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Abstract 

Global declines in biodiversity and ecosystem function in wetlands is exacerbated by 

invasions of invasive plants such as yellow flag iris (Iris pseudacorus L.). Benthic barrier 

treatments were recently introduced as a viable method to control yellow flag iris, but the 

treatment can harm native plant species and contribute to further ecological loss. This study 

determined how the benthic barrier treatment installed for a one-year period affected the removal 

of yellow flag iris and the initial recovery of wetland plant species and if any evidence exists to 

suggest that yellow flag iris leaves a legacy after its removal that influences native plant recovery 

in a temperate freshwater wetland. A case study in the littoral zone of a lake in the Central 

Interior of British Columbia was completed which analyzed the comparisons between pre- and 

post-treatment stem density and community composition measures. Results revealed a reduction 

in yellow flag iris stem densities in submerged and emerged conditions of 100% and 72% 

respectively. High-water levels inhibited plant recovery, but native plants possessing strong 

regenerative avoidance and/or tolerance traits dominated recolonization on sites without standing 

water. The removal of yellow flag iris did not appear to affect the recovery of native plants. 

These results suggest that native plant communities will recover from yellow flag iris removal 

via benthic barriers, but the rate and vigor of recovery is dependent on environmental conditions 

and the regenerative avoidance and/or tolerance traits of local plant species.     

Keywords: wetlands, recovery response, native plant communities, yellow flag iris, 

broadleaved cattail, invasive plants, benthic barrier treatments, avoidance traits, tolerance traits 
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Chapter 1: Introduction 

Biological diversity and ecosystem processes, functions, and services in wetlands are 

declining globally (IPBES, 2019; Ramsar Convention on Wetlands, 2018; World Wildlife Fund, 

2020). Invasive species, like yellow flag iris (Iris pseudacorus L.), are one of the top five drivers 

contributing to these declines (IPBES, 2019). Options to effectively manage infestations of 

yellow flag iris in wetlands have been limited until the recent introduction of a manual treatment 

method using benthic (bottom of a waterbody) barriers (a rubber-based textile), which has 

demonstrated significant success (DiTomaso & Kyser, 2016; Tarasoff et al., 2016). 

However, benthic barriers may also harm non-target native plant species occurring in the 

treatment areas and create conditions void of vegetative cover (“vacant niche”) (US Army Corps 

of Engineers, 2012). The “collateral damage” that may occur to non-target native plant species  

as a result of the disturbance created by the benthic barrier treatment may contribute to the 

decline in biodiversity and ecological processes and functions within wetlands (Zedler & 

Kercher, 2005); this raises the question as to whether the harm imposed on native plant species 

during the control of invasive species is greater than the harm imposed by the invasives 

themselves.  

Additionally, the recovery of native plant communities following management efforts can 

be further harmed by the abiotic and/or biotic ecosystem alterations that some invasive plant 

species are capable of creating which persist even after they are removed (Cuddington, 2011). 

This phenomenon is known as a “legacy effect” and its occurrence can result in the ecosystem 

becoming re-invaded by the invasive plant that was removed or invaded by a secondary invasive 

plant species (Kettenring & Adams, 2011). Therefore, to support the integrity of biodiversity and 
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ecosystem processes and functions within wetlands, it is important to understand how native 

plant communities will recover in a temperate wetland following removal of yellow flag iris 

using benthic barrier treatments; or more simply stated, to determine whether the vacant niche 

created by the treatment will be recolonized by wetland native plant species or be reinvaded by 

yellow flag iris.  

Wetland ecosystems are prone to frequent disturbance (e.g. water-level fluctuations, 

erosion, biotic interactions, fire, ice scour, and wave action) (Keddy, 2000). In response, wetland 

plant species have developed a number of adaptive traits to either tolerate or avoid the damage 

caused by disturbance events (Cronk & Fennessy, 2001), such as development of extensive 

underground rooting systems that acquire, store, and protect nutrient reserves, anchor above-

ground biomass, and replace damaged leaf and stem structures (Sosnová et al., 2010). In 

addition, wetland plant communities possess strong avoidance and/or tolerance regenerative 

traits to support recovery in response to disturbance (Cronk & Fennessy, 2001), including the 

ability to vegetatively regenerate from clonal organs (Catford & Jansson, 2014) and sexually 

regenerate from seed stored within a large and very persistent seedbank (Bossuyt & Honnay, 

2008).  

Unpublished work by Tarasoff (2019) reported a positive native wetland plant 

recolonization trajectory following benthic barrier treatments of yellow flag iris at one treatment 

location, which suggests that the adaptive disturbance-response traits that wetland plant species 

possess support post-treatment recovery. In her study, however, the benthic barrier treatment had 

been in place for a short (four months) rather than a longer period (≥ one year) recommended for 

treatment of unsubmerged yellow flag iris infestations (Tarasoff, 2019). In addition, the recovery 
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data in her study was collected two years following removal of the benthic barrier instead of 

immediately after treatment.  

Consequently, the main purpose of this study was to determine how native plant species 

recover in the vacant niche created through the removal of yellow flag iris using benthic barrier 

treatments in a temperate freshwater ecosystem. To address this aim, I examined three questions:  

(1) How successful is the benthic barrier treatment installed for a one-year period in 

removing yellow flag iris?  

(2) Which plant species recolonize the treated area immediately following removal of the 

benthic barrier? and 

 (3) Is there any evidence to suggest that yellow flag iris leaves a legacy after its removal 

that influences the recovery of native plant species?  

Recovery is defined in my study as the return of native plant species that are similar in 

composition to nearby reference communities of native plant species.      

To answer these questions, I assessed the recovery response of plant species in the littoral 

zone of a freshwater lake in the Central Interior of British Columbia (Canada) from the 

application of benthic barrier treatments and the removal of yellow flag iris as a case study. This 

exploration followed a quasi-experimental approach; quasi-experiments are studies where it is 

impractical and/or not possible to apply randomization protocols (which, if applied, would make 

them true experiments) and are accepted and widely used as a valid experimental design method 

in ecological field experiments (Krebs, 2014).  

My thesis begins with a review of relevant literature. Following the literature review, the 

case study location and the materials and methods used in this quasi-experiment are introduced 
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before moving into the results and discussion sections. Finally, conclusions that respond to the 

study questions are provided, study limitations and future research directions are highlighted, and 

I offer recommendations to support the recovery of native plant species within freshwater 

wetlands following benthic barrier treatments of yellow flag iris.    
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Chapter 2: Literature Review 

Ecological Status of Wetland Ecosystems 

A recent global assessment by the Intergovernmental Science-Policy Platform on 

Biodiversity and Ecosystem Services (IPBES) (2019) reported that ecosystems and biodiversity 

are declining at an unprecedented rate. One of the ecosystems presenting the highest rates of 

decline is inland freshwater wetlands (permanently to seasonally submerged habitats, including 

lakes, rivers, streams, ponds, and marshes) (IPBES, 2019; Ramsar Convention on Wetlands, 

2018; World Wildlife Fund, 2020). Current reports have indicated that the average annual rate of 

natural wetland loss is over three times higher than that of natural forest ecosystems (Ramsar 

Convention on Wetlands, 2018). Biodiversity in freshwater wetlands is also declining at a much 

higher rate than any other ecosystem (World Wildlife Fund, 2020). Five direct drivers have been 

identified as the cause of this alarming decline (IPBES, 2019). Ranked fifth among those drivers 

are alien species invasions, which can be particularly successful at exploiting the environmental 

conditions in wetlands (e.g. frequent disturbance, dynamic nutrient and hydrology levels, and 

propagule dispersal and reservoir capacities) (Ramsar Convention on Wetlands, 2018; Zedler & 

Kercher, 2005).  

The Invader – Yellow Flag Iris 

Yellow flag iris is an invasive species that is contributing to declines in biodiversity and 

the ecosystem processes and functions of freshwater wetlands (USDA-APHIS, 2013). As an 

emergent perennial macrophyte (aquatic plant species) in the Iridaceae (iris) family (Jacobs et 

al., 2011; Tu, 2003) and like all emergent macrophytes, yellow flag iris prefers to occupy the 

littoral zone of wetlands in water up to 100 cm deep (Jacobs et al., 2011; Stone, 2009). At 
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maturity, the plant grows from 0.4 to 1.5 m tall with a fan-like arrangement of green, sword-

shaped leaves that extend above the water’s surface (Jacobs et al., 2011; Sutherland, 1990; Tu, 

2003). The leaves and pale- to deep-yellow flowers emerge from thick (1 – 5 cm in diameter) 

rhizomes that form dense and extensive horizontal mats up to 30 cm deep (Jacobs et al., 2011; 

Sutherland, 1990; Tu, 2003). 

Yellow flag iris is native to Europe, northern Africa, and western Asia, but has been 

introduced to Argentina, Chile, Uruguay, Paraguay, United States, Canada, South Africa, Japan, 

Australia, and New Zealand as an ornamental plant (Gervazoni et al., 2020; Jacobs et al., 2011; 

Sutherland, 1990; USDA-APHIS, 2013). Where it has been introduced, yellow flag iris has 

escaped cultivation and become highly invasive (Jacobs et al., 2011; USDA-APHIS, 2013). Its 

extensive rhizome system partly contributes to its invasiveness because the rhizome stores a 

substantial amount of carbohydrates that are capable of sustaining metabolic processes for up to 

three months without water (Sutherland, 1990) and up to six months in flooded conditions 

(Hanhijarvi & Fagerstedt, 1994). In addition, though yellow flag iris prefers to grow in or near 

water, it is highly tolerant of a broad range of ecological conditions, including, variable soil types 

(Sutherland, 1990); soil acidity measures (Sutherland, 1990), salinity levels (Mopper et al., 

2016), and heavy-metal, nutrient and bacterial contamination concentrations (Sutherland, 1990; 

Tu, 2003). Because of this tremendous adaptability, it has been suggested that yellow flag iris is 

one of the few plants likely to survive and flourish after a nuclear holocaust (Crawford, 1989). 

Its ability to spread and colonize new sites rapidly also contributes to its invasiveness, as 

it employs both sexual (seeds) and asexual reproduction (rhizome fragmentation) methods 

(Jacobs et al., 2011; Sutherland, 1990). There have been conflicting reports as to which of the 
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two methods are more important in the spread of yellow flag iris (Jacobs et al., 2011; Sutherland, 

1990). Historically, it was thought that rhizome fragmentation accounted for the majority of its 

spread because seed production, germination, and viability rates were low (Sutherland, 1990; 

USDA-APHIS, 2013). However, recent research in Northwestern USA has revealed the 

opposite; reproduction via prolific seed production has been identified as the primary method of 

yellow flag iris spread (Gaskin et al., 2016).     

 Temperate freshwater wetlands are yellow flag iris’s preferred habitat; as such, these 

ecosystems are particularly susceptible to invasion (Jacobs et al., 2011; Tu, 2003). In freshwater 

wetlands, yellow flag iris forms dense monotypic stands that affects the processes, functions, and 

compositions of these ecosystems (Jacobs et al., 2011; Sutherland, 1990; USDA-APHIS, 2013). 

Once established, yellow flag iris grows and spreads rapidly, reducing the biodiversity of 

invaded areas by excluding other plant species and decreasing habitat and food availability for 

native insects, waterfowl, and fish (Jacobs et al., 2011; Morgan et al., 2019; Sutherland, 1990; 

USDA-APHIS, 2013). For example, yellow flag iris has been attributed as the cause of the 

elimination of a food source (green arrow arum, Peltandra virginica (L.) Schott) for wood ducks 

in a wetland on the Potomac River in the United States (Stone, 2009). The compacted rhizome 

mats of yellow flag iris also act as an “ecological engineer” (Jones et al., 1997) in freshwater 

wetlands by trapping sediments, elevating topography, and altering hydrology (Jacobs et al., 

2011; Morgan et al., 2019; Sutherland, 1990; USDA-APHIS, 2013). 

