7

Figure 6.11: Mean flowering abundance per flowering plant (±1SE) for
Scorzoneroides autumnalis by flood treatment in the facilitation experiment. Posthoc grouping with LSD represented by letters A – C.

Table 6.7: Results of the one-way GZLM test for flower abundance by species and
flooding duration in the facilitation experiment.
Species
Treatment
n
df
Likelihood ratio
p
Ranunculus acris
No-flood
18
3
13.534
0.004
2-day flood
18
7-day flood
17
14-day flood
9
Scorzoneroides
No-flood
17
3
7.926
0.048
autumnalis
2-day flood
18
7-day flood
14
14-day flood
7

The RII results suggest all flood durations produced competitive interactions
for Ranunculus acris (fig 6.12) with respect to the flowering abundance. The
strongest competitive interaction was in the no-flood conditions. The weakest
interaction was in the 2-day flood conditions, but this increased as the flood
duration increased.
For Scorzoneroides autumnalis there was a facilitative interaction in the 7-day
flood treatment plants only (fig 6.12). The no-flood and 2-day flood plants both
showed relatively strong competitive interactions, while the 14-day flood
treatment produced a weaker competitive interaction in comparison.
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Figure 6.12: Relative interaction index results for flower abundance for Ranunculus
acris and Scorzoneroides autumnalis in the facilitation experiment.

6.3.2 Ecological stress memory experiment
Results for the ecological stress memory experiment concern both the within
and between years effects of repeated flooding on plants following initial
flooding.


The between years results examine growth and flowering responses for
each treatment in 2014 and 2016 e.g. 2-day flood stalk height in 2014
compared to 2-day flood stalk height in 2016, with the hypothesis that
flooding in 2014 as a whole acted as the priming for flooding responses
in 2016.



The within year results concern leaf length only as leaf length was the
only metric consistently available throughout both years of the
experiment. Comparisons are between treatments in each year, e.g.
differences between no-flood, 2- and 7-day flooding in 2014, and then
again, separately in 2016, with the hypothesis that a single initial flood
in each year is the priming event.

6.3.2.1 Survival
The ecological stress memory experiment was conducted with the same
plants over three years, and plant survival (table 6.8) covers both 2014 and
2016. At the end of flooding in August 2014 survival rates were high in both
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species, with all Ranunculus acris plants surviving and only two Scorzoneroides
autumnalis plants dying, one in the control conditions and the second in the
7-day flood treatment (table 6.8). At the beginning of 2016, one Ranunculus
acris plant had been lost in the 7-day flood treatment, but all plants in the
other two treatments survived through 2015. There was no change by the end
of the experiment in 2016, as no further plants died during that year (table 6.8).
Table 6.8: Number and percentage of surviving plants in 2014 and 2016 in the
ecological stress memory experiment.
Species
Year
Control
2 day flood
7 day flood
Ranunculus acris
2014 End
18 (100%)
18 (100%)
18 (100%)
2016 Beginning
18 (100%)
18 (100%)
17 (94%)
2016 End
18 (100%)
18 (100%)
17 (94%)
Scorzoneroides
2014 End
17 (94%)
18 (100%)
17 (94%)
autumnalis
2016 Beginning
15 (83%)
15 (83%)
14 (78%)
2016 End
16 (89%)
15 (83%)
16 (83%)

A number of Scorzoneroides autumnalis plants were lost in all treatments
between the end of the flooding experiment in 2014 and the reinstatement of
flooding treatments in 2016 (table 6.8). Two plants were lost from the control
conditions and three each from both flood treatments. At the beginning of
2016 these plants were presumed to have died; however, three plants
reappeared, two in the 7-day flood treatment and one in the control
conditions. These plants were first noted on either 27th June or 4th July. It was
assumed that the three plants had died-back below ground and were
therefore not visible during the initial survey in 2016. Once plants reappeared,
their measurements were recorded.
6.3.2.2 Between years comparisons
Ecological stress memory between years considers whether a previous year of
flooding events acts as a priming event for a further year of flooding events,
as compared to individual flooding events within a year. Comparisons are
therefore within treatment across years rather than between treatments within
years.
6.3.2.2.2 Abundance of flowering stalks
Paired t-tests were used for Ranunculus acris as individual plant growth had
been successfully tracked between years. In all treatments on average
Ranunculus acris plants produced more stalks in 2016 than in 2014 (fig 6.13).
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There were significant differences in the number of flowering stalks produced
for the 2-day flood (p<0.001) and 7-day flood (p=0.001) between 2014 and
2016, however, there was no significant difference in the control condition
plants (p=0.145) (table 6.9).
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Figure 6.13: Mean number of stalks (±1SE) in 2014 and 2016 for Ranunculus acris in the
ecological stress memory experiment.
Table 6.9: Paired t-test results of number of stalks between individual Ranunculus
acris in 2014 and 2016 for the ecological stress memory experiment.
Treatment
n
T-test
p
Control
18
-1.53
0.145
2-day flood

18

-4.55

<0.001

7-day flood

16~

-4.19

0.001

~ Data missing in 2016 from plants that did not produce flowering stalks

General Linear and Generalized Linear Models were used for Scorzoneroides
autumnalis stalk metrics instead of paired t-tests due to the amount of missing
data in 2016. The number of stalks produced by Scorzoneroides autumnalis
plants was greater in 2014 than in 2016 for all treatments (fig 6.14). The plants
flooded for 2-days had the greatest number of stalks in 2014 but the lowest
number in 2016 (fig 6.14); this was the only treatment with a significant
difference between the years (p=0.005) (table 6.10).
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Figure 6.14: Mean number of stalks (±1SE) in 2014 and 2016 for Scorzoneroides
autumnalis in the ecological stress memory experiment. Post-hoc testing with LSD,
using letters A-D to differentiate groups.
Table 6.10: Results of GZLM for the number of stalks for Scorzoneroides autumnalis
between 2014 and 2016 in the ecological stress memory experiment.
Treatment
Year
n
df
Test statistic
p
Control
2014
18
4
14.815
0.005
2-day flood
7-day flood

2016

12

2014

18

2016

9

2014

18

2016

11

6.3.2.2.3 Flowering stalk height
Flowering stalks were taller for Ranunculus acris in 2014 compared to 2016 (fig
6.15). The stalk height was significantly greater in all treatments (control
p=0.002, 2-day flood p=0.004, 7-day flood p<0.001) (table 6.11) between the
years.
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Figure 6.15: Mean maximum stalk height (±1SE) in 2014 and 2016 for Ranunculus acris
in the ecological stress memory experiment.
Table 6.11: Paired t-test results for stalk height between individual Ranunculus acris in
2014 and 2016 for the ecological stress memory experiment.
Treatment
n
T-test
p
Control
18
3.68
0.002
2-day flood

17#

3.41

0.004

7-day flood

16~

4.52

<0.001

~ Data missing in 2016 from plants that did not produce flowering stalks
# Outlier data removed from 2014

In 2014, the stalk height of Scorzoneroides autumnalis plants was on average
greater than in 2016 for all treatments (fig 6.16). Stalk heights in 2016 were
significantly shorter compared to those in 2014 for all treatments (table 6.12).
Post-hoc grouping indicates that there were no significant differences in stalk
height between the treatments in 2016, unlike in 2014 (fig 6.16).
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Figure 6.16: Mean maximum stalk height (±1SE) in 2014 and 2016 for the
Scorzoneroides autumnalis in the ecological stress memory experiment. Post-hoc
testing with Bonferroni, using letters A-C to differentiate groups.

Table 6.12: Results of a GLM Treatment (year) for the stalk height of Scorzoneroides
autumnalis between 2014 and 2016 in the ecological stress memory experiment.
Treatment
Year
n
df
Test statistic
p
Control
2014
17#
4
5.34
0.001
2-day flood
7-day flood

2016

11#

2014

18

2016

9

2014

18

2016

10#

# One outlier removed from each data set.

6.3.2.2.4 Flowering abundance
All Ranunculus acris plants in 2014 produced flowers. In 2016 all the control
condition and 2-day flood treatment plants flowered, however two plants in
the 7-day flood treatment did not flower. The 2-day flood treatment plants
produced on average more flowers in 2016, however the large variance in
the data suggests that some individuals had very high counts which may
account for the majority of the difference (fig 6.17), while plants in both the
control and 7-day flood conditions produced more flowers in 2014 (fig 6.17).
However, only the 7-day flood treatment showed a significant difference in
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the number of flowers produced between 2014 and 2016 (p=0.007) (table
6.13).
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Figure 6.17: Mean number of flowers (±1SE) in 2014 and 2016 for Ranunculus acris in
the ecological stress memory experiment.