To conserve the ecological integrity of freshwater wetlands from the effects of yellow 

flag iris, it is critical to manage infestations (IPBES, 2019; Jacobs et al., 2011; Ramsar 

Convention on Wetlands, 2018). Yet, yellow flag iris is difficult to control because of its 
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extensive rhizome systems, tremendous resilience, and ability to spread rapidly (DiTomaso & 

Kyser, 2016; Jacobs et al., 2011; Tu, 2003).  

Limitations of Current Yellow Flag Iris Control Methods 

A review of the literature revealed limitations in efficacy, practicality, and availability for 

chemical, cultural, biological, and manual control of yellow flag iris (DiTomaso & Kyser, 2016; 

Tu, 2003).  

Chemical Treatment Methods 

Chemical treatment methods involve the use of herbicides to control yellow flag iris 

populations (Wittenberg & Cock, 2001). Herbicides applied during the growing season to yellow 

flag iris foliage or freshly cut stems can provide effective and economical control of small to 

large infestations (DiTomaso & Kyser, 2016; Jacobs et al., 2011; Stone, 2009; Tu, 2003); 

however, herbicide applications can be restricted in or near freshwater wetlands because of the 

non-target damage they may inflict on native plants, aquatic animals, and amphibians (Jacobs et 

al., 2011; Stone, 2009; Tu, 2003). Accordingly, use of herbicides in or near open water is often 

regulated by government environmental protection statutes and may require procurement of 

special permitting or licensing before chemical control work can commence (Jacobs et al., 2011).   

Cultural Treatment Methods 

Cultural treatment methods are preventative methods that promote the health of desired or 

native ecological communities to resist invasion and include grazing, prescribed burning, 

fertilization, and flooding (Jacobs et al., 2011; Wittenberg & Cock, 2001); however, none of 

these methods are effective or recommended in controlling yellow flag iris infestations (Jacobs et 

al., 2011; Stone, 2009; Tu, 2003). Large amounts of glycosides (a substance toxic to many 
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vertebrates) are naturally found in the foliage and rhizomes of yellow flag iris which renders the 

plant unpalatable and poisonous to grazing animals (Jacobs et al., 2011; Stone, 2009). Prescribed 

burning is ineffective and not recommended for controlling yellow flag iris because it is difficult 

to sustain fires in a wetland ecosystem and it has been suggested that the underground rhizomes 

would survive fire and resprout in a manner similar to its response to cutting (Stone, 2009; Tu, 

2003). Fertilization and flooding control methods are ineffective because yellow flag iris is 

tolerant of prolonged periods of high-water and benefits from increased nutrient inputs (Jacobs et 

al., 2011).    

Biological Treatment Methods  

 Biological treatment methods involve the introduction of a “biocontrol agent” to try to 

manage an invading species (Wittenberg & Cock, 2001). Although several invertebrates and 

fungi occurring in North America have been observed to feed on or parasitize yellow flag iris, 

these species have not been investigated for their potential as biocontrol agents (Stone, 2009; Tu, 

2003). Thus, there are currently no biocontrol agents developed or approved for use on yellow 

flag iris in the United States or Canada (Jacobs et al., 2011; Provincial Government of BC, n.d.).    

Manual Treatment Methods  

Manual treatment methods are also referred to as mechanical or physical control methods 

and include cutting, mowing, digging, or pulling (Wittenberg & Cock, 2001). Achieving 

effective control of yellow flag iris through digging or pulling is only possible if the entire plant 

and rhizome system is removed because rhizome fragments are capable of resprouting and 

recolonizing an area (Jacobs et al., 2011). Control of yellow flag iris through cutting or mowing 

requires treatments to be repeated every year for several years in an effort to deplete plant 
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resources enough to kill the plant (Tu, 2003). Consequently, effective control of yellow flag iris 

through manual treatment methods is limited to small, isolated populations because it is very 

time and labor intensive and requires additional monitoring and retreatment activities (Jacobs et 

al., 2011; Stone, 2009; Tu, 2003). In addition, manual control methods can create extensive 

disturbance in the substrate of wetlands which can harm non-target plants and other organisms 

and promote secondary invasions of yellow flag iris or other undesirable, non-native plants by 

exposing seeds and dislodging rhizome fragments (Stone, 2009; Tu, 2003). 

Treatment Using Benthic Barriers. A novel manual treatment approach recently 

introduced by Tarasoff et al. (2016) demonstrated the effectiveness of using benthic barriers to 

control yellow flag iris infestations. 

Benthic Barrier Treatment in General. Traditional benthic barrier treatments are a 

manual control method that have been used since the late 1960s to manage small to moderate 

infestations (< 1 acre in size) of submerged macrophytes in waterbodies of all types (Gettys et 

al., 2014; US Army Corps of Engineers, 2012; Ussery et al., 1997). The treatment involves 

covering the benthic zone and submerged macrophyte community within a waterbody with a 

growth-inhibiting material (Gettys et al., 2014; Hill, 2007; US Army Corps of Engineers, 2012). 

The selection of an appropriate growth-inhibiting material to apply as a benthic barrier is plant 

specific; as well as, environmentally and hydrologically site dependent; many organic and 

inorganic materials have been used, including, jute, burlap, nylon, rubber, fiberglass, PVC, 

plastic, geotextiles, coconut-fiber, sand, and silt (Gettys et al., 2014; Hill, 2007; Hofstra & 

Clayton, 2012; Madsen, 2000; US Army Corps of Engineers, 2012). Once in place, the selected 

material is anchored to the sediment to prevent movement and is left in place for an appropriate 
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period of time (Gettys et al., 2014; Hill, 2007; US Army Corps of Engineers, 2012). Throughout 

this time, the benthic barrier blocks the plant’s access to light and creates a compressed 

environment which is believed to cause plant mortality by disrupting photosynthesis and 

inhibiting growth (Gettys et al., 2014; Hill, 2007; Ussery et al., 1997).        

The effectiveness of benthic barrier treatments on the control of nuisance and invasive 

submerged macrophytes have been documented in previous studies (Boylen et al., 1996; Engel, 

1983; Ussery et al., 1997). More recent studies have corroborated the efficacy of this treatment 

approach on several submerged invasive macrophytes, including large-flowered waterweed 

(Egeria densa Planch.) (Hofstra & Clayton, 2012), Eurasian watermilfoil (Myriophyllum 

spicatum L.) (Laitala et al., 2012), waterthyme (Hydrilla verticillata (L. f.) Royle) (Brint et al., 

2018; Hofstra & Clayton, 2012), curly-leaved waterweed (Lagarosiphon major (Ridley) Moss) 

(Morrissey et al., 2020), variable-leaf milfoil (Myriophyllum heterophyllum Michx.) (Bailey & 

Calhoun, 2008), and coontail (Ceratophyllum demersum L.) (Hofstra & Clayton, 2012). 

How do Benthic Barriers Affect Yellow Flag Iris? Similar to benthic barrier treatment of 

submerged macrophytic plants, benthic barrier treatment of yellow flag iris is thought to control 

plants by physically preventing the growth of stems and leaves. However, the reasons for the 

success of benthic barrier treatments of yellow flag iris differs from submerged macrophytes in 

that it is the metabolic process of respiration that may be affected by the treatment on yellow flag 

iris, and not photosynthesis. Respiration is the metabolic process that converts stored nutrient 

molecules (usually carbohydrates) into the energy necessary to power the functions of all living 

organisms (Raven et al., 2005). Respiration can occur within a plant in the presence of oxygen 

(aerobic respiration) or in the presence of no oxygen (anaerobic respiration) (Loreti & Perata, 
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2020). Conditions of no oxygen (anoxia) commonly occur in environmental conditions with 

excess water because the rate of oxygen diffusion in water or waterlogged soils is approximately 

1,000 to 10,000 times slower than it is in air (Jackson & Colmer, 2005; Loreti & Perata, 2020; 

Sairam et al., 2008).  

The initial stage of anaerobic respiration is the breakdown of one molecule of glucose 

through the process of glycolysis to produce two molecules of pyruvate and two energy 

molecules (e.g. ATP) (Raven et al., 2005). After glycolysis, the pyruvate is then metabolized first 

into acetaldehyde and carbon dioxide, and then the acetaldehyde is converted into ethanol (Cronk 

& Fennessy, 2001; Loreti & Perata, 2020; Raven et al., 2005). While both acetaldehyde and 

ethanol are considered to be toxic compounds, acetaldehyde is the more toxic of the two (Perata 

& Alpi, 1991; Salaspuro & Mezey, 2003) and has been associated with phytotoxicity in plant 

cells (Perata & Alpi, 1991; Pesis, 2005) and carcinogenesis, teratogenesis, and mutagenesis in 

human and animal systems (Reimers et al., 2004; Setshedi et al., 2010). 

Despite the documented toxicity of acetaldehyde, some emergent macrophytic species 

can sustain anaerobic respiration for extended periods with limited injury (Schlüter & Crawford, 

2001, 2003). This ability can be attributed to the development of other morpho-physiological 

adaptive strategies that function to prevent harmful concentrations of toxic compounds from 

accumulating within plant rhizomes (Armstrong et al., 1994; Kennedy et al., 1992). One of these 

strategies is the promotion of gas-transport systems through leaf or shoot extension above the 

water’s surface to release gasses through leaf stomata into the atmosphere (Armstrong et al., 

1994; Jackson & Colmer, 2005; Schlüter & Crawford, 2001). It is thought that a reestablishment 
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of this connection restores the plant’s ability to diffuse gases and toxic compounds to an extent 

that decreases the likelihood of cellular injury or death (Armstrong et al., 1994).  

While other adaptive strategies exist to assist emergent macrophytes in tolerating oxygen 

deficiencies, evidence indicates that the particular metabolic and morpho-physiological strategies 

discussed above are significant in the survival of yellow flag iris under hypoxia (low oxygen 

levels) or anoxia. Schlüter and Crawford (2001) documented a rapid decline in its rhizome 

carbohydrate stores to 20% of initial levels within two weeks under anoxia, suggesting that 

yellow flag iris may be consuming its carbohydrate stores to support physiological adaptations 

like leaf extension. In addition, they documented the highest concentrations of anaerobic 

respiration end products in the shoots of yellow flag iris kept under anoxic conditions, indicating 

that the end products may have been transported to these tissues from the rhizomes for release 

into the atmosphere. 

Hanhijarvi and Fagerstedt (1994) documented the effects of anaerobic respiration on 

yellow flag iris rhizomes in the absence of the ability to diffuse gas via leaf tissue. They 

measured the carbohydrate and energy metabolism of rhizome fragments kept in a dark, anoxic 

environment within a controlled laboratory setting for a period up to 60 days. A dramatic decline 

in the cellular activity of the rhizome fragments was observed after 35 days, which suggests that 

rhizome survival may be affected by an inability to release the toxic end products of anaerobic 

respiration. 

Application of Benthic Barrier Treatments on Yellow Flag Iris. Tarasoff et al. (2016) 

utilized the understandings of the metabolic and morpho-physiological adaptive strategies that 

may be employed by yellow flag iris to tolerate oxygen deficient conditions as the basis of their 
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investigation into the efficacy of benthic barrier treatments as a control technique. Their field-

based experiment specifically explored the viability of benthic barriers in creating the anoxic or 

hypoxic conditions necessary to prompt rhizome death. To do this, they removed all 

aboveground vegetation in each plot, isolated plot perimeters from surrounding rhizomes by 

installing a metal frame into the top 15 cm of the substrate, covered plots with the benthic barrier 

(7 mm thick piece of rubber conveyor belting sitting directly on the substrate), and installed a 

small water sampler 3 cm below the soil surface in each plot. Over the 150 days that the benthic 

barrier treatment remained in place, rhizome core and water samples were taken on five 

occasions and analyzed to quantify the number of live cells and percentage of dissolved oxygen.  

The results of the experiment conducted by Tarasoff et al. (2016) indicated that benthic 

barrier treatments did not reduce available oxygen but did control yellow flag iris effectively. 

Rhizome necrosis and death was reported within 70 days from installation of the benthic barriers. 

In response to these results, they proposed that the benthic barrier treatment may have succeeded 

in killing the rhizomes of yellow flag iris by exploiting its continued metabolic production of 

energy through anaerobic respiration and then physically inhibiting its ability to release the toxic 

end product of anaerobic respiration (acetaldehyde) into the atmosphere through leaf extension. 