Table 6.13: Results of paired t-test and GZLM tests for flowering abundance for
Ranunculus acris between 2014 and 2016 in the ecological stress memory
experiment.
Treatment
n
T-test
p
Control
18
-1.95
0.067
2-day flood

17#

3.164

0.075

7-day flood

16

-3.12

0.007

# Outlier removed from 2014 data.
 GZLM test used as the data sets from both years were highly skewed.

Far fewer Scorzoneroides autumnalis plants flowered in 2016 compared to
2014. In 2014 all plants in all treatments flowered. In 2016, 11 plants produced
flowers in both the control condition and 7-day flood treatment, with only nine
plants producing flowers in the 2-day flood treatment. However, a further two
plants in the control, three in the 2-day flood and one in the 7-day flood
treatment had not flowered by the end of the experiment in August 2016,
despite flowering stalks and visible buds. In 2016, plants in both the control
conditions and the 2-day flood treatments produced significantly fewer
flowers than in 2014 (fig 6.18 & table 6.14). The 7-day flood treatment
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produced more flowers on average per plant in 2016, but the difference was
not significant (fig 6.18). In 2014 the control and 2-day flood treatment plants
produced significantly more flowers than the 7-day flood treatment, but there
was no significant difference between the treatments in 2016 (fig 6.18).
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Figure 6.18: Mean number of flowers (±1SE) in 2014 and 2016 for Scorzoneroides
autumnalis in the ecological stress memory experiment. Post-hoc test groupings with
LSD letters A-B
Table 6.14: Results of GZLM test on the number of flowers for Scorzoneroides
autumnalis between 2014 and 2016 in the ecological stress memory experiment.
Treatment
Year
n
df
Test statistic
p
Control
2014
18
4
45.096
<0.001
2-day flood
7-day flood

2016

11

2014

18

2016

9

2014

18

2016

11

6.3.2.3 Within year comparisons
Testing for ecological stress memory in this section compares the responses to
further flooding events following a single initial flood that may act as the
priming event. Only leaf length is used, as this was the only metric available
from the first flood at the start of the experiment. Leaf length from both 2014
and 2016 are analysed separately. In both 2014 and 2016 there were eight
flooding events per year, which were delivered on a three-week cycle for
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both the 2-day and 7-day flood duration. Each ‘flood event’ covers a three
week period, a week before the flood, a week during which the flood occurs
and a week following the flood. Rationale for the use of both mixed effects
modelling (repeated-measures) and univariate tests is given in the data
analysis section 6.2.2.
6.3.2.3.1 Ranunculus acris leaf length
In 2014, no significant differences in the leaf length were detected from
repeated measures analysis, except where time was added as a repeated
factor (p<0.001 for weeks 1-3 and weeks 4-6) (table 6.15) between the
flooding treatments for the first nine weeks. This is because leaf length
increased over time in all treatments (figure 6.19).
Table 6.15: Linear mixed effects modelling on repeated leaf length measurements
for the first three flooding events of 2014 for Ranunculus acris in the ecological stress
memory experiment.
Flood
Factors
n
df
F-test
p
event
1
Treatments
3
2
1.421
0.251
(wk 1-3)
Treatments*Time
9
6
86.111
<0.001
2
Treatments
3
2
2.245
0.116
(wk 4-6)
Treatments*Time
9
6
32.968
<0.001
3
Treatments
3
2
2.682
0.078
(wk 7-9)
Treatments*Time
9
6
1.123
0.356

Univariate tests however identified week 6 and 8 as weeks in which leaf
lengths were significantly different in 2014 (p=0.035 & p=0.042 respectively)
(table 6.16). Post-hoc tests show that plants in the control conditions had
shorter leaves that those in the flood conditions in week 6, and the 7-day flood
plants had on average longer leaves than the other two treatments in week
8 (fig 6.19).
Table 6.16: Univariate results for the second and third flood events only for
Ranunculus acris in 2014 in the ecological stress memory experiment.
Flood event Week
n
df
F-test
p
2
4
53#
2
1.450
0.244
5
53#
2
1.993
0.147
6
53#
2
3.577
0.035
3
7
53#
2
1.842
0.169
8
53#
2
3.382
0.042
9
54
2
2.313
0.109
# Outlier removed before tests run from the 2-day flood treatment.
Note: flood event 1 had no significant univariate results.
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Figure 6.19: Mean leaf length for Ranunculus acris during the first nine weeks of the ecological stress memory experiment in both 2014 and 2016,
which covered three flood events, indicated by blue arrows. Post-hoc tests with LSD indicate significant differences in leaf length per year,
letters A and B represent the groups.

181

At the end of the experiment year in September 2014, plants in both flood
treatments had significantly longer leaves than the plants in the control
conditions (df=4, f-test=4.640, p=0.003).
Leaf growth was slower in all treatments at the beginning of 2016 for
Ranunculus acris compared to 2014 (figure 6.19). Time as an added factor did
not indicate significant growth until after the first three weeks (p<0.001) (table
6.17). The results from 2016 suggest that significant differences in leaf length
occurred during the third flood event only (p=0.044) (table 6.17).
Table 6.17: Mixed Model results of repeated leaf length measurements in for the first
three flooding events in 2016 for Ranunculus acris in the ecological stress memory
experiment.
Flood
Factors
n
df
F test
p
events
1
Treatments
3
2
0.560
0.575
(wk 1-3)
Treatments*Time
9
6
0.575
0.749
2
Treatments
3
2
1.117
0.335
(wk 4-6)
Treatments*Time
9
6
4.911
<0.001
3
Treatments
3
2
3.316
0.044
(wk 7-9)
Treatments*Time
9
6
2.119
0.059

The univariate results indicate one significant result in 2016, in week nine
(p=0.029) (table 6.18). Post-hoc results identify the 7-day flood treatment
plants as having significantly longer leaves than plants in the other two
treatments (fig 6.19).
Table 6.18: Univariate results per flooding phase for each flooding event for
Ranunculus acris in 2016 in the ecological stress memory experiment.
Flood event Week
n
df
F-test
p
3
7
53
2
3.039
0.057
8
53
2
2.908
0.064
9
51#
2
3.812
0.029
# Outlier data points removed before test run
Note: flood events 1 and 2 had no significant univariate results.

The significant differences in leaf lengths between the treatments following
the third flooding event were not sustained, as results for leaf length in the final
week of the experiment in 2016 suggest there was no significant difference in
the leaf lengths between all the treatments (ANOVA df=2 f-test=0.76 p=0.257)
for Ranunculus acris.
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6.3.2.3.2 Scorzoneroides autumnalis leaf length
In 2014, there was a significant difference in the leaf lengths between the
treatments during the third flooding event only (p=0.006) (table 6.19). Time
was a significant factor across the first nine weeks (p<0.001 for all events) for
Scorzoneroides autumnalis (table 6.19), with leaves in general increasing in
size through time (fig 6.20).
Table 6.19: Mixed Model results of repeated leaf length measurements for the first
three flooding events in 2014 for Scorzoneroides autumnalis in the ecological stress
memory experiment.
Flood
Factors
n
df
F-test
p
events
1
Treatments
3
2
1.276
0.288
(wk 1-3)
Treatments*Time
9
6
11.931
<0.001
2
Treatments
3
2
2.155
0.126
(wk 4-6)
Treatments*Time
9
6
28.153
<0.001
3
Treatments
3
2
5.629
0.006
(wk 7-9)
Treatments*Time
9
6
20.984
<0.001