Thus, the toxic accumulation of acetaldehyde within the rhizome may have caused cellular death.  

Potential Unintended Effects of Benthic Barrier Treatments  

Tarasoff et al. (2016) demonstrated significant efficacy of the benthic barrier treatments, 

but treatments for target invaders can also effectively disturb non-target native plant 

communities. In plant communities, disturbance is a natural or human-mediated event that results 

in partial or complete destruction of population, community, or ecosystem structure and function 
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(Jauni et al., 2015; Lockwood et al., 2013). Following benthic barrier treatments of undesirable 

submerged macrophytes, studies have documented reductions in native plant biomass of between 

79 to 93% (Laitala et al., 2012) and declines in macroinvertebrate densities of between 69 to 

90% (Ussery et al., 1997). Consequently, evidence indicates that benthic barrier treatments are 

capable of creating human-mediated disturbance through the non-specific (target and non-target) 

harm they can inflict on the species occurring within the affected area (Hussner et al., 2017; US 

Army Corps of Engineers, 2012).   

This harm is problematic in general because it contributes to biodiversity loss and may 

also impede important ecological functions and processes (Palmer et al., 2016; Zedler & 

Kercher, 2005). Within wetland ecosystems, the harm is potentially more problematic because 

wetland biodiversity is already declining at a rapid rate as outlined above and wetlands 

contribute up to 40% of global annual renewable ecosystem services despite only covering <3% 

of the planet’s surface (Zedler & Kercher, 2005). Wetland plant communities are particularly 

important in the provision of the following ecosystem services: water quality (El-Sheikh et al., 

2010; Ramsar Convention on Wetlands, 2018), carbon sequestration (Rhee & Iamchaturapatr, 

2009), biodiversity preservation (Gibbs, 2000; Ramsar Convention on Wetlands, 2018), and 

flood control (Mitsch & Day, 2006). Thus, any losses or degradation in wetland plant 

communities can have significant and lasting effects on ecosystem functions, processes, and 

services (Zedler & Kercher, 2005). 

Potential Persistent Effects of Yellow Flag Iris After Removal  

In addition to the disturbance created by the benthic barrier treatment, recovery of native 

wetland plant communities can also be prevented by the legacy effects of invasive plants 
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(Pearson et al., 2016; Reid et al., 2009). Legacy effects arise when invaders alter abiotic 

conditions in a manner that persists after the invader is removed (Cuddington, 2011). For 

example, nitrogen fixing invaders like scotch broom (Cytisus scoparius (L.) Link) increase soil 

nitrogen above normal concentrations and function to suppress the growth of native plants, and 

which endures in soils after the invasives are removed (Grove et al., 2012). Other invaders like 

crystalline iceplant (Mesembryanthemum crystallinum L.) increase soil surface salinity 

concentrations which continue to affect native plant recovery beyond its elimination (D’Antonio 

et al., 1992). Soil conditions are also altered by invaders, like spotted knapweed (Centaurea 

stoebe L.), that produce persistent allelochemicals (Palmer et al., 2016); biochemicals produced 

by some plants that decrease resource and spatial competition from neighboring plants by 

inhibiting their growth (Zimdahl & Brown, 2018) and which can persist in the soil after the 

invader has been removed to continue to suppress the growth of native plants (Palmer et al., 

2016).  

Legacy effects can also occur when an invader has altered the disturbance regime of an 

ecosystem beyond its normal intensity, frequency, duration, predictability, or distribution ranges 

(Lockwood et al., 2013). Invasive grasses, for example, severely alter the intensity and frequency 

of fire regimes in invaded systems throughout the globe (D’Antonio & Vitousek, 1992). 

Saltcedar (Tamarix ramosissima Ledeb.) and black wattle (Acacia mearnsii De Wild.) can alter 

flooding and geomorphological (erosion) regimes respectively within their invasive geographical 

range (Busch & Smith, 1995; DiTomaso, 1998; Mack & D’Antonio, 1998; Vitousek, 1990). 

Changes to natural disturbance regimes such as these can significantly deter native plant growth 

(D’Antonio & Meyerson, 2002) and, in some cases, changes to the disturbance regime can 
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actually establish positive feedback loops that lock a system into an alternative state which 

promotes the proliferation of the invader or the establishment of a secondary invader (Palmer et 

al., 2016; Pearson et al., 2016; Reid et al., 2009).    

While soil condition and disturbance regime alterations can trigger complex shifts in the 

fundamental condition and function of ecosystems, invader legacy effects can also be simpler in 

nature. In fact, some invaders can generate legacy effects by merely reducing native propagule 

sources through suppression of native plants over long temporal periods or broad spatial scales 

(Seabloom et al., 2003). The grasslands of California, for example, have been invaded by non-

native annual grasses and forbs for several decades and nearly all of the original 9.2 × 106 ha are 

now invaded (D’Antonio & Vitousek, 1992). A study exploring the recovery of native plants in 

these grasslands following removal of the invading species found seed availability as the most 

important factor constraining native plant recruitment over abiotic factors (Seabloom et al., 

2003).    

Fortunately, yellow flag iris is not known to alter soil nitrogen concentrations, or soil 

salinity levels (USDA-APHIS, 2013) and neither is it known to inhibit other plants through the 

production of allelochemicals (USDA-APHIS, 2013). However, yellow flag iris may be capable 

of altering hydrological disturbance regimes in wetlands including water fluctuations because it 

is known to act as an ecosystem engineer that traps sediments and elevates topography (Jacobs et 

al., 2011; Morgan et al., 2019; Sutherland, 1990; USDA-APHIS, 2013). It is also capable of 

forming dense monocultures that displace native plants within wetlands (Jacobs et al., 2011; 

Morgan et al., 2019; Tu, 2003); therefore, it stands to reason that inputs of native plant 
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propagules may become more limited if stands of yellow flag iris cover large geographic areas or 

have been established for long time periods.  

Weighing the Risks of Benthic Barrier Treatment and Predicting the Future of Native 

Plant Recovery 

The initial non-selective characteristic of benthic barrier treatments can harm non-target 

native plant species (US Army Corps of Engineers, 2012) and ecosystem function in addition to 

controlling yellow flag iris populations and result in the creation of a vacant niche. Yet, yellow 

flag iris is also capable of degrading ecosystem composition, structure, and function (Stone, 

2009) and the severity and extent of the degradation caused by such invasive plants is known to 

increase through time in the absence of management (Mack et al., 2000). Thus, the question 

becomes whether the risk of creating short-term disturbance in native plant communities to 

remove an invader is justified to conserve the long-term ecological integrity of a system. 

Further, the question also becomes whether the risk of creating a vacant niche through 

applying the benthic barrier treatment to remove yellow flag iris will benefit the short- and long-

term recovery of native plant species. The legacy effects created by some invasive plant species 

that persist beyond their removal can drive an ecological system into an alternative state (Palmer 

et al., 2016), which may promote reinvasion of yellow flag iris or invasion of a novel secondary 

invader over the reestablishment of native plant species (Kettenring & Adams, 2011; Pearson et 

al., 2016). Consequently, legacy effects may present further challenges beyond those created by 

the benthic barrier treatment alone in the recovery of native wetland plant communities on sites 

colonized by yellow flag iris, which emphasizes the necessity to understand the mechanisms that 

may support native plant recovery in ecological systems and wetland ecosystems in particular.    
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Biological and Ecological Recovery Dynamics of Wetland Plant Communities 

Ecological Recovery Theory  

Understanding and determining the ecological recovery dynamics of plant communities 

has long been a central question in restoration and community ecology research (Palmer et al., 

2016). Despite the significance of the query and the efforts dedicated to understanding the 

process, there continues to be much debate regarding the merits of the various theories and 

frameworks that have been developed to predict the assemblage of plant communities after 

disturbance (Götzenberger et al., 2012). Nevertheless, the longstanding theory of community 

assembly is increasingly recognized as a viable framework to understand assembly dynamics 

(HilleRisLambers et al., 2012). Community assembly theory originated as a biogeographical 

approach to explain island bird assemblages (Diamond, 1975). However, the theory captured the 

attention of ecologists and was later adapted as a general framework for understanding the 

structuring of ecological communities (Keddy, 1992; Weiher & Keddy, 2001).  

Within community assembly theory, Diamond (1975) introduced the term “assembly 

rules” to ecology. Assembly rules were created for the purpose of predicting the composition and 

structure of ecological communities in a specified habitat from the total number of species 

available within a region (known as the “species pool”) (Götzenberger et al., 2012; Keddy, 

1992). Emerging from the concept of assembly rules, the term “response rules” was introduced 

by Keddy (1992) and is of particular importance to this study. In contrast to assembly rules, 

which seek to predict which species will occur in a specified environment, response rules seek to 

predict the response of ecological communities to an environmental disturbance (Keddy, 1992). 

Accordingly, response predictions are dependent on the species pool and the traits those species 
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possess that enable recovery within the environmental conditions that prevail within a specified 

ecosystem (Keddy, 1992).  

Predicting Recovery Response in Wetland Ecosystems: Environmental Conditions, Species 

Availability, and Species Traits 

In this study, the environmental disturbance is the intentional use of the benthic barrier 

treatment to control yellow flag iris and the possible legacy effects created by the yellow flag iris 

after its removal.  

In wetland ecosystems, the environmental conditions are simultaneously favorable and 

challenging in supporting recovery responses. On one hand, wetlands are a highly productive 

ecosystem (Cronk & Fennessy, 2001; Zedler & Kercher, 2005) with high resource and moisture 

availability to favor rapid establishment and persistence of plant communities (Grime, 2001). On 

the other hand, wetlands can also possess environmental conditions that adversely affect the 

survival of plant species including, oxygen shortages, accumulations of toxic gases, and 

concentrations of toxic forms of elements (iron, manganese, carbon, sulfur, and nitrogen) (Cronk 

& Fennessy, 2001; van der Valk, 2006). In addition, wetlands are prone to frequent disturbance 

including water level fluctuations, erosion, biotic interactions, fire, ice scour, and wave action 

which can result in periodic losses in plant biomass and constrain recovery efforts (Keddy, 

2000).  

Owing to and in spite of the favorable and challenging environmental conditions 

respectively, there is a broad range of biologically diverse plant species from a wide array of 

families that occur within wetland ecosystems (Cronk & Fennessy, 2001). As such, the species 

pools in wetland ecosystems are generally considered to be rich and abundant (Catford & 
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Jansson, 2014; Cronk & Fennessy, 2001). However, these species have had to develop a variety 

of adaptive traits to enable survival within wetland conditions. These traits can be categorized as 

strategies to either avoid or tolerate stress and involve morphological, physiological, and/or 

phenological adaptations. In this context, stress, as defined by Keddy (2000), “[is] the external 

pressures put on an organism by an environmental factor” (p. 37).  

Thus, stress tolerance are the traits employed by plants to decrease or repair any damages 

occurring as a result of stress (Keddy, 2000). Stress tolerance traits include extensive 

underground systems, regenerative organs, high shoot densities, and high growth rates (Table 1). 

Stress avoidance is defined as the traits employed by plants to prevent a stress from causing 

damage (Keddy, 2000). Stress avoidance includes traits such as deep, spreading underground 

systems; highly flexible stems and leaves; clonal recolonization capacity; small sized seeds and 

long-distance seed dispersal abilities (Table 2).    