However, univariate results found significant differences in leaf length in both
the second and third flood events (table 6.20). Weeks six through to nine all
had significant differences in leaf length between the treatments. Post-hoc
tests indicate that in week six the control condition plants were significantly
shorter than the 2-day flood plants but not the 7-day flood treatment plants.
In the three subsequent weeks, plants in both flood treatments had leaves that
were significantly longer than plants in the control condition (fig 6.20).
Table 6.20: Univariate results per flooding phase for each flooding event for
Scorzoneroides autumnalis in 2014 in the ecological stress memory experiment.
Flood event Week
n
df
F-test
p
4
51
2
1.808
0.174
2
5
54
2
2.049
0.139
6
54
2
3.514
0.037
7
54
2
5.303
0.008
3
8
45
2
3.767
0.030
9
54
2
6.318
0.004
Note: flood event 1 had no significant univariate results.
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Figure 6.20: Mean leaf length during the first nine weeks of the ecological stress memory experiment for Scorzoneroides autumnalis in both 2014
and 2016, which covered three flood events indicated by blue arrows. Post-hoc tests with LSD indicate significant differences in leaf length per
week in 2014 only, letters A and B represent the groups.
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The results from 2014 suggest that after nine weeks and three flood events
plants in both flood treatments had significantly longer leaves than plants in
the control conditions. However, the results from the end of the monitoring in
2014 suggest that after a further five flood events, the plants in the 7-day flood
treatment had significantly shorter leaves than the other two treatments (df=4,
f-test=8.492, p<0.001). This would suggest that leaf length was subject to further
change beyond the first nine weeks that encompassed three flood events.
In 2016 there was little leaf growth in all of the treatments for the first five weeks
(fig 6.20), which covered the first two flooding events. During this time the
control condition plants had the longest leaves, however there were no
significant differences in leaf length between the flood treatments through the
first nine weeks (table 6.21). When time was an added factor both the second
and third flooding events were significant (p<0.001 for both events), indicating
significant leaf growth over time in all treatments.
Table 6.21: Mixed Model results of repeated leaf length measurements in for the first
three flooding events in 2016 for Scorzoneroides autumnalis in the ecological stress
memory experiment.
Flood
Factor
n
df
F-test
p
event
1
Treatments
3
2
1.824
0.174
(wk 1-3)
Treatments*Time
9
6
1.485
0.197
2
Treatments
3
2
1.353
0.270
(wk 4-6)
Treatments*Time
9
6
7.192
<0.001
3
Treatments
3
2
1.684
0.198
(wk 7-9)
Treatments*Time
9
6
21.349
<0.001

By the final week of the experiment in August 2016, the plants in the 7-day
flood had the shortest leaves, as in 2014, however in 2016 there was no
significant difference in the leaf lengths between the treatments (ANOVA df=2
f-test=0.30 p=0.740).
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6.4 Discussion
6.4.1 Facilitation
Plant interactions may be either competitive or facilitative. Plant-to-plant
facilitation is the modification of the immediate environment by one species,
which in turn supports the survival or growth of another species.
No facilitative interactions were detected in Ranunculus acris across all
flooding durations in the four plant metrics measured in this experiment (table
6.22). Scorzoneroides autumnalis exhibited facilitative interactions in three of
the four metrics monitored (table 6.22). Facilitative interactions were strongest
for leaf length with plants in three of the flood durations exhibiting longer
leaves with a neighbour present than without, although the longest flood
duration reverted to a competitive interaction. There were no facilitative
interactions in the longest flood duration in any of the metrics monitored for
Scorzoneroides autumnalis.
Table 6.22: Summary table of plant interactions in Ranunculus acris and
Scorzoneroides autumnalis in the facilitation experiment.
- = competitive interaction, + = facilitative interaction.
Species
Treatment
Number of
Stalk height
Leaf length
stalks
Ranunculus acris
No-flood
2-day flood
7-day flood
14-day flood
Scorzoneroides
No-flood
+
autumnalis
2-day flood
+
+
7-day flood
+
14-day flood
-

Number of
flowers
+
-

Ranunculus acris and Scorzoneroides autumnalis were grown together in the
control treatments, however, competition/facilitation between these two
species was not monitored. In section 7.4.2 of the Methodological
Considerations a justification for the experimental design can be found.
6.4.1.1 Stress gradient hypothesis
The Stress Gradient Hypothesis suggests that as stresses become more intense,
interactions between plants switch from competitive to facilitative (Bertness &
Callaway, 1994). However, Michalet et al. (2014) state that interactions may
revert to competitive at very high stress levels, and therefore facilitation is most
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often found at moderate stress levels (Maestre et al., 2009). Results from this
experiment suggest that for the longest flood duration facilitative interactions
did not occur (table 6.22); results do not support the stress gradient hypothesis.
Facilitative interactions at intermediate flooding levels were recorded for
three of the metrics monitored in Scorzoneroides autumnalis. These results are
in accord with the suggestion that facilitative interactions are more common
at moderate than high stress levels (Maestre et al., 2009).
6.4.1.2 Stress type and plant traits
Maestre et al. (2009) suggest that facilitative interactions are dependent upon
whether the stress is resource-based as well as the life history of both the
facilitator and beneficiary species. Resource stresses (e.g. oxygen) are more
likely to induce a competitive response than the non-resource stresses
(Maestre et al., 2009). Flooding reduces oxygen in saturated soils, which is a
resource; therefore, this could make facilitative interactions less common for
flooding stress than compared to other non-resource stresses such as
temperature. However, Zhang and Shao (2013) and Callaway and King (1996)
both suggest that re-oxygenating of the soil via aerenchyma is one of the
ways in which facilitative interactions occur in wetland environments. Results
here suggest that facilitative interactions are found in relation to flooding
stress, they are was species dependent.
Maestre et al. (2009) also suggest that facilitative and beneficiary plants with
similar life history traits would be less facilitative in their interactions. Both the
facilitator and beneficiary species in this experiment share a similar life history,
as no species is specifically competitor or stress-tolerator species, and all have
C-S-R strategies (after Grime, 1977). Results again suggest that facilitative
interactions are species specific in this instance, as Ranunculus acris showed
no signs of benefiting from facilitative interactions while Scorzoneroides
autumnalis did.
Adaption to stressful environments reduces facilitation occurring even within
the same species (Espeland & Rice, 2007). Therefore, a species’ ability to
adapt and ameliorate to stresses removes the necessity for facilitative
interactions in those species. In chapter 5, Ranunculus acris ameliorated to
the inundation compared to Scorzoneroides autumnalis. Therefore, it is
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unsurprising to find some evidence of facilitation for Scorzoneroides
autumnalis but no facilitative interactions for Ranunculus acris, which may be
better adapted to flooding stress.
6.4.2.2 Metric monitoring
Most experiments examine only biomass to ascertain plant interactions (e.g.
Levine, 1999; Boughton et al., 2011; Zarnetske et al., 2013; Morzaria-Luna &
Zedler, 2014). He et al. (2013) considered survival and growth under high and
low stress levels and found that survival increased with the presence of a
neighbour through facilitative interactions at high stress levels. Growth
however was not supported by facilitative interactions, although competitive
interactions did weaken. This suggests that the monitoring of biomass alone
may not account for initial enhanced survival of plants with facilitative
neighbours. The analysis of growth using different metrics does not appear to
have been considered before this experiment. Scorzoneroides autumnalis
exhibited benefits from facilitative interactions in leaf length and to a lesser
extent stalk height. The number of stalks was by contrast the only metric
monitored with no facilitative interactions recorded. This may be explained as
both stalk height and leaf length are organ elongation growth, and therefore
integral to survival in flood stress. Greater numbers of stalks will not enhance
either survival or growth under flooding stress and, thus, this metric has
remained a competitive interaction for Scorzoneroides autumnalis. It may be
hypothesised that the more relevant the metric or attribute to survival the
more likely it will be enhanced through facilitative interactions (fig 6.21).
Elongation of leaves and/or stems is considered the most important strategy
for plant survival under flooding stress (Garssen et al., 2015) therefore when
looking for evidence of facilitative interactions in flooding stress, monitoring
these specific metrics should be a priority.
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Figure 6.21: Metric importance for plant interactions under environmental stresses.
The more important a plant attribute for survival e.g. stalk elongation in flooding
stress, the more likely the growth of this plant organ will be enhanced through
facilitative interactions with neighbour plants. Attributes that would not enhance
survival would show strongly competitive interactions.

Ranunculus acris had competitive interactions across all of the growth metrics
measured, and the number of stalks had by far the strongest competitive
interaction (fig 6.3), whilst stalk height and leaf length were relatively weak
competitive interactions by comparison (fig 6.6 & 6.9). Weakened
competitive interactions in species that are generally strongly competitive are
as important as the shift to facilitative interactions in weakly competitive
species (He et al., 2013). Weakly competitive interactions are probably more
beneficial than strongly competitive interactions in stressful environments, and
therefore of interest to understanding all plant interactions and responses.
Facilitative and weakened competitive interactions have been shown here
to benefit only plant growth that is required to enhance survival from floods.
Monitoring plant interactions by biomass alone will likely have missed these
more subtle responses to stress.
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6.4.2 Ecological stress memory
An ecological stress memory suggests that plants undergoing environmental
stress may be more resilient to the same repeated stress (Walter et al., 2013).
Both Ranunculus acris and Scorzoneroides autumnalis were repeatedly
flooded for two different durations in 2014 and then again in 2016.
There was no change in survival rates of Ranunculus acris between 2014 and
2016; however, stalk height and leaf length were both reduced in all flooding
scenarios in 2016 compared to 2014 (table 6.23). Stalk height was significantly
shorter in all treatments. The number of stalks was significantly greater in 2016
than 2014 in all flooding scenarios. Flower abundance was mixed, the 7-day
flood duration had significantly fewer flowers, while there was no significant
change in the 2-day and non-flooded plants (table 6.23).
Scorzoneroides autumnalis had reduced growth in all metrics for 2016
compared to 2014, except flower abundance in the 7-day flood plants,
although this was not a significantly greater increase compared to 2014 (table
6.23). Significant reductions were recorded in flower abundance for the other
flooding scenarios and all treatments for stalk height, as well as number of
stalks for the 2-day flood plants (table 6.23).
Table 6.23: Summary of results in 2016 compared to 2014 for five plant metrics in the
ecological stress memory experiment. 0 = no difference, - = less than 2014, + =
greater than 2014. The ‡ denotes results that are statistically significantly different (p
<0.05) between the years.
Ranunculus acris
Scorzoneroides autumnalis
Metric
Units
Control
2-day
7-day
Control
2-day
7-day
flood
flood
flood
Percentage
0
0
0
Height
-‡
-‡
-‡
-‡
-‡
Number
+‡
+‡
+‡
-‡
Leaf
Length
Flower
Abundance
+
-‡
-‡
-‡
leaf length results from 2016 were not compared statistically to 2014.
Survival
Stalks

flood

-‡
+

6.4.2.1 Within year repeated floods
Walter et al. (2013) suggest that tolerance to repeated stresses is enhanced
by a priming event. If plants need to ‘memorise’ a priming or initial event in
order to enable an ecological stress memory, it may be reasonable to expect
to detect some difference in performance following a repeat of the stress
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event. For example, Arrhenatherum elatius subjected to two droughts had
significantly greater biomass than plants exposed only to the second drought,
with improved photoprotection being the mechanism enhanced by the stress
memory in the double droughted plants (Walter et al., 2011). Photoprotection
is a known adaption to drought and heat, and is found in plants of semi-arid
conditions such as Olea europaea trees (Sofo, 2011). Leaf elongation is a
recognised and essential strategy of flood tolerant plants (Voesenek et al.,
2006), therefore flooding events should provoke leaf elongation in plants
capable of this strategy, and therefore be detectable following a priming and
then repeated flood events.
In this study, there was a significant difference in Ranunculus acris leaf length
after the second and during the third flooding events in 2014. Plants in both
repeated flooding durations had significantly longer leaves than the plants in
the no-flood conditions. Thus, the results potentially support an ecological
stress memory in Ranunculus acris. By the end of the experiment in 2014, plants
in both flooding durations were still producing significantly longer leaves than
those not exposed to any flooding (despite a further five repeated flooding
events).
By the third flooding event in 2014, Scorzoneroides autumnalis showed
significant leaf growth. Plants in both flooding durations had significantly
longer leaves than those in the no-flood conditions. However, by the end of
the experimental period in 2014, plants in the 7-day flooding duration were
producing significantly shorter leaves than the other treatments. Results at the
end of 2014 conflict with results after only three flood events. If only three flood
events had been performed, it may have been assumed that both species
exhibited a stress memory effect. However, after eight flood events it is evident
that Scorzoneroides autumnalis does not benefit from a stress memory, and
detection of improved performance following a limited number of repeated
floods does not predict outcomes under continued flooding.
There is little empirical evidence for stress memory in the literature and, what
there is, is limited to stresses that are generally only repeated twice (e.g. Walter
et al., 2011; Dreesen et al., 2013; Ellouzi et al., 2013 etc.). This study investigated,
for the first time, stress events repeated multiple times within and between
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years. Results here suggest that the number of times a stress is repeated may
be critical to the future performance of plants under increasingly frequent
extreme climate events. In 2014, significant differences in leaf length were
noted by the third flooding events for both Ranunculus acris and
Scorzoneroides autumnalis. However, while Ranunculus acris maintained
significantly longer leaves through a further five flood events, Scorzoneroides
autumnalis subsequently performed poorly, particularly in the longer flooding
duration. These results suggest that an ecological stress memory is not
conclusively detectable following only two or three repeated stress events.
Thus, the frequency and duration of repeated stress events may be more
important in establishing whether a plant species is able to utilise a priming
memory to enhance performance under subsequent events.
6.4.2.2 Between years repeated floods
In addition to a paucity of experiments incorporating repeated stress events,
most experiments have only been conducted within one growing season.
One long-term study by Backhaus et al. (2014) however, on mesic grassland
plants exposed to repeated mild droughts, was conducted over a number of
years before culminating in a severe drought year. Tissue dieback to the
severe drought was reduced in plants pre-exposed to the mild droughts, but
there were no significant differences in aboveground biomass between preand non-exposed treatments (Backhaus et al., 2014). It was not reported how
the plants performed under mild drought conditions in the years before the
severe drought. Zavalloni et al. (2008) performed a similar across years
experiment but found that repeated mild droughts did not protect mesic
grassland species from a severe prolonged drought regardless of levels of
species diversity. Plants that had experienced the previous mild droughts had
lower stomatal conductance at the beginning of the severe drought.
However, these plants exhibited a lower photosynthetic rate than those not
previously exposed to mild drought (Zavalloni et al., 2009).
In 2016, Ranunculus acris did not produce significantly longer leaves in the
flooding treatments compared to no-flood conditions. Leaf length in general
was shorter in 2016 compared to 2014. Flowering stalk height was also
significantly shorter in 2016, but the number of stalks was significantly greater
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compared to 2014, although this did not translate in to significant increases in
flower abundance. The ‘memorising’ of a stressor is energetically expensive to
the plant as it is essentially remaining in a primed state (Hilker et al., 2015).
When the 2014 floods were repeated in 2016, the plants did not respond so
energetically, e.g. increased leaf length and stalk height, both of which
indicate elongation for avoiding flooding stress, was not evident. This may be
a response to energy needs and uses. If the floods of 2014 were not as severe
as perhaps Ranunculus acris had been primed for. When the flooding was
repeated in 2016, energy was directed into increased numbers of stalks.
Scorzoneroides autumnalis also exhibited significant reductions in stalk height
in 2016 compared to 2014, and there were no significant differences in leaf
length between flooding durations, suggesting a similar response to
Ranunculus acris in 2016. However, in general both the number of stalks and
flower abundance were significantly reduced in 2016 compared to 2014,
suggesting that energy was not in this instance being redirected into other
areas of plant growth. However, weather conditions in 2016 were different
from those of 2014, and changes between years in both precipitation and air
temperature may have had a greater impact on the growth and flowering of
these plants than the flooding treatments in either year. The role of climate in
longer-term