While there are specific traits and trait functions that align within the category of 

tolerance or avoidance (Table 1 and 2), a few generalities occur that characterize both the 

avoiding or tolerating strategies of wetland plant communities in response to disturbance. Plants 

with rhizomatous growth forms dominate wetland plant communities (van der Valk, 2006). It has 

been reported that rhizomatous species account for 51% of the rooting growth form in wetlands 

versus 26% for non-clonal growth forms and 23% for other types of clonal growth forms 

(Sosnová et al., 2010). Rhizomatous growth forms provide resource acquisition and storage 

abilities (Table 1), anchorage and protection from damage in adverse environmental conditions 

(Table 2), and regeneration abilities in response to damage (Table 1 and 2) (Cronk & Fennessy, 

2001).  
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Rhizomatous growth forms are also common in monocots, which is the dominant plant 

family in wetlands (Crawford, 2003; Sosnová et al., 2010). In fact, it has been postulated that all 

monocotyledons originated as aquatic plants (Cronk & Fennessy, 2001). Consequently, 52% of 

the monocot families contain wetland plant species compared to approximately 14% of the 

eudicot families (Cronk & Fennessy, 2001). The dominance of monocots within wetlands may 

be due to certain morphological and physiological advantages. It has been thought that monocots 

are better adapted to survive and compete in wetland environments than eudicots due to reduced 

leaf surface areas that may be more resource efficient (Table 1) and prone to less damage (Table 

2), and their adaptive rooting structures may have better gas storage capacities (Cronk & 

Fennessy, 2001; Keddy, 2000).  

Similar to plant species occurring in other (e.g. terrestrial) ecosystems, wetland plant 

species employ multiple regeneration strategies to increase recovery and recolonization potential 

following disturbance (Cronk & Fennessy, 2001; Grime, 2001). This includes sexual 

reproduction through seed production and asexual reproduction through clonal vegetative 

expansion and fragmentation (Moor et al., 2017). However, the recovery of ecosystems that are 

prone to disturbance is still heavily reliant on seed propagules and wetland seedbanks reflect this 

importance (Ooi, 2012). The seedbanks of wetlands are documented to have higher densities 

than forest, grassland, or heathland ecosystems (Bossuyt & Honnay, 2008). In fact, seedbank 

densities in excess of 10,000 seeds per square meter are common in lakeshore marshes (Keddy, 

2000). Wetland seedbanks are also known to possess prolonged persistence, for instance, some 

have been reported to remain dormant for >400 years under certain conditions (Leck, 1989). 

Thus, the abundance and persistence of wetland seedbanks is important in enabling the survival 
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of plant species over time through reducing the risk of germination failure (Table 1 and 2) and 

conserving genetic population variations (Table 1) (Bossuyt & Honnay, 2008). 
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Table 1 

Tolerance Traits and Trait Functions of Wetland Plants in Response to Disturbance 

Trait Function References 

Rooting Systems 

Extensive underground 

systems 
• Increase ability to acquire 

resources 

• Increase ability to store 

resources 

Cornelissen et al. (2014); 

Karrenberg et al. (2002); 

Sosnová et al. (2010) 

Presence of regenerative 

organs 
• Replace damaged or 

destroyed biomass 

Catford & Jansson (2014); 

Grime (2001) 

Whole Plant, Stem, and Leaf Systems 

Reduced plant size and leaf 

surface area (i.e., narrow, 

upright leaves) 

• Reduce energy necessary to 

regenerate 

Keddy (2000) 

High shoot density • Increase ability to capture 

resources 

Catford & Jansson (2014); 

Grime (2001) 

High growth rate • Increase ability to 

regenerate 

Catford & Jansson (2014); 

Shipley et al. (1989) 

Asexual Regeneration 

High occurrence of plants 

with clonal organs (e.g., 

rhizomes, bulbs, tubers) 

• Reduce risk of complete 

destruction 

• Facilitate recolonization at 

any time 

Catford & Jansson (2014); 

Grime (2001); Gurnell 

(2014);  

Sexual Regeneration 

High growth rate • Increase ability to achieve 

reproductive maturity 

Catford & Jansson (2014); 

Shipley et al. (1989) 

Occurrence of enormous, 

persistent seed banks 
• Delay germination  

• Enable persistence 

• Ensure genetic variation 

Bossuyt & Honnay (2008) 

Prolonged seed dormancy 

capacity 
• Reduce risk of germination 

failure 

Bossuyt & Honnay (2008) 
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Table 2  

Avoidance Traits and Trait Functions of Wetland Plants in Response to Disturbance 

Trait Function References 

Rooting Systems 

Deep, spreading underground 

systems 
• Anchor plants 

• Protect plant’s resource 

storage 

Keddy (2000); Sosnová et 

al. (2010) 

Whole Plant, Stem, and Leaf Systems 

Reduced plant size and leaf 

surface area (i.e., narrow, 

upright leaves) 

• Reduce surface area Boeger & Poulson (2003); 

Keddy (2000); Moor et al. 

(2017); Puijalon & 

Bornette (2004) 

Highly flexible stems and 

leaves 
• Reduce breakage or damage Karrenberg et al. (2002) 

High growth rate • Initiate shoot or root 

extension 

Catford & Jansson (2014); 

Grime (2001)  

Asexual Regeneration 

High occurrence of plants 

with clonal organs (e.g., 

rhizomes, bulbs, tubers) 

• Reduce risk of offspring 

mortality 

• Rapid growth rates 

Grime (2001); Gurnell 

(2014) 

High occurrence of 

recolonization with clonal 

vegetative fragments 

• Increase dispersal and 

recolonization success 

• Rapid growth rates 

Catford & Jansson (2014) 

Sexual Regeneration 

Occurrence of enormous, 

persistent seed banks 
• Delay germination  Bossuyt & Honnay (2008) 

Prolonged seed dormancy 

capacity 
• Reduce risk of germination 

failure 

Bossuyt & Honnay (2008); 

Crawford (2003); Honda 

(2008) 

High occurrence of small 

sized seeds 
• Increase ability to penetrate 

soil 

• Reduce risk of germination 

• Increase dispersal capacity 

• Reduce consumption by 

wildlife 

Honda (2008); 

Hopfensperger (2007); 

Leck (1989); Shipley et al. 

(1989) 

Long-distance dispersal 

mechanisms (wind, water, 

animals, and birds) 

• Increase probability that 

seeds will disperse to a 

suitable location 

Catford & Jansson (2014); 

Grime (2001); Leck 

(1989) 
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Chapter 3: Materials and Methods 

Study Area 

The case study area was the northwestern littoral zone of Lac La Hache (51.8654°N 

121.6612°W) in the Central Interior of BC (Figure 1). Lac La Hache is a mesotrophic, freshwater 

lake that covers a surface area of 19.1 km², has a mean depth of 16.8 m, and lies at an elevation 

of 808 m (BC Lake Stewardship Society, n.d.; Cariboo Regional District, 2007). The lake is 

located within the Interior Douglas-fir (IDF) biogeoclimatic zone (Cariboo Regional District, 

2007).  

Figure 1  

Location of Study Site at Lac La Hache in the Central Interior of British Columbia 
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Biogeoclimatic zones are a hierarchical classification system used in BC for forest, range, 

and wildlife management (University of British Columbia, n.d.-a). At the highest level of the 

classification system, the province is divided into 14 regional zones by dominant climax species 

and geographic location (interior or coastal) or climate (subboreal, boreal, or montane) 

(University of British Columbia, n.d.-a). The IDF is one of those 14 regional zones covering 

5.5% of the province and composed primarily of Douglas-fir (Pseudotsuga menziesii (Mirb.) 

Franco) with bluebunch wheatgrass (Agropyron spicatum Pursh), rough fescue (Festuca 

campestris Rydb.), soopalallie (Shepherdia canadensis (L.) Nutt.), and kinnikinnick 

(Arctostaphylos uva-ursi (L.) Spreng.) forming the understory (Meidinger & Pojar, 1991; 

University of British Columbia, n.d.-b).  

Lac La Hache has received a high sensitivity rating from local authorities because the 

lake has a long flushing period (17 years), moderate depth, heavy anthropogenic inputs 

(agriculture, recreation, forestry, and residential), and an increasing trend in phosphorus overturn 

(Cariboo Regional District, 2007). Nevertheless, the environmental parameters (temperature, 

dissolved oxygen, water clarity, phosphorus and nitrogen levels, and trophic status) measured in 

the lake are reported to be currently stable and ecologically productive (BC Lake Stewardship 

Society, n.d.). Therefore, it is not anticipated that the environmental conditions at the study 

location will be outside the extent expected within a functional temperate wetland ecosystem. 

A number of native wetland plant species have been documented to occur around Lac La 

Hache (Table 3) (BC Lake Stewardship Society, n.d.). These species are common within 

temperate wetland ecosystems (Cronk & Fennessy, 2001) and my field observations have 

confirmed the presence of many of these species in large, intact expanses throughout the study 
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location. Accordingly, it appears that an adequate pool of species exists at the study location 

which possess the adaptive avoidance and tolerance traits necessary to establish and persist in a 

wetland ecosystem.  

Table 3  

Wetland Plant Species Occurring Around Lac La Hache, BC 

Alisma gramineum Lej. (grass-leaved water 

plantain) 

Potamogeton natans L. (floating pondweed) 

Carex spp. (sedge) Potamogeton perfoliatus L. (redhead pondweed) 

Ceratophyllum demersum L. (coontail) Potamogeton zosteriformis Fernald (flat-stem 

pondweed) 

Chara spp. (muskgrass/stonewort) Ranunculus aquatilis L. (water crowfoot) 

Eleocharis palustris L. (creeping spikerush) Ranunculus flammula L. (creeping spearwort) 

Hippuris vulgaris L. (mare’s tail) Ruppia maritima L. (ditch-grass) 

Lemna minor L. (small duckweed) Sagittaria spp. (arrowhead) 

Myriophyllum sibiricum Kom. (northern 

watermilfoil) 

Scirpus lacustris L. p.p. (bulrush) 

Najas flexilis (Willd.) Rostk. & Schmidt (slender 

naiad/bushy pondweed) 

Scirpus subterminalis Torr. (water bulrush) 

Nuphar polysepala Engelm. (yellow pond lily) Sparganium angustifolium Michx. (narrow-leaf 

bur-reed) 

Nuphar variegata Durand (bullhead pond lily) Stuckenia pectinata (L.) Börner (sago pondweed) 

Polygonum amphibium L. (water smartweed) Typha latifolia L. (broadleaved cattail) 

Potamogeton amplifolius Tuck. (large-leaf 

pondweed) 
Utricularia vulgaris L. p.p. (common bladderwort) 

Potamogeton gramineus L. (variable pondweed)   

 

Experimental Design 

Three study locations were selected following a quasi-experimental approach. As noted 

earlier, a quasi-experiment is an experiment that lacks the randomization of interventions, which 

are, in this case, the study locations. In my study, the study locations were selected based on a set 

of pre-determined criteria rather than implementing a randomized selection process for resource, 

logistical, and site suitability reasons.  
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Within each of the three study locations (Figure 2), four plots were identified for 

treatment for a total of 12 plots (Table 4). Plots were rectangular or square in shape and ranged 

in size from 0.56 m² to 1.39 m² depending on site conditions.  

Table 4  

Vegetation Description for the Three Plot Types 

Plot Type Vegetation Description 

Native plant dominant ≥85% native species cover 

Mixed species  ≤30% native species cover and ≤70% yellow flag iris cover 

Yellow flag iris dominant ≥85% yellow flag iris cover 

 

Figure 2  

Individual Study Plot Coordinates on the Shoreline of Lac La Hache, British Columbia 
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Treatment Installation 

The treatment (benthic barrier) was installed (Figure 3) on June 11 – 14, 2019 after pre-

treatment data had been collected. The treatment followed the benthic barrier treatment 

methodology outlined by Tarasoff et al. (2016) with slight modifications. Vegetation in all plots 

was cut to approximately 5 cm or less in height. To isolate the treatment area and prevent the 

translocation of nutrients and carbohydrates from outside the plots, the belowground connections 

were severed along all plot perimeters by cutting through the rhizomes and roots with a shovel 

and hand saw. A length of benthic barrier, 18 oz PVC coated nylon matting (Midland Industrial 

Covers, Burnaby, BC) rather than 5 mm conveyor belting, was then draped over the plot with a 

30 cm overhang on each side of the plot. The overhanging material was tucked into the severed 

perimeter of the plot to further isolate the treatment area and assist in securing the barrier. Large 

boulders found on-site and/or cement blocks were placed on the treatment plot in all four corners 

and in the middle to weigh down the barrier. A wooden stake was driven into the substrate 

adjacent to each plot with the plot’s identification number to assist in monitoring and post-

treatment removal. Each plot was monitored every two weeks until fall 2019 to ensure the 

barriers remained in place. 