experiments

is

further

discussed

in

the

Methodological

Considerations in section 7.4.3.
The results from the between years comparisons suggest that Ranunculus acris
may have used the repeated flooding in 2014 growing season as a priming
event for directing energy for growth in 2016, however, in general, the same
directional changes in growth between the years were also found in the nonflooded plants for both species (fig 6.23). This would suggest other factors were
determining changes between the years. There is already evidence that a
previous year’s climatic conditions can affect plant performance the
following year. For example growth is often reduced in the year following a
dry year, and enhanced following a wet year (Sala et al., 2012). This does not
demonstrate an ecological stress memory effect as defined by Walter et al.
(2013), but it is evident that previous conditions are important to current plant
performance.
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6.5 Conclusion
Facilitative interactions were only detected in Scorzoneroides autumnalis,
although Ranunculus acris showed some reductions in competitive
interactions as flooding duration increased. Plant growth metrics that
responded to either facilitative or weaker competitive interactions were those
associated with stem and leaf elongation, which are plant strategies to survive
in flooded environments. Monitoring the specific growth attributes or
physiological changes that are most likely to enhance survival to a stress, will
help detect facilitative interactions more precisely.
There was no conclusive evidence of ecological stress memory in this study,
despite Ranunculus acris presenting increased leaf growth in 2014 following
an initial flooding event, and flooded plants continuing to exhibit significantly
elongated leaves at the end of the year in 2014. Scorzoneroides autumnalis
leaf length also responded positively after the early flood events but this was
not sustained throughout the experiment in 2014. These results were not
repeated in 2016. Results from between years indicated growth in general was
reduced across all metrics including non-flooded plants for both species in
2016 compared to 2014. This suggests other factors influenced growth in 2016,
and a between year ecological stress memory was not detectable in this
instance. Frequency and duration of repeated stress events, and species’
inherent traits are, however, important in understanding plant responses.
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7 General discussion and conclusion
This chapter synthesises results from the previous three results chapters, and
considers the effects of extreme climate events on floodplain grassland plant
species. This chapter also reflects on the novel contribution to knowledge
made through both the methods and results of this research, along with
methodological considerations, future research directions, and some
applications of this research for floodplain management and conservation.
7.1 Key results
The aim of this research was to determine how plant species from floodplain
grasslands respond to extreme climate events using a plant trait approach.
Responses to abrupt changes in hydrology, including flooding, were
monitored using survival, growth and flowering across eight species, in both a
field study and mesocosm experiments.
In chapter 4, the research reported from field studies at Amberley Wildbrooks.
Both the immediate (within year) and lag effects (three years) of contrasting
hydrologies on plants of differing functional types were examined. Poor
survival and significantly reduced growth of the legume Lathyrus pratensis
and hemi-parasite Rhinanthus minor at the field site, particularly within the
inundated and saturated riparian site, contrasted with the spring forb Primula
veris, which was unaffected by either the inundated or seasonally damp sites.
It is postulated that Primula veris may have benefited from flowering before
the establishment of the tall and dense sward, especially within the riparian
site.
Caltha palustris, a characteristic perennial wet grassland species, was
transplanted from the frequently inundated riparian community to the
seasonally damp interior vegetation, and was monitored over three years.
Despite many similar growth metrics in the first year, by the third year, plants
transplanted to the seasonally damp interior site showed lower survival rates,
were significantly smaller, supported significantly fewer flowers, and flowered
later and for a shorter duration than those within the source location on the
riparian site. This indicates a lagged effect due to the altered hydrological
conditions.
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The results from a mesocosm experiment with controlled water levels were
reported in chapter 5. Four floodplain grassland plant species were flooded
for different durations over one growing season. These species had a number
of traits in common, including life history, soil nutrient and light preferences,
but with the exception of tolerance to soil water, and so were defined as
either hydric or mesic species.
The ability to elongate either stalks or leaves to escape flooding was evident
in all species. However, there were significant differences in performance
between the species in response to different durations of flooding, although
all species showed more significant responses to the longer 7-day flood than
the shorter durations. The hydric species, Cardamine pratensis and Juncus
articulatus which were expected to have more tolerance to saturated soils
did not generally perform better than the mesic species to flooding, this was
unexpected, and suggests that the Ellenberg IV scores did not predict
responses to flooding in this case. The mesic species Ranunculus acris had the
least change in growth and flowering to flooding, while Scorzoneroides
autumnalis growth was significantly negatively affected by the longer
flooding duration.
Chapter 6 considered resilience to flooding by examining trait similar species
Ranunculus acris and Scorzoneroides autumnalis in relation to two potential
adaptation strategies, i.e. plant-to-plant facilitation and ecological stress
memory.

Evidence

of

plant-to-plant

facilitation

and

weakening

of

competitive interactions was noted in plant growth known to enhance
survival of flooded plants, that of stalk and leaf elongation. The number of
stalks, an increase of which would not enhance survival, was the plant growth
metric that showed the greatest evidence of strong competitive interactions.
Ecological stress memory was not conclusively detected because, while both
species showed significant growth following initial flooding, only Ranunculus
acris was able to sustain this through subsequent flooding in the longer term,
and only in one year. This suggests that the frequency of extreme events may
be more important in determining both plant survival and performance than
one-off or low frequency events.

196

7.2 Synthesis
7.2.1 Plant traits and predicting responses
Functional plant traits, unlike species, are universal, that is a trait may be found
in multiple species globally, but a species may only be found in one location.
Being able to use traits to predict how plants may respond to stress is important
and useful, as plants with similar traits should respond in similar ways. For
example, plant traits have been used to predict responses to grazing pressure
(Díaz et al., 2001).
There were a number of functional groups, strategies and traits in common to
most of the species used in this research (see table 3.1 in chapter 3, section
3.2). Seven of the eight species were from the same functional
hemicryptophyte group, six of which were herbaceous forbs, and all but one
of the eight were perennials. All species preferred soils with low fertility and
little shade, and all species except the annual had a growth form strategy
close to C-S-R (table 3.1).
All the species tested are either found at the field site at Amberley Wildbrooks,
or associated with one or more of the National Vegetation Classification
(NVC) communities that define the riparian and interior sites (Rodwell, 1992).
The key differentiating trait for these species was soil water tolerance, as
indicated by Ellenberg Indicator Value (IV) F-scores. Three species, Juncus
articulatus, Cardamine pratensis and Caltha palustris, measured 8 or 9 on the
F-score, indicating preference for constantly damp to saturated soils. These
three species are considered wetland species and have known water table
preferences (table 3.1). The five other species have Ellenberg IV F-scores of
between 4 and 6, indicating a preference for moist soils only (Hill et al., 1999).
It would be considered likely that the three species with the greater tolerance
to high soil water would perform better in flooded conditions, whether at the
field site or in the mesocosms compared to the mesic species. However, this
trait, the Ellenberg IV F-score, did not predict outcomes of performance as
measured by both growth and flowering abundance. Ranunculus acris and
Primula veris both performed better than would be expected given their Fscores of 6 and 4 respectively. Conversely, Cardamine pratensis did not
perform as well as expected in the longer flood duration in the mesocosms.
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Juncus articulatus had better growth when not flooded compared to the 2day flood scenario.
Elongation of stalks and leaves is a well-recognised escape strategy for plants
to inundation (Garssen et al., 2015), but not all species showed significant
elongation of either stalks or leaves. Both Scorzoneroides autumnalis and
Cardamine pratensis exhibited elongation of leaves, but overall both species
did not perform well in longer flooding durations, as they failed to maintain
leaf growth. The biomass of Primula veris would suggest that elongation of
leaves or stems did not take place as plants at both field sites had significantly
lower biomass than those in non-flooded conditions, yet flower production
remained unchanged between the non-flood and differing hydrological
conditions at the field sites. For Ranunculus acris, growth and flowering
abundance were, in general, not significantly different to plants in nonflooded conditions.
Suding et al. (2008), argue that using traits to predict outcomes in plant
communities depends not just on the traits selected, but also on the complex
interactions within the community, and this in turn could make predictions at
the community level difficult. Whether traits can be used to predict responses
to environmental disturbance such as extreme climate events may depend
on the traits chosen for examination and the type of stress event. For example,
Lavorel and Garnier (2002) found strong correlations between soil nutrients
and primary productivity traits but no connection between fire and
flammability traits. In this study, the Ellenberg IV F-score was not a reliable
predictor of flooding tolerance in the species selected.
7.2.2 Flooding effects on flowering
There is a paucity of research considering the effects of stress events on
flowering abundance and phenology. Flowering is associated with plant
fitness and it is generally assumed that plants with poor growth are unlikely to
flower as abundantly as ‘healthier’ individuals. Key findings from this study
suggest that plants generally flowered earlier when flooded and that
moderate flooding did not necessarily reduce the abundance of flowers,
however, increasing duration of flooding stress did reduce flowering
abundance.
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Flooding induced earlier flowering across a range of species in this study,
including those tolerant to saturated soils (Juncus articulatus), those preferring
drier soils (Primula veris), those which can ameliorate themselves to the
flooding (Ranunculus acris), and those which perform poorly when flooded
(Scorzoneroides autumnalis). Delays in flowering due to flooding stress were
only observed once in the mesocosm experiments, for Ranunculus acris in the
longer 7-day flooding scenario. At the field site, Caltha palustris plants that
remained on the soil-saturated riparian site flowered earlier in the second and
third years of monitoring compared to plants on the relatively drier seasonal
damp interior site.
Plant hormone ethylene is released when plants are under stress (Morgan &
Drew, 1997), including in response to flooding, and it stimulates shoot
elongation (Grichko & Glick, 2001). However, high ethylene concentrations
delay flowering (Achard et al., 2007), suggesting that, in general, plants under
stress should flower later than plants in non-stressed environments. However,
the advancement of flowering as a response to flooding is most probably a
symptom of the strategy of stalk elongation, which has been stimulated by the
release of ethylene to effectively produce ‘bolting’ in plants (Van der Sman
et al., 1991).
Plants that produce more flowers are generally visibly more healthy, larger
and more verdant. Therefore, plants under stress would be expected to
produce fewer flowers (Jordan et al., 2015). However, increased flower
production, known as ‘overcompensation’, due to herbivory is well
documented (Tito et al., 2016). Results from this study on flower abundance
suggest that there are more likely to be significant reductions in abundance
the longer the duration of flooding, but the differences are speciesdependent. A decline in floret density has been observed in Juncus gerardii
as tidal inundation increases (Watson et al., 2015), suggesting, as these results
do, that increased flooding significantly affects flower production. Timing of
flowering and annual climatic factors such as above-average temperatures
may have been responsible for the yearly changes in Caltha palustris
flowering abundance at the field site. Climate change effects on flowering
abundance may also be species-dependent (Miller-Rushing & Inouye, 2009)
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and could exert greater influence than other stress events occurring in the
spring.
7.2.3 Stability and resilience
Key findings from this study suggest that, irrespective of whether plant species
are resilient to extreme flooding through amelioration, stress memory or
facilitation, the same traits are enhanced, namely leaf and stalk elongation.
Additionally, time can be an additive factor, whether through the repetition
of stress events over time or a lag affect leading to declining performance.
Resilience to stress events encompasses various strategies (fig 7.1). While
dormancy, quiescence, amelioration and ecological stress memory require
the species itself to moderate or change some physiological property,
facilitation requires the support of one or more species, which essentially have
already mitigated the stressed environment (fig 7.1). Dormancy and
quiescence as resilience strategies would not obviously benefit neighbouring
species. Therefore, facilitation may only be present with plant species that can
either ameliorate to the stress or use a stress memory.

Resilience

Dormancy

Quiescence

Amelioration

Stress
memory

Facilitation

Figure 7.1: Plant resilience strategies to environmental stress events such as extreme
climate events. Dormancy, quiescence, amelioration and stress memory are
adaptations by individual plants themselves; facilitation requires other plants to have
already adopted other strategies, as it is reliant on neighbouring plants.
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However, there is considerable overlap in the functioning of ecological stress
memory and amelioration, and therefore stress memory may not be a
separate resilience strategy but a facet of amelioration. For example, if a
plant does not have the capacity for aerenchyma, a mild priming flood
cannot stimulate aerenchyma formation to improve performance to a
subsequent and more severe flood in this plant.
Both high biodiversity (Tilman et al., 2006) and plant functional traits (Diaz et
al., 2007) have been demonstrated to be important to long-term community
stability. Results from the species used in this study, suggest that strategies such
as facilitation could be critical for floodplain resilience. It may be more likely
that community stability has greater viability under stress events, such as
extreme climate events, if there is a diverse mix of resilience strategies among
the species present (Mazancourt et al., 2013), and in which there needs to be
for facilitation to exist.
Resilience may also be temporally influenced, such that the more often the
stress event is repeated the more likely mortality thresholds are exceeded, and
plant communities are significantly altered (Lloret et al., 2012). An ecological
stress memory may help to protect some species from repeated extreme
climate events (Walter et al., 2013), however, there was no evidence for the
development of a long-term stress memory in this study. Short-term growth
enhancement was observed, as was long-term amelioration, but for different
species. Therefore, resilience to one-off or short-term events may not indicate
likely responses, impacts and/or resilience in the face of increased frequency
and duration of events, as predicted under current climate change scenarios.
The ability for plant communities on floodplain grasslands to remain stable
under extreme climate events depends on whether mortality thresholds are
exceeded across a range of species; on the timing of the events (De Boeck
et al., 2011), and frequency. While eight species were closely examined in this
study, it is known that other species found on floodplains have a range of traits
to support survival and growth in flooded environments. Rumex crispus is highly
tolerant to submergence (Vervuren et al., 2003), Myosotis scorpioides and
Veronica beccabunga are able to photosynthesise under water (Blom &
Voesenek, 1996), Ranunculus repens is known to be tolerant of total
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submergence as well as waterlogging (He et al., 1999) and Deschasmpisa
cespitosa has been demonstrated to survive long durations of flooding
(Banach et al., 2009). This suggests that a suite of species already exists on
floodplains that would be able to survive unseasonal extreme flooding, and
potentially support other species, at least to one-off or low frequency events.
7.3 Conclusion
This research investigated the effects of extreme climate events on floodplain
grassland plant species. Whilst some prior research had been carried out on
plant and plant-community responses to extreme climate events, it had
concentrated on mesotrophic dry grasslands, and their responses to drought
and precipitation, often to one-off events or over short time periods (e.g. Fay
et al., 2003; Kreyling et al., 2008; Arnone et al., 2011; Jentsch et al., 2011 etc.).
Wetlands, including floodplain grasslands, are severely under-represented in
this area of research.
The research design combined mesocosm and field studies, and showed
novelty by:


Recording multiple growth metrics, which were gathered weekly in all
experiments. This exceptionally detailed data collection allowed rare
insight into precisely which physiological parameters responded to
flooding, and when.



Examining both flowering abundance and phenology responses in
relation to extreme unseasonal flooding for the first time, for the
species selected.



Investigating the strategy of ecological stress memory for the first time
in wetland plants, and uniquely analysing both within and between
year results of repeated flooding.

Results have made an original contribution to scientific knowledge by showing
that:


Known tolerances to saturated soils do not determine plant responses
to different flooding durations.
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Initial responses to flooding stress suggest that enhanced performance
may differ from long-term responses, which can later show reduced
plant growth.



Flooding advances flowering across a range of floodplain species,
while longer flooding durations reduces flower production.



Facilitation effects on plants are related to leaf and stem elongation,
traits that best enhance plant survival to flooding.



The frequency of flooding events may be as important as their duration
in determining which plants can ameliorate impacts over the longer
term.