The treatment was removed on June 25, 2020 once water levels dropped to a level that 

permitted safe access to the study locations. The large boulders and/or cement blocks and benthic 

barriers were removed. To delineate plot boundaries, a wooden stake was driven into every 

corner of the 12 plots. The plots were then left undisturbed to recover until post-treatment data 

was collected on September 2, 2020.   
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Figure 3  

Example of Installation at Lac La Hache 

 

Note. (a) Vegetation prior to treatment and delineation of plot boundaries; (b) Removal of plot 

vegetation to <5 cm; (c) Severing perimeter of plot boundary; (d) Installation of benthic barrier 

(18 oz PVC coated nylon matting) with barrier edges tucked and barrier weighed down with 

rocks found on-site. 

Vegetation Sampling 

The vegetation was sampled in each plot by conducting a pre- and post-treatment density 

count of each plant stem for each species. To reduce observer subjectivity and the associated 

error that can occur when conducting the density counts, the stems of plants were counted as 

inside the plot if their base originated inside the plot (Bonham, 2013; Elzinga et al., 1998). Plant 

taxonomy was based on Antos et al. (1996) and BC Ministry of Environment, Lands, and Parks 

(1998). 

Pre-Treatment Vegetation Sampling  

Prior to treatment on June 11 – 14 of 2019, plant stem density counts for each species 

was recorded for each plot.  
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Post-Treatment Vegetation Sampling 

After the benthic barrier was removed from each plot in June 2020, all plots were left to 

recover until the end of the growing season. Throughout the summer of 2020, all plots were 

photographed and monitored for re-growth every two to three weeks.  

In September 2020, post-treatment density counts for each species was conducted 

manually or photographically using an overview photograph, and data recorded. Similar to pre-

treatment counts, a manual count was conducted post-treatment if stem density or species 

identity was deemed too difficult to determine through a photograph. If the re-growth in these 

plots was very abundant, a gridded sampling frame was used. The sampling frame was placed on 

the plot and each plant stem and species in every cell was systematically identified and counted.  

Plots with plant stems and species that were easy to discern were counted from an aerial 

overview photograph taken on the day the manual counts were done.  The overview photograph 

was opened in the Microsoft Paint program (Microsoft, Redmond, Washington) and overlaid 

with a grid. Each cell was systematically identified and counted for each plant stem and each 

species. A red highlighter was used in the computer program to mark each plant stem after it had 

been counted.  

Water Level Sampling 

Water depth was sampled and monitored at the same location pre- and post-treatment to 

determine whether plots were submerged or emerged.  One sample was taken in June 2019 pre-

treatment.  One sample was taken in June 2020 when the benthic barrier was removed, one 

sample every two – three weeks after that when plots were monitored, and once in September 
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2020 when post-treatment vegetation sampling occurred. There was a total of six water level 

samples taken over the duration of this study (Table 5).  

Table 5 

Water Depths Recorded at the Study Water Monitoring Site (51.865919°N 121.661339°W) at 

Lac La Hache, BC 

 

Date Water Level (cm) 

June 13, 2019 37 

June 25, 2020 54 

July 6, 2020 62 

July 21, 2020 73 

August 13, 2020 54 

September 2, 2020 42 

 

It should be noted that average annual precipitation in the study area is 477 mm, with 

most occurring in May, June, and July (Government of Canada, 2020a). The average annual 

water level at the nearest hydrometric station for this lake is 2.09 m (Government of Canada, 

2020b). However, the study area was much wetter in 2020 with annual precipitation amounting 

to 833 mm (Government of Canada, 2020c). As a result of the increased precipitation, the water 

level of Lac La Hache was high throughout 2020 with an average water level of 2.5 m at the 

nearest hydrometric station (Government of Canada, 2020d). In accordance with the high-water 

levels, the water level samples collected in this study reflect deeper depths for 2020 than 2019’s 

measurement and four out of the twelve plots were submerged throughout 2020. 

Statistical Analysis 

All statistical analyses were conducted using JMP 15.0 (SAS Institute Inc., Cary, NC) 

statistical software. 
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Vegetation Metrics 

The pre- and post-treatment recovery (plant stem density count difference between pre- 

and post-treatment and post-treatment plant stem density counts) of vegetation variables (plot 

type and across plot type), plot hydrology (emerged/submerged), and plant species type was 

evaluated using analysis of variance (ANOVA) with Tukey’s HSD and/or Student’s t-test (p ≤ 

0.05) or a two-tailed, paired Student’s t-test (p ≤ 0.05). Descriptive statistics (mean and standard 

error) were used in the graphical presentation of data and, unless otherwise specified (±), only 

the upper (+) standard error value was used to depict error bars. To remedy data variability, post-

treatment plant stem density count data was natural log transformed to better meet assumptions 

of normality and equal variances (De Veaux et al., 2018). The results have been back-

transformed for presentation and discussion purposes.  

Plant Community Composition Metrics 

Measures of species richness (number of plant species) (S), abundance (number of stems 

per species), diversity (H′), and evenness (J′) per plot pre- and post-treatment were calculated. 

Species diversity measurements were calculated using the Shannon-Wiener index ((H′ =

Σ([p𝑖] × ln[p𝑖]), where p𝑖 is the relative abundance of the 𝑖th species), which measures species 

abundance and richness in an ecological community and is one of the most popular measures of 

species diversity (Krebs, 2014). Species evenness (J′) measurements were calculated based on 

the Shannon-Weiner diversity index (H′) score (𝐽′ =  
𝐻′

ln (𝑆)
) (Smith & Bastow Wilson, 1996). 

Species evenness indices measure the equitability of individuals among the species present 

within a community; values of J′ range from zero to one, with one representing complete 

evenness (Morris et al., 2014). From these calculations, the pre- and post-treatment recovery 
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(difference between pre- and post-treatment species richness (S), abundance, diversity (H′) and 

evenness (J′) measures) of plant community composition variables (plot type, across plot type, 

and plot hydrology (emerged/submerged)) was evaluated using analysis of variance (ANOVA) 

with Tukey’s HSD test and/or paired Student’s t-test (p ≤ 0.05) or a two-tailed, paired Student’s 

t-test (p ≤ 0.05). Descriptive statistics (mean and standard error) were used in the graphical 

presentation of data and, unless otherwise specified (±), only the upper (+) standard error value 

was used to depict error bars. Similar to stem density counts, abundance measures were also 

natural log transformed to reduce data variability then back-transformed for presentation and 

discussion purposes.   

Limitations 

To detect trends in systems with high variation, like ecological systems, as large a sample 

size as possible is recommended (De Veaux et al., 2018). However, logistical, practicality, site 

suitability, or resource factors commonly restrict ecological field experiments from attaining 

large sample sizes (Krebs, 2014). This was the case in this study, and consequently, the limited 

sample size of 12 experimental plots and the large variability in stem density counts constrained 

efforts to complete a comprehensive statistical analysis of the data. Thus, while the analysis was 

able to detect statistically significant relationships in the vegetation and plant community 

composition measures, the validity, generalizability, and accuracy of the results exposed in this 

study would be strengthened by further replicating this experiment to increase the sample size.  
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Chapter 4: Results 

The vegetation metric results focus on two species (yellow flag iris and broadleaved 

cattail) that arose as significant during the statistical analysis. The other species that were 

recorded during data collection have been presented for informational purposes only. However, 

all species recorded during data collection were included in the plant community composition 

portion of the results section.   

Pre-Treatment Plant Community 

Vegetation Metrics 

In 2019, pre-treatment density counts revealed nine plant species occurring within all 12 

plots: three graminoids, four forbs, one woody species, and yellow flag iris (Figure 4 and 

Appendix A).   
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Figure 4 

Pre- and Post-Treatment Stem Density Counts by Location and Plot Number (n=12), for three 

Categories of Stem Densities: Iris, Native and Mixed 

 

  

 

Plant Community Composition Metrics 

Pre-treatment species richness (S), abundance, diversity (H′), and evenness (J′) measures 

varied across all 12 plots, plot types (native, mixed, or iris), and plot hydrology (emerged or 

submerged) (Figure 5 and Appendix B).  
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Figure 5 

Pre- and Post-Treatment Measures of Plant Community Composition by Plot Type, Across Plots, 

and Plot Hydrology 

 

  
a) Abundance b) S 

  
c) H′ d) J′ 

 

Note. Error bars indicate ±SE. Uneven error bars in the abundance measure graph indicate ±SE 

of log back-transformed data. Different letters (A or B) indicate significantly different values. 

Same letters (A) indicate that values are not significantly different. 
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Post-Treatment Plant Community Response 

Vegetation Metrics 

Upon removal of the benthic barrier treatment, most plots exhibited bare-ground 

conditions except for one emerged plot that had a high pre-treatment stem density count (211 

stems) of yellow flag iris (Figure 6). During the post-treatment vegetation sampling, 12 native 

plant species were recorded across all 12 plots: three graminoids, six forbs, two aquatics, and one 

woody species (Appendix A). In addition to yellow flag iris, two other introduced species were 

documented in post-treatment counts including Canada thistle (Cirsium arvense (L.) Scop.) and 

red sorrel (Rumex acetosella L.) (Appendix A). Post-treatment recolonization of the plots for 

most plant species appeared to be predominantly facilitated through seed. While most of the 

recolonizing plant species regenerated from seed, yellow flag iris populations in four emerged 

plots and 14 broadleaved cattail plants (seven plants in three emerged plots and seven in one 

submerged plot) appeared to regenerate from surviving underground organs (Figure 7). 
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Figure 6 

Conditions of Plots Immediately Following Removal of Benthic Barrier Treatment 

  
a) b) 

Note. a) Bare-ground condition of most emerged plots post-treatment; b) Survival of yellow flag 

iris on one high density emerged plot post-treatment. 
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Figure 7 

Example of Recolonization of Mature Yellow Flag Iris and Broadleaved Cattail Plants Observed 

in Some Plots from Surviving Underground Clonal Organs 

 

  
a)  b) 

  
c) d) 

Note. a) Condition of plot immediately following removal of the benthic barrier on June 25, 2021 

on plot #2-4; b) Red ovals indicate regrowth of mature yellow flag iris on plot #2-4 from 

surviving rhizomes by August 13, 2020; c) Condition of plot immediately following removal of 

the benthic barrier on June 25, 2021 on plot #1-2; d) Red oval indicates regrowth of mature 

broadleaved cattail on plot #1-2 from surviving rhizomes by September 2, 2021.   
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ANOVA analyses by plot type revealed no significant difference in plot stem density 

counts between pre- and post-treatment (F(2,18) = 0.49, p = 0.62,  = 0.05) (Figure 8). Therefore, 

the data was grouped across the 12 plots. 

Figure 8  

Change in Number of Stem Means by Plot Type  

 

Note. Error bars indicate +SE of log back-transformed data. Same letters (A) indicate that values 

are not significantly different. 

Treatment response by plant species across the 12 plots was highly variable. Based on 

analysis using a two-tailed, paired Student’s t-test, two species exhibited a strong response to the 

treatment; broadleaved cattail increased significantly (t(11) = 2.24, p = 0.046,  = 0.05) following 

the treatment with an average increase of 170 stems/plot (Figure 9a), while yellow flag iris 

experienced a significant decrease in stems (t(8) = -4.30, p = 0.003,  = 0.05) with an average 

decrease of 73 stems/plot (Figure 9b).  
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Figure 9  

Pre- and Post-Treatment Stem Density Means for Broadleaved Cattail and Yellow Flag Iris 

Across 12 Plots 

  
a) Broadleaved cattail b) Yellow flag iris 

 

Note. Error bars indicate +SE of log back-transformed data. Different letters (A or B) indicate 

significantly different values between pre- and post-treatment stem density counts. 

High-water levels affected the recovery of native wetland plants post-treatment. Plots that 

had no standing water (emerged) demonstrated a significantly higher recovery response than 

submerged plots (Figure 10). In fact, most of the submerged plots demonstrated limited 

recovery; and in one plot, no recovery at all. Overall, fourteen different species were recorded on 

emerged plots post-treatment compared to only three species on submerged plots.  
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Figure 10  

Post-Treatment Comparison of a Submerged and Emerged Plot 

Submerged Plot 

    
June 25, 2020 July 21, 2020 August 13, 2020 September 2, 2020 

Emerged Plot 

    
June 25, 2020 July 21, 2020 August 13, 2020 September 2, 2020 

 

Yellow flag iris and broadleaved cattail appeared once again as the two species showing 

statistically significant results based on an ANOVA analysis. Post-treatment stem density counts 

of yellow flag iris and broadleaved cattail combined were significantly higher on emerged plots 

than on submerged plots (F(1,19) = 10.25, p = 0.01,  = 0.05) (Figure 11). The interaction between 

yellow flag iris and broadleaved cattail and plot hydrology revealed a significantly higher post-

treatment stem density count of broadleaved cattail on emerged plots (60 stem mean/plot) than 
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the post-treatment stem density counts of broadleaved cattail or yellow flag iris on submerged 

plots (1 stem mean/plot and 0 stem mean/plot respectively) (F(3,17) = 5.25, p = 0.01,  = 0.05) 

(Figure 12). 

Figure 11  

Post-Treatment Stem Density Means of Both Broadleaved Cattail and Yellow Flag Iris Across 12 

Plots by Plot Hydrology 

 

Note. Error bars indicate +SE of log back-transformed data. Different letters (A or B) indicate 

significantly different values. 
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Figure 12  

Comparison of Post-Treatment Stem Density of Broadleaved Cattail and Yellow Flag Iris by Plot 

Hydrology 

 

Note. Error bars indicate +SE of log back-transformed data. Different letters (A or B) indicate 

significantly different values. Same letters (A or B) indicate that values are not significantly 

different. 

Water levels and stem density also affected the success of the benthic barrier treatment in 

removing yellow flag iris stands. Yellow flag iris regeneration did not occur on any of the plots 

with standing water. But yellow flag iris did regenerate on some of the emerged plots and it 

appeared that the stem density of the population affected the recovery potential. According to an 

analysis using ANOVA, stands with high pre-treatment densities of yellow flag iris stems (≥90 

stems per plot) regenerated significantly better than stands with low pre-treatment stem densities 

(<90 stems per plot) (F(1,4) = 14.32, p = 0.02,  = 0.05). In fact, stands with low pre-treatment 

stem densities did not recover but stands with high pre-treatment densities did regenerate on 

emerged plots (Figure 13).  
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Figure 13 

Comparison of Low and High Yellow Flag Iris Pre-Treatment Stem Density Counts on Emerged 

Plots Post-Treatment 

 

 

Note. Error bars indicate +SE of log back-transformed data. Different letters (A or B) indicate 

significantly different values. 

Plant Community Composition Metrics 

Similar to the results recorded in terms of vegetation metrics, no statistically significant 

difference was noted between pre- and post-treatment plant community composition metrics by 

plot type. ANOVA analyses of the difference between pre- and post-treatment measures of 

abundance (F(2,9) = 0.99, p = 0.41,  = 0.05), diversity (H′) (F(2,9) = 3.37, p = 0.08,  = 0.05), 

evenness (J′)  (F(2,9) = 1.61, p = 0.25,  = 0.05), or species richness (S) (F(2,9) = 0.16, p = 0.85,  

= 0.05) by plot type were not significantly different (Figure 14). Therefore, the data was grouped 

across the 12 plots. 
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Figure 14  

Difference Between Pre- and Post-Treatment Plant Community Composition Means by Plot Type 

  
a) Abundance b) S 

  
c) H′ d) J′ 

 

Note. Error bars indicate +SE. Abundance measure error bars indicate +SE of log back-

transformed data. Same letters (A) indicate that values are not significantly different. 

The difference between pre- and post-treatment measures of abundance, H′, J′, and S 

metrics across the 12 plots, as analyzed by a two-tailed, paired, Student’s t-test, revealed a 
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A
A

A

0

1

2

3

4

5

6

7

Iris Dominant Native
Dominant

Mixed Species

A
b

u
n

d
an

ce
 M

ea
su

re

Plot Type

A

A

A

0

1

2

3

4

5

6

7

Iris Dominant Native
Dominant

Mixed Species

S 
M

ea
su

re

Plot Type

A

A
A

0.0

0.1

0.2

0.3

0.4

0.5

0.6

Iris Dominant Native
Dominant

Mixed Species

H
' M

ea
su

re

Plot Type

A

A

A

0.0

0.1

0.2

0.3

0.4

0.5

0.6

Iris Dominant Native
Dominant

Mixed Species

J'
 M

ea
su

re

Plot Type



RECOVERY OF PLANTS AFTER BENTHIC BARRIER TREATMENT 58 

 

 

measurements of abundance (t(11) = -0.60, p = 0.56,  = 0.05), diversity (H′) (t(11) = 0.92, p = 

0.38,  = 0.05), or evenness (J′) (t(11) = -0.40, p = 0.70,  = 0.05) across the 12 plots (Figure 15a, 

15b and 15c). However, the measure of species richness (S) across the 12 plots revealed a 

significant increase between pre- and post-treatment counts (t(11) = 2.58, p = 0.03,  = 0.05) 

(Figure 15d).  
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Figure 15  

Pre- and Post-Treatment Comparison of Plant Community Composition Means Across 12 Plots 

  
a) Abundance b) H′ 

  
c) J′ d) S 

Note. Error bars indicate +SE. Abundance measure error bars indicate +SE of log back-

transformed data. Different letters (A or B) indicate significantly different values. Same letters 

(A) indicate that values are not significantly different between pre- and post-treatment measures 

of plant community composition metrics. 
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difference between pre- and post-treatment measures of species richness (S) by plot hydrology 

was significantly higher on emerged plots than on submerged plots (F(1,10) = 5.57, p = 0.04,  = 

0.05) (Figure 16a). The difference between pre- and post-treatment measures of abundance by 

plot hydrology was also significantly higher on emerged plots than on submerged plots (F(1,10) = 

21.72, p = 0.001,  = 0.05) (Figure 16b). There was no significant difference between diversity 

(H′) (F(1,10) = 0.68, p = 0.43,  = 0.05) or evenness (J′) (F(1,10) = 0.03, p = 0.86,  = 0.05) 

measures by plot hydrology (Figure 16c and Figure 16d).  
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Figure 16  

Difference Between Pre- and Post-Treatment Plant Community Composition by Plot Hydrology 

  
a) S b) Abundance 

  
c) H′ d) J′ 

 

Note. Error bars indicate +SE. Abundance measure error bars indicate +SE of log back-

transformed data. Different letters (A or B) indicate significantly different values. Same letters 

(A) indicate that values are not significantly different. 
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Chapter 5: Discussion 

Based on the results of my study, three major themes materialized that merit further 

exploration. The first is the effects of hydrological conditions on the control of yellow flag iris 

populations and the recovery of plant species. Another theme explores the influence of pre-

treatment plant community composition (native dominant, mixed species, or yellow flag iris 

dominant) on post-treatment recovery trajectories. The final theme examines five of the 

dominant recolonizing plant species in terms of the avoidance and/or tolerance traits they possess 

to recover post-treatment and their influence on initial measures of diversity (H′) and evenness 

(J′). I have separated the discussion of each of these themes in the three subsections that follow.     

Hydrological Conditions Affect Removal and Recovery in Response to Benthic Barriers 

In 2020, water levels on Lac La Hache were almost 50 cm higher than normal 

(Government of Canada, 2020b, 2020d).  High-water is associated with changes in 

environmental factors (e.g. light, soil nutrients and particle size, and gas exchange rates) that can 

create stressful conditions which physiologically constrain emergent macrophytic species within 

wetland ecosystems and the recovery process following disturbance (Cronk & Fennessy, 2001; 

Keddy, 2000). Consequently, high-water levels appeared to have assisted in enhancing the 

success of the benthic barrier treatment in killing yellow flag iris infestations and inhibited the 

recovery of native plant species. 

Benthic barrier treatments installed for a one-year period on sites with standing water 

exhibited greater control of yellow flag iris than sites without standing water. No yellow flag iris 

stems were recorded on submerged plots following removal of the treatment compared to an 

average of four stems per plot on emerged plots. The study by Tarasoff et al. (2016) also found 
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significant differences between yellow flag iris rhizome samples extracted from submerged and 

emerged plots; no living cells were seven times more likely to occur in rhizome samples taken 

from sites with standing water and only 3.6 times more likely from sites that had no standing 

water than their respective control samples after 150 days of treatment with benthic barriers. This 

suggests that infestations located on sites with continuous standing water may require the benthic 

barrier treatment to be installed for less time than sites without standing water, and supports the 

work of Tarasoff (2019) who recommended benthic barrier treatments be maintained on emerged 

yellow flag iris infestations for longer periods (>1 year) than treatments on submerged 

infestations (~4 months). 

The recovery trajectory of native wetland plants following benthic barrier treatment in 

conditions of high-water is somewhat inconclusive. Based on the initial recovery responses 

recorded on some of the submerged plots, it is possible that native plant communities in 

conditions with standing water will recover. However, that recovery may require more time than 

the current study allowed; the limited evidence available to understand the recovery trajectories 

of native wetland plants on submerged plots indicates that the length of the current study may 

have been too short (e.g. Maher Hasselquist et al., 2015). Some (e.g. Mitsch & Wilson, 1996) 

have argued that post-restoration monitoring work in freshwater marshes requires 15 – 20 year 

time frames to truly determine ecological recovery trajectories in terms of structure and function. 

However, their argument also conceded that the time required to achieve recovery to intact 

reference wetland condition was dependent on the scale and severity of the disturbance within 

the restored wetland (Mitsch & Wilson, 1996). As the spatial and temporal extent of the benthic 

barrier treatment was relatively small, it could be reasoned that a monitoring period of 15 – 20 
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years is excessive. Accordingly, an evaluation period of four years or more, as others 

recommend (Paveglio & Kilbride, 2000; Wilson et al., 2004), may be more suitable to provide a 

more conclusive understanding of the ecological recovery trajectories of native plant species on 

submerged plots. 

Nevertheless, the recorded effects of high-water on the initial recovery of native wetland 

plants are consistent with other work. Other studies have also attributed high-water levels to 

reduced recovery responses in native wetland plant species after disturbance (e.g. mowing, 

burning, herbicide treatment, digging) (Cranney, 2016; Lishawa et al., 2015; Rohal et al., 2019). 

Reductions in the recovery success of native plants in response to high-water suggests that a 

limited number of wetland plant species possess the traits necessary to tolerate or avoid the stress 

imposed by a disturbing event and high-water during the recolonization process.  

This suggestion is consistent with the ecological and biological dynamics of wetland 

plant species in response to disturbance and high-water. Most emergent wetland plant species 

possess the ability to regenerate vegetatively through underground organs (e.g. rhizomes) 

(Cornelissen et al., 2014; Moor et al., 2017). Vegetative regeneration increases the likelihood of 

emergent wetland plant survival following disturbance in submerged conditions because 

vegetative organs can access greater resource stores to fuel regeneration in adverse 

environmental conditions than seedlings (Catford & Jansson, 2014; Cronk & Fennessy, 2001). 

However in some cases, wetland plant community recovery is reliant on seed if a disturbance is 

severe enough to destroy the vegetative regeneration structures of pre-existing plants (Bossuyt & 

Honnay, 2008; Ooi, 2012). In my study, it appeared that the benthic barrier treatment effectively 

killed most vegetative regeneration structures and the severed plot perimeter eliminated access to 
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adjacent vegetative structures. Therefore, the recolonization process, except for the surviving 

yellow flag iris plants and several broadleaved cattail plants, was primarily enabled through seed.  