Extreme climate events are expected to increase in frequency, duration and
intensity as incremental climate change continues (IPCC, 2007). For wetlands,
including floodplain grasslands, this is likely to have the greatest impact if
hydrological regimes are changed (Erwin, 2009), either through a shifting in
the dynamic cycle of wetting and drying, or through prolonged and repeated
extreme climatic conditions such as flooding and drought. Predicted effects
on floodplains include changes to plant community composition (Dawson,
2003), altered productivity (Joyce et al., 2016), and increased susceptibility to
invasive species (Erwin, 2009). Floodplains and other wetlands are highly
valuable, both ecologically and economically, for the diversity of plants and
animals they support, and the ecosystem services they provide (Zedler &
Kercher, 2009). Therefore, understanding more precisely how floodplain
grasslands will respond to extreme climate events is crucial to the future
protection and management of these systems.
Research suggests that many floodplain plant species are susceptible to small
changes in the levels of inundation. This is particularly true when change
comes from increased inundation rather than drying (Campbell et al., 2016).
Plant community composition may shift towards a more terrestrial composition
as a result of prolonged drying (Garssen et al., 2014; Čížková et al., 2013).
However, responses to changes may be species-specific. In the mesocosm
experiment with differing flood regimes, the four species examined all reacted
differently to flooding, as did the four species used at the field sites. Caltha
palustris performed poorly when moved to the drier seasonally damp site,
while the undisturbed plants on the saturated riparian site showed reduced
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growth and fewer flowers during the wettest year. This suggests that both
increases and decreases in water levels can have substantial impacts on
Caltha palustris and probably other wetland species too. Ranunculus acris
and Primula veris performed better than expected to higher water levels given
their known preference for non-saturated soils. Neither species had significant
reductions in any of the metrics monitored. Scorzoneroides autumnalis
performed well under limited flooding, but was not able to sustain this level of
performance under further repeated flooding. However, this species did
benefit from plant-to-plant facilitation by growing with both Cardamine
pratensis and Juncus articulatus. Cardamine pratensis and Juncus articulatus
had clear preferences for either 2-day and 7-day flooding, respectively,
despite similar Ellenberg IV F-scores of 8 and 9, and despite both being typical
of the inundated riparian site at Amberley Wildbrooks. This suggests a high
level of complexity within floodplain plant communities, and that the response
of floodplain communities to extreme climate events may be dependent on
individual species and their ability to ameliorate to the event(s), or use other
strategies for survival (Ilg et al., 2008).
In this study, flooding induced nearly all species to flower earlier, however for
Caltha palustris, flowering earlier also equated to fewer flowers being
produced. Caltha palustris is an early flowering species that relies on insect
pollination (Whatley, 1984). Flowering earlier, and with fewer flowers, is likely to
affect pollinator interactions (Memmott et al., 2007), seed set and
regeneration. In general though, most species did not produce fewer flowers
due to earlier flowering, but increased flooding durations did decrease
flowering abundance. Thus, climate change that stimulates earlier flowering
coupled with increased duration of unseasonal flowering may have a
significantly detrimental effect on populations of some species, and their
associated pollinator populations.
Plant community dynamics are highly complex, and there are many examples
where ecosystems have remained stable to short-term extreme changes in
precipitation, and increases in drought (e.g. Fay et al. 2003; Kreyling et al.,
2008; Jentsch et al., 2011; Walter et al., 2011; Dreesen et al., 2012 etc.).
Functioning floodplain grasslands carry a suite of species with a number of
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traits adapted to the cyclic flooding and drying of their environment (Colmer
& Voesenek, 2009). These traits should be the foundation of resilience to
extreme unseasonal flooding, and could aid community stability in the face
of other climate change impacts, such as heat waves and drought, certainly
in the short-term. However, the key to long-term stability may be dependent
on the frequency of flooding (or other event). Extreme climate events are
expected to increase in both frequency and duration, and as the results from
this study indicate, this can significantly alter how a species is affected. Longterm stability may also be more likely if floodplains are maintained in
ecologically sustainable ways that do not intensify land use, which could
otherwise undermine the dynamic stability of functioning floodplain
grasslands. Therefore, extreme climate event frequency and duration is as
important as community composition, and resulting trait diversity, in
determining stability on floodplains.
7.4 Methodological considerations
7.4.1 Field site sampling
The number of sample plants at Amberley Wildbrooks, to study the immediate
effects of altered hydrology, was reduced due to the poor survival of
Rhinanthus minor and Lathyrus pratensis. However, this is not unusual in
experiments involving the transplantation of plants and seeds. Ågren and
Schemske (2012) reported seedling survival and establishment to be poor
(<10%) at one of their sites with no obvious explanation, while Bowman et al.
(2008) had only approximately 15% of plants still surviving at the end of their
transplant experiment. For Gordon and Rice (1998), severe storms following
the sowing of seeds washed away significant numbers of replicates from all
treatments, and Galloway and Fenster (2000) had an unexplained lack of
germination in their home site (control) plants, which biased results. Future
experiments could benefit from greater numbers of samples in anticipation
that a large proportion of samples may be lost, and closer monitoring to
ascertain precise lengths of survival and likely causes of loss. Protection from
grazing by cattle, from which Lathyrus pratensis was particularly affected in
this study, would also improve survival and growth for analysis.
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7.4.2 Facilitation experiment controls
The control in facilitation experiments is provided by beneficiary species
monitored in isolation so that their performance can be compared against
that of having a neighbour species grown with them. The Relative Interaction
Index (RII) equation subtracts plant biomass (or other metric) with a neighbour
from biomass without a neighbour (Armas et al., 2004). In this study the
beneficiary species, Ranunculus acris and Scorzoneroides autumnalis, were
grown together both as controls and with the facilitator species. Ranunculus
acris and Scorzoneroides autumnalis were not investigated for neighbour
effects upon each other in this experimental set-up. However, it is not
uncommon that more than one beneficiary species may be monitored
together, with and without a facilitative neighbour species. Boughton et al.,
(2011) assessed neighbour affects using the RII for multiple species grown
together, with and without Juncus effusus cover. Pugnaire et al. (2015)
considered the number of both species and individuals, with and without a
cushion-forming neighbour species, as did Cavieres et al. (2014), who also
worked with cushion species and used the RII. Levine (1999) assessed the
neighbour effects in a riparian environment on two non-vascular species
simultaneously, with a mixed design of two vascular neighbours.
The design for this experiment does not invalidate the use of the RII equation,
nor the results, but had the two beneficiary species been grown on their own,
both in the controls and with neighbours, results may have varied from those
reported. Many experiments do not monitor the beneficiary species in
isolation (Boughton et al., 2011; Cavieres et al., 2014; Pugnaire et al., 2015),
and indeed in fieldwork this would be difficult to establish. Ranunculus acris
and Scorzoneroides autumnalis co-exist naturally at the field site, , therefore
this experiment represents a realistic species scenario providing useful insight
into field conditions.
7.4.3 Annual weather conditions
Annual weather conditions can influence plant growth and phenology, and
should be considered when accounting for differences between years. It is
evident from the effects of the altered hydrology experiment on Caltha
palustris that the weather in the study years affected plant growth, and
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subsequently their ability to withstand extreme hydrological change as an
additive stress. A long-term (38 yr.) study of grassland species conducted by
Dunnett et al. (1998) suggested that mean spring minimum temperature was
the largest controlling factor on species abundance. Spring and summer
precipitation, and the preceding mild and wet winters were also significant
factors (Dunnett et al., 1998). Timing and abundance of flowering are
affected by both the current seasonal weather and that of the previous year
(Tyler, 2001; Jolly et al., 2005).
Acknowledgement of the role annual weather plays makes it imperative that
field studies are conducted for as long as possible, ideally over several years.
In this research, three years’ worth of data for Caltha palustris was enough to
show the effects of annual weather, as well as the longer-term effects of
altered hydrology. Without this wealth of data, it would not be possible to
distinguish between the lag effects of extreme climate change and those
caused by annual weather patterns, such as wetter or cooler years.
7.4.4 Phenotypic plasticity
This study aimed to mimic aspects of the real conditions at Amberley Wild
Brooks, including using species that naturally grow together there in the
mesocosm experiments. However, the four species used were sourced from a
commercial supplier and did not come directly from the site either via seed or
as whole plants. Due to phenotypic plasticity, the performance of the plants
in the mesocosms may have differred from those in the field. Phenotypic
plasticity is flexibility within the genotype that allows an individual’s phenotype
to respond to changes within their environment, this may manifest as
differences in size, form or phenology in order to safeguard survival and fitness
(Agrawal, 2001). This would suggest that plants of any given species would
have an advantage over individuals of the same species brought into their
environment from a different ecosystem or habitat.
Ranunculus acris, for example is known to be an extremely ‘plastic’ species,
showing marked differences in growth not just between but also within
habitats (Harper, 1957). Cardamine pratensis is known from chromosomes as
an exceedingly variable species (Hussein, 1955) in both morphology and
ecology (C. Berg, 1967). Phenotypic plasticity may account for some of the
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differences between the results in this study and other research, particularly
regarding Scorzoneroides autumnalis. For example, models from Gowing et
al. (2002) (fig 5.8), would suggest that Scorzoneroides autumnalis to be better
adapted to the longer duration of flooding in this study than the results
indicated. Johansson et al. (2002) also suggest that Scorzoneroides autumnalis
should be able to withstand long durations of flooding.
The recommendations for future research (section 7.5.2) identifies expanding
the mesocosm experiments to the field site to address issues of phenotypic
plasticity.
7.5 Recommendations for future research
7.5.1 Responses of floodplain grassland plants to drought
Drought and heatwaves are likely to increase under current climate change
scenarios, as well as increased extreme precipitation events (Easterling et al.,
2000). Future threats to wet grasslands such as those on floodplains are
therefore not limited to summer flooding, as droughts could advance drying
(Joyce et al., 2016), and lead to the loss of floodplain specialist species.
Therefore, a further study should be conducted by extending the premise of
extreme climate scenarios to drought. Jentsch et al. (2009) and Sherry et al.
(2007), suggest that drought has a much more significant effect on plant
productivity and phenology than increased extreme precipitation, although
these studies were carried out on mesic, rather than wetland, plant
communities. Whilst some studies have already considered the impact of
drought on floodplain plant assemblages, much of this research is
concentrated in regions for which droughts are already part of the climate;
for example arid or tropical biomes such as Australia (Bond et al., 2008), the
Mojave desert (Cleverly et al., 1997) and the Amazon basin (Parolin et al.,
2010). This leaves knowledge gaps about the implications of drought on more
temperate wetland environments.
7.5.2 Developing the field experiments
Reyer et al. (2013) stress how imperative it is to extend ‘laboratory’ experiments
to field sites in order to test the consistency of data collected from these
experiments. The mesocosm study can be extended into the field by planting
the species used in the flooding duration experiment into both the interior and
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riparian sites at Amberley Wildbrooks. Ranunculus acris and Scorzoneroides
autumnalis are only found on the interior site, yet from the mesocosm
experiments, it is evident that Ranunculus acris should survive the inundated
hydrology on the riparian site. By extending the experiments in this way, it
would enable comparison between ‘laboratory’ and ‘field’ results to
ascertain how reliable the results from the mesocosm experiments are,
compared to realistic environments.
Increasing the number of locations monitored at Amberley Wildbrooks, or
other field sites, will allow for the separation of site-specific effects from other
environmental variables, and will inform which factors are likely to generate
responses in other floodplains. Individual site characteristics can account for
up to a third of differences in environmental variables between monitored
sites (Kalusová et al., 2009).
7.6 Applications of the research
The research conducted in this study has many potential applications for both
floodplain management under climate change scenarios and wider
implications for wetland research on both a local and global scale. Sutherland
et al. (2013) identified 100 questions, which they believe required answering in
regards to current environmental changes and challenges globally. This
research has begun to provide answers to some of these questions, including:


Which demographic traits determine the resilience of natural
populations?



How do we predict the responses of ecosystems to environmental
change based on plant traits?



How do natural communities respond to increased frequencies of
extreme climate events?

The results of this study indicate that traits regarding soil water tolerance by
plants may not determine resilience to unseasonal flooding. However, those
plants which can ameliorate themselves to flooding (and other extremes)
using the appropriate traits, such as leaf and stalk elongation, demonstrate
the best response for natural populations to extremes, and may also be the
best predictor of resilience. How communities repond to increased
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frequencies of climate events, is as this research suggests more important than
responses to one-off events. Indeed there is a growing call in the scientific
literature to move away from investigating single events and focus on the
impacts and responses to multiple events (Bailey & van de Pol, 2016; van de
Pol et al., 2017). This study identifies the frequency of flooding as a key factor
in plant resilience. One-off or a cluster of a limited number of floods do not
have significant impacts, whereas continued repeated flooding does. This is
exacerbated if the duration of flooding increases. Therefore, how natural
communities respond to increased flood frequencies depends, not only on
the number of occurrences, but also the duration of these events. Responses
are also linked to recovery, and lagged effects. The study at Amberley Wild
Brooks demonstrated two critical insights: the lagged effect of long-term
environmental change, whereby species decline may take several years and
may not be immediately detectable; and recovery may be similarly slow
following an unprecedented event, in this case very high water levels and
above average temperatures in 2014, which significantly affected control
condition plants.
Future management of floodplain grasslands should take into consideration
that while floodplains are dynamic environments that may well be resilient to
some extreme climate events, their plant communities may be susceptible to
unseasonal flooding, increased duration of flood events and, especially,
greater frequency of inundation. Management may need to be considered
at the individual species level, given that this study has demonstrated differing
responses to flooding from four plant species with comparable life histories
and other traits. Prescriptions and mitigations for future proofing wetlands,
including floodplains should be based on the plant composition at any given
site, and the nature of the climate threat. There are wider implications than
for just the plant communities; for example, the effects on breeding and
feeding waterfowl and waders, and invertebrates, many of which are only
found on floodplain grasslands. Vegetation structure plays a key role in nest
site selection for breeding wetland birds (Durant et al., 2008), and any
changes may have consequences for sustaining populations. Furthermore,
changes in flooding frequency, duration and intensity may leave some
invertebrate species susceptible to significant loss such as carabid beetles (Ilg
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et al., 2008). Earlier flowering due to flooding may also affect invertebrate
pollinator populations if they are not able to synchronise with flowering plants.
This research has also highlighted the need to re-examine and extend
experimental and monitoring methods, such as collecting data on different
plant growth metrics instead of relying solely on biomass. This allows plant
responses to be more specifically analysed, and should lead to better
predictability of climate change effects using plant traits.
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Appendix 1
Table 8.1: Field site plant list. Walk over surveys conducted between 18 th June – 14th
July 2013.
Latin name
Common name
Riparian
Interior


Agrostis capillaries
Common bent


Agrostis stolonifera
Creeping bent


Alopecurus geniculatus
Marsh foxtail

Bromus sp.
Brome sp.

Caltha palustris
Marsh marigold


Cardamine pratensis
Cuckoo flower


Carex demissa
Yellow sedge


Carex leporina
Oval sedge

Carex otrubae
False fox sedge

Carex panacea
Carnation sedge

Carex pendula
Pendulous sedge

Circium arvense
Creeping thistle


Cynosaurus cristatus
Crested dogs-tail


Descampsia cespitosa
Tufted hair grass

Eleocharis palustris
Common spike rush

Festuca rubra
Red fescue

Filipendula ulmaria
Meadow sweet


Holcus lanatus
Yorkshire fog


Hordeum secalinum
Meadow barley


Hypochaeris radicata
Cat’s-ear


Juncus articulatus
Jointed rush


Juncus effusus
Soft rush


Juncus inflexus
Hard rush


Lolium perenne
Rye grass

Lysimmachia nummularia
Creeping jenny

Mentha aquatica
Water mint

Myosotis scorpioides
Water forget-me-not


Oenanthe pimpinelloides
Corky-fruited water-dropwort

Persicaria maculosa
Redshank

Phalaris arundinacea
Reed canary grass

Phleum pratense
Timothy


Plantago major
Greater plantain


Poa annua
Annual meadow grass


Poa trivialis
Rough meadow grass


Potentilla anserina
Silverweed


Ranunculus acris
Meadow buttercup


Ranunculus repens
Creeping buttercup

Rorippa sylvestris
Marsh yellow cress


Rumex crispus
Curled dock

Rumex obtusifolius
Broad leaved dock


Scorzoneroides autumnalis
Autumn hawkbit


Senecio aquaticus
Marsh ragwort


Taraxacum officinale agg.
Dandelion


Trifolium dubium
Lesser trefoil


Trifolium repens
White clover
TOTAL NUMBER OF SPECIES
34
28
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