High-water levels are known to inhibit the germination of seed for many wetland plant 

species because the seedlings of most species cannot grow in conditions of low oxygen or low 

light (Crawford, 2003; Cronk & Fennessy, 2001). Seedlings can also be damaged by erosion or 

sediment disturbance from fish or the movement of water, and lack the capacity to access 

nutrients in conditions of low oxygen (nutrients may be in limited supply or difficult to 

sequester) (Crawford, 2003; Cronk & Fennessy, 2001). Consequently, seed germination is 

delayed in many wetland plant species until water levels recede to drawdown conditions (no 

standing water) (van der Valk, 1981) as significant decreases in measures of species richness, 

biomass, and stem densities in wetland plant seedlings have been recorded as water levels 

increase (Keddy & Constabel, 1986; Seabloom et al., 1998; van der Valk & Davis, 1978). Thus, 

the ecological and biological dynamics of high-water on seedling recruitment indicate that water 

depth will have a strong influence on the initial recolonization of wetland plants through seed 

regeneration, which is consistent with the reduced recovery response that was documented on the 

plots with standing water.  

It is increasingly recognized that successful invasive plant treatment and native plant 

community recovery outcomes are highly dependent on the environmental conditions occurring 

at a particular location (Kettenring & Adams, 2011; Prach et al., 2001; Prach & Hobbs, 2008). In 

my study, hydrological conditions affected the efficacy of killing yellow flag iris with benthic 

barrier treatments and the recovery of some native plant species, but treatment and recovery 

results at another geographic location may be influenced by variations in other environmental 
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conditions (Rohal, Cranney, & Kettenring, 2019). For instance, variations in environmental 

factors including fertility (Shoemaker, 2018), land-use history (Shoemaker, 2018), drought 

(Jutila, 2003), and soil particle size (Keddy & Constabel, 1986) have all been associated to 

constrain invasive plant removal and/or native plant community recovery efforts. As a result, 

examinations of the recovery of native plant communities in response to the control of yellow 

flag iris using benthic barriers in other locations with varying environmental conditions merits 

further exploration to inform practitioners and researchers. 

Limited Yellow Flag Iris Legacy Effects Support Positive Recovery Outcomes    

The legacy effects created by some invasive plant species, like yellow flag iris, can have 

a strong negative effect on the recovery of native plant communities following their removal 

(Cuddington, 2011; Kettenring & Adams, 2011; Pearson et al., 2016; Reid et al., 2009). 

Therefore, it was surprising that the differing pre-existing plant community types (mixed species, 

yellow flag iris dominant, or native dominant) demonstrated no significant variation in their 

recovery responses of native wetland plant species post-treatment. While native dominant plots 

exhibited slightly higher post-treatment counts of native plant stem densities and measures of 

species abundance, diversity (H′), evenness (J′), and species richness (S), the amount was not 

substantial over the mixed species or yellow flag iris dominant plots. 

These findings suggest that despite the displacement of native plant species that can occur 

through the presence of extensive rhizomatous networks, sites colonized by yellow flag iris 

appear equally likely to recover with native plant species following treatment with benthic 

barriers as uninvaded sites. Studies determining the response of native plants following removal 

of other rhizomatous wetland invaders have also reported positive recovery trajectories (Bonello 
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& Judd, 2020; Lishawa et al., 2015; Zimmerman et al., 2018). Successful recruitment of the 

seedbank persisting beneath the rhizome mats of the invasive cattail hybrid (Typha × glauca 

Godr.) has been attributed to the recovery of native wetland plants following its removal 

(Lishawa et al., 2015). Native wetland seedbanks containing a high diversity of species have also 

been documented to exist underneath monocultures of the rhizomatous wetland invader common 

reed (Phragmites australis (Cav.) Trin. ex Steud.) (Ailstock et al., 2001; Baldwin et al., 2010; 

Minchinton et al., 2006; Moore et al., 2012). Thus, these findings indicate that recovery of native 

plants in invaded wetlands is possible following benthic barrier treatment of yellow flag iris 

because a viable native plant seedbank may persist under yellow flag iris stands.        

Although my results are encouraging, increases in the temporal or spatial extent of yellow 

flag iris infestations may yet affect the seedbank or recovery of native wetland plant species. 

Lishawa et al. (2015) found positive overall recovery of native plant species following removal 

of the invasive cattail hybrid and also found that older stands of the invader had less species 

richness post-treatment than newer stands. Further, large spatial extents of an invasion are known 

to affect the availability of native plant propagule sources and consequently the recolonization of 

native plant species (Seabloom et al., 2003). However, it appears that the infestations of yellow 

flag iris used in my research may be limited in its spatial and temporal extent. Yellow flag iris 

was first documented at the study location in 2010 (MacKenzie, 2017; Provincial Government of 

BC, 2021) but remains categorized in the region as a “New Invader  - [a] newly established 

species, currently of limited distribution…” (Cariboo Chilcotin Coast Invasive Plant Committee, 

2020, p. 4). Therefore, it is unclear if the composition and abundance of native plant seedbanks 

underneath yellow flag iris infestations will become depleted as the size and age increases. 
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Dominant Plant Species’ Recovery: Responses, Traits, and Effects on Species H′ and J′ 

According to response rules, the available species pool and the traits those species 

possess that enable recovery within the prevailing environmental conditions of a specified habitat 

determines the response trajectory of ecological communities to an environmental disturbance 

(Keddy, 1992). The initial recovery response of available wetland plant species at my study 

location was dominated by a few species that mainly regenerated from the seedbank. Of the 

species that recolonized the plots post-treatment, the top five species (purple-leaved willowherb 

(Epilobium ciliatum Raf.), three-petaled bedstraw (Galium trifidum L.), willow spp. (Salix spp.), 

broadleaved cattail, and yellow flag iris) appeared to possess strong reliance on sexual 

regenerative tolerance and/or avoidance traits in response to disturbance. Key among those traits 

appears to be long-distance seed dispersal abilities, the production of high numbers of small 

seeds, and high seedling growth rates (Table 6). For example, broadleaved cattail produces some 

of the smallest seeds with an average recorded weight of 0.03 mg (Grime, 2001), yields some of 

the highest number of seeds, ranging between an estimated 20,000 to 700,000 in a single 

inflorescence (Grace & Harrison, 1986), and is capable of long-distance seed dispersal and rapid 

seedling growth and development (Gucker, 2008; Yeo, 1964).  

In my study, the strong recovery success in some plant species and lack of significant 

difference in species diversity (H′) and evenness (J′) measures recorded post-treatment may be 

the result of disparities in the composition of wetland seedbanks. Studies have reported species 

diversity (H′), species richness (S), and evenness (J′) measures in marsh seedbanks to be low 

relative to forest and grassland seedbanks and postulated that the seedbank composition is 

dominated by a few species (Bossuyt & Honnay, 2008; Hopfensperger, 2007). It has been 
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suggested that dominant wetland seedbank species are plants that possess traits that enable the 

production of the smallest sized and highest number of seeds (Eriksson & Eriksson, 1997). 

Consequently, plants species possessing strong sexual regenerative tolerance and/or avoidance 

traits, like the production of small-sized and high numbers of seeds, may be overrepresented 

within wetland seedbanks and exhibit a strong preliminary recovery to the initial detriment of 

species diversity (H′) and evenness (J′) in response to benthic barrier treatments. 
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Table 6 

Avoidance and/or Tolerance Traits of the Top Five Colonizing Species in Response to Disturbance. 

 

Disturbance Response: Avoidance/Tolerance Species 

Species that 

responds with 

equal reliance on 

avoidance and 

tolerance traits. 

Species that 

responds with 

slightly more 

reliance on 

tolerance traits. 

Species that 

responds with 

more reliance 

on tolerance 

traits. 

Species that 

responds with 

slightly more 

reliance on 

avoidance traits 

Species that 

responds with 

slightly more 

reliance on 

tolerance traits. 

T
ra

it
s 

T
o

le
ra

n
ce

 

Extensive Underground Systems  xe xh xj xo 

Regenerative Organs xc xe xh xj xl 

Reduced Plant Size/Leaf Area  xe xh  xl 

High Shoot Density   xg  xo 

High Growth Rate – Plant xd xf xg xj xo 

Above- and Below-Ground Clonal Organs xc xe xh xj xo 

High Growth Rate – Seedlings xd xf xi xk xo 

Persistent Seedbank xb    xn 

Prolonged Seed Dormancy xb    xn 

A
v

o
id

an
ce

 

Spreading Underground Systems  xe xh xj xo 

Reduced Plant Size/Leaf Area  xe xh  xl 

Flexible Stem/Leaf    xj  

High Growth Rate - Plant xd xf xg xj xo 

Above- and Below-Ground Clonal Organs xc xe xh xj xo 

Persistent Seedbank xb    xn 

Prolonged Seed Dormancy xb    xn 

High Number of Small Seeds xa xe  xj xm 

Long-distance Seed Dispersal xa  xg xj xl 

Colonizing Species 
Purple-leaved 

willowherb 

Three -petaled 

bedstraw 

Yellow flag iris Willow spp. Broadleaved 

cattail 

Note: a (CAB International, 2021; Krajšek & Jogan, 2004). b (CAB International, 2021). c (Antos et al., 1996; CAB International, 2021). d (Boutin & Keddy, 1993; 

CAB International, 2021). e (Gucker, 2005). f (Grime, 2001). g (USDA-APHIS, 2013). h (Jacobs et al., 2011; Stone, 2009; Sutherland, 1990; Tu, 2003). i 

(Sutherland, 1990). j (Gurnell, 2014). k (Gurnell, 2014; Leck & Simpson, 1993). l (Grace & Harrison, 1986; Gucker, 2008). m (Grace & Harrison, 1986; Leck & 

Simpson, 1993; Yeo, 1964). n (Grace & Harrison, 1986; Gucker, 2008; Leck & Simpson, 1993). o (Grace & Harrison, 1986; Gucker, 2008; Yeo, 1964).  
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It was not entirely surprising that some populations of the yellow flag iris and 

broadleaved cattail survived the benthic barrier treatment in emerged plots because both species 

are known to possess robust avoidance and tolerance traits (Table 6). Traits, like extensive 

underground networks of rooting structures with regenerative organs, enable recovery during 

periods of stress (Grace & Harrison, 1986; Sutherland, 1990) and are the reason it is 

recommended that benthic barrier treatments of yellow flag iris on emerged sites be installed for 

longer than one year (Tarasoff, 2019). However, it was surprising that seven of the broadleaved 

cattail plants that regenerated from surviving underground organs occurred in a submerged plot. 

Removing plant shoots below the waterline is known to deprive oxygen to underground organs, 

triggering anaerobic respiration which can have an immediate deleterious effect on the survival 

of Typha spp. (Jordan & Whigham, 1988; van der Valk, 1994) as appeared to be the case for all 

of the yellow flag iris populations in submerged plots. The regeneration of the seven mature 

broadleaved cattail plants in the submerged plots suggests that the rhizomes survived the 

treatment, but research into determining the viability of the underground organs of broadleaved 

cattail in submerged conditions using the benthic barrier treatment warrants further exploration. 

Though some yellow flag iris regenerated in four emerged plots, my results revealed that 

the benthic barrier treatment was successful in reducing or eliminating yellow flag iris stands 

with an 80% overall decrease in stem densities between pre- to post-treatment. Yellow flag iris 

populations in emerged plots with high pre-treatment stem densities (≥90 stems per plot) did 

regenerate, which is consistent with other studies that reported similar challenges in eradicating 

large, dense stands of common reed (Bonello & Judd, 2020; Quirion et al., 2018; Zimmerman et 

al., 2018). In the absence of eradication in the higher density, emerged yellow flag iris stands, 
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remnant populations may recover to pre-treatment densities or greater and constrain the 

regeneration of native plant species over time.    

In addition to the constraints that surviving yellow flag iris plants may impose on the 

long-term recovery of native plant species, other biotic factors can interact to alter community 

composition trajectories. Wetland animal or insect populations, for example, commonly 

influence the trajectories of plant community assemblages through the damage or eradication of 

emergent wetland vegetation that occurs from their daily foraging, feeding and/or nesting 

activities (Keddy, 2000; van der Valk, 1981). Consequently, I offer a caution that my results 

report recovery responses within a relatively short period comparative to the longevity of the 

plant species and ecological dynamics within wetlands (Maher Hasselquist et al., 2015; Mitsch & 

Wilson, 1996). As such, I expect that community compositions within the treated plots will 

likely continue to change beyond the initial recovery responses documented within this study. 
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Chapter 6: Conclusions and Recommendations 

Conclusions 

This study examined how the vacant niche created through the removal of yellow flag iris 

using benthic barrier treatments recovered in a temperate freshwater ecosystem in the Central 

Interior of BC. I evaluated the success of benthic barrier treatments installed for a one-year 

period in controlling yellow flag iris invasions, examined which plant species recolonize the 

treated area immediately following removal of the benthic barrier, and observed whether yellow 

flag iris leaves a legacy after its removal that influences the recovery native plant species.   

After examining the response of yellow flag iris invasions to benthic barrier treatments 

installed for one-year, I conclude that successful control of yellow flag iris is highly dependent 

upon hydrological conditions and the density of the invasion. Yellow flag iris stands were 

killed on plots with standing water but not completely killed on all the emerged plots. However, 

despite a higher incidence of survival on emerged plots, it appears that eradication is possible on 

sites without water for small stands with low stems densities (<90 stems per plot). 

I found that the rate and vigor with which local plant species recovered in response to the 

benthic barrier treatment was significantly contingent on prevailing environmental conditions 

and specific wetland plant avoidance and/or tolerance regenerative traits. Variation in normal 

climatic ranges resulted in increased precipitation and high-water levels within the region over 

2020. Consequently, the recovery of native plant species was found to be strongly constrained by 

high-water levels. On sites not affected by high-water, native wetland plant species (e.g., 

broadleaved cattail) possessing strong sexual regenerative tolerance and/or avoidance 
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traits, like the production of small-sized and high numbers of seeds, and demonstrated a 

greater recovery response than local plant species that lacked those traits.  

Based on the quantitative analysis, there is no evidence to suggest that yellow flag iris 

leaves a legacy after its removal that influenced the recovery of native wetland plant species: 

there was no significant difference between the recovery response on native plant dominated, 

mixed species, or iris dominant sites. Therefore, the evidence suggests that the potential for 

native plant species recovery is equally likely on invaded and uninvaded sites. 

Previous work has demonstrated the effectiveness of benthic barriers on controlling 

yellow flag iris (Tarasoff et al., 2016) and indicated that native plant community recovery is 

possible (Tarasoff, 2019). My examination provided evidence to support that work, but it was 

also unique in that this study was designed to capture a deeper understanding of the recovery of 

native plant communities to the removal of yellow flag iris using benthic barrier treatments. 

Unlike previous work, I was able to demonstrate the potential influence that hydrological 

conditions, yellow flag iris legacy effects, and plant avoidance and tolerance traits may have on 

native plant species recovery trajectories. Invasive plant management and ecological restoration 

practitioners can use this knowledge to inform control and recovery efforts.  

Recommendations 

If different sample sizes, temporal extents, variables, or environmental contexts were 

examined, it is possible that outcomes would vary from the results revealed in my study. 

Nevertheless, the results of my study emphasize the need for ecological restoration and invasive 

plant management practitioners to consider the influence environmental factors and time may 

have on preventing or enabling the removal of yellow flag iris with benthic barrier treatments 
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and the recovery of native plant species following treatment. Therefore, I offer the following 

recommendations for further study and for practitioners applying benthic barriers treatments to 

control yellow flag iris populations: 

Areas for Further Study in the use of Benthic Barrier Treatments to Control Yellow Flag Iris  

Recommendation 1: Further research should investigate the recovery response of native 

plant species to the removal of yellow flag iris using benthic barrier treatments on a sample size 

greater than 12. 

Recommendation 2: To better understand the long-term effectiveness of the benthic 

barrier in suppressing or eradicating yellow flag iris and the recovery of native plant 

communities in response to benthic barrier treatments, future research should conduct 

evaluations for several years post-treatment.  

Recommendation 3: It would be beneficial to expand the geographic range of locations 

that receive the benthic barrier treatment and the environmental variables measured in future 

experiments (e.g., land-use history, fertility, soil conditions, moisture regimes) to help 

researchers and practitioners more fully understand the context dependencies that may prevent 

successful yellow flag iris removal or native plant community recovery.  

Recommendation 4: Further research should consider comparing seedbank compositions 

and the recovery of native plant species between larger, older infestations of yellow flag iris and 

smaller, newer infestations following benthic barrier treatments to determine if age of infestation 

and size has an effect.                
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Recommendation 5: It would be beneficial to conduct future research to determine the 

viability of underground organs (e.g., rhizomes, tubers, bulbs) of wetland plant species (e.g., 

broadleaved cattail) in submerged conditions in response to benthic barrier treatments.      

Considerations for Practitioners Applying the Benthic Barrier Method to Control Yellow Flag 

Iris  

Recommendation 1: In accordance with Tarasoff (2019), practitioners should consider 

maintaining benthic barrier treatments on unsubmerged yellow flag iris sites for a period greater 

than one-year. In addition, practitioners should ensure that the rhizomes of yellow flag iris are 

dead before removing the benthic barriers. Dead rhizomes will appear brown or blackish in 

appearance rather than a pinkish, orange and feel soft or squishy rather than firm (Tarasoff, 

2019).  

Recommendation 2: To decrease the length of time that the benthic barrier remains in-

place, practitioners should consider installing the benthic barrier when water levels are expected 

to rise and remain high for at least four months.  

Recommendation 3: Practitioners should attempt to control populations of yellow flag iris 

on emerged sites with benthic barriers before the infestation covers a large spatial extent and 

stem densities become high. 

Recommendation 4: To support a faster rate of native plant recovery through wetland 

seedbank recruitment, practitioners should consider timing the removal of the benthic barrier 

during periods of low water levels.  
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Recommendation 5: Practitioners should consider implementing a long-term monitoring 

plan following treatment of yellow flag iris with benthic barriers to support desired recovery 

trajectories of native plant communities.  
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Appendix A 

Recorded Pre- to Post-Treatment Vegetation Metrics 

Site Genus-Species 
Plot 

Type 

Plot 

Number 

Water 

Coverage 
Status 

Pre-

Treatment 
Count 

Post-

Treatment 
Count 

Change 

in 
Number 

Log Pre-

Treatment 

Log Post-

Treatment 

Log Pre- 
to Post-

Treatment 

Difference 

1 Iris pseudacorus Mixed 1 Submerged 42 0 -42 3.74 -1.34 -5.12 

1 Myriophyllum 

verticillatum 

Mixed 1 Submerged 0 7 7 -1.39 1.95 3.33 

1 Typha latifolia Mixed 1 Submerged 18 0 -18 2.89 -1.39 -4.28 

1 Iris pseudacorus Mixed 2 Submerged 54 0 -54 3.99 -1.39 -5.38 

1 Myriophyllum 

verticillatum 

Mixed 2 Submerged 0 1 1 -1.39 0 1.39 

1 Typha latifolia Mixed 2 Submerged 16 7 -9 2.77 1.95 -0.83 

1 Cicuta bulbifera Iris 3 Emerged 0 1 1 -1.39 0 1.39 

1 Cicuta douglasii Iris 3 Emerged 0 1 1 -1.39 0 1.39 

1 Cirsium arvense Iris 3 Emerged 0 2 2 -1.39 0.69 2.08 

1 Epilobium ciliatum 

E. watsonii 

Iris 3 Emerged 0 40 40 -1.39 3.69 5.08 

1 Iris pseudacorus Iris 3 Emerged 140 15 -125 4.94 2.71 -2.23 

1 Myriophyllum 

verticillatum 

Iris 3 Emerged 0 1 1 -1.39 0 1.39 

1 Sedge spp. Iris 3 Emerged 0 3 3 -1.39 1.10 2.49 

1 Typha latifolia Iris 3 Emerged 6 0 -6 1.79 -1.39 -3.18 

1 Myriophyllum 

verticillatum 

Native 4 Submerged 0 1 1 -1.39 0 1.39 

1 Sagittaria latifolia Native 4 Submerged 0 1 1 -1.39 0 1.39 

1 Typha latifolia Native 4 Submerged 19 0 -19 2.94 -1.39 -4.33 

2 Arnica 

amplexicaulis 

Native 1 Emerged 0 41 41 -1.39 3.71 5.10 

2 Carex spp Native 1 Emerged 40 53 13 3.69 3.97 0.28 

2 Cicuta douglasii Native 1 Emerged 0 3 3 -1.39 1.10 2.49 

2 Cirsium arvense Native 1 Emerged 0 3 3 -1.39 1.10 2.49 

2 Epilobium ciliatum 
E. watsonii 

Native 1 Emerged 0 101 101 -1.39 4.62 6.00 

2 Galium trifidum Native 1 Emerged 0 28 28 -1.39 3.33 4.72 

2 Lysimachia 

thyrsiflora 

Native 1 Emerged 2 0 -2 0.69 -1.39 -2.08 

2 Polygonum spp Native 1 Emerged 9 0 -9 2.20 -1.39 -3.58 

2 Salix spp. Native 1 Emerged 0 99 99 -1.39 4.60 5.98 

2 Scripus spp Native 1 Emerged 17 0 -17 2.83 -1.39 -4.22 

2 Scutellaria 

galericulata 

Native 1 Emerged 0 11 11 -1.39 2.40 3.78 

2 Typha latifolia Native 1 Emerged 32 905 873 3.47 6.81 3.34 

2 Veronica 

americana 

Native 1 Emerged 1 0 -1 0 -1.39 -1.39 

2 Arnica 

amplexicaulis 

Mixed 2 Emerged 0 6 6 -1.39 1.79 3.18 

2 Carex spp Mixed 2 Emerged 0 6 6 -1.39 1.79 3.18 

2 Cicuta douglasii Mixed 2 Emerged 0 3 3 -1.39 1.10 2.49 

2 Iris pseudacorus Mixed 2 Emerged 90 4 -86 4.50 1.39 -3.11 

2 Lysimachia 

thyrsiflora 

Mixed 2 Emerged 3 0 -3 1.10 -1.39 -2.49 

2 Polygonum spp Mixed 2 Emerged 3 0 -3 1.10 -1.39 -2.49 

2 Rumex acetosella Mixed 2 Emerged 0 2 2 -1.39 0.69 2.08 

2 Salix spp. Mixed 2 Emerged 0 91 91 -1.39 4.51 5.90 

2 Typha latifolia Mixed 2 Emerged 34 287 253 3.53 5.66 2.13 
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2 Arnica 
amplexicaulis 

Mixed 3 Emerged 0 14 14 -1.39 2.64 4.03 

2 Carex spp Mixed 3 Emerged 8 21 13 2.08 3.05 0.97 

2 Cicuta douglasii Mixed 3 Emerged 0 1 1 -1.39 0 1.39 

2 Epilobium ciliatum 
E. watsonii 

Mixed 3 Emerged 0 18 18 -1.39 2.89 4.28 

2 Galium trifidum Mixed 3 Emerged 0 10 10 -1.39 2.30 3.69 

2 Iris pseudacorus Mixed 3 Emerged 114 10 -104 4.74 2.30 -2.43 

2 Potentilla palustris Mixed 3 Emerged 8 0 -8 2.08 -1.39 -3.47 

2 Salix spp. Mixed 3 Emerged 0 35 35 -1.39 3.56 4.94 

2 Scutellaria 
galericulata 

Mixed 3 Emerged 0 2 2 -1.39 0.69 2.08 

2 Typha latifolia Mixed 3 Emerged 21 395 374 3.04 5.98 2.93 

2 Arnica 

amplexicaulis 

Iris 4 Emerged 0 2 2 -1.39 0.69 2.08 

2 Carex spp Iris 4 Emerged 0 1 1 -1.39 0 1.39 

2 Cicuta douglasii Iris 4 Emerged 0 1 1 -1.39 0 1.39 

2 Cirsium arvense Iris 4 Emerged 0 1 1 -1.39 0 1.39 

2 Epilobium ciliatum 

E. watsonii 

Iris 4 Emerged 0 25 25 -1.39 3.22 4.61 

2 Iris pseudacorus Iris 4 Emerged 211 132 -79 5.35 4.88 -0.47 

2 Salix spp. Iris 4 Emerged 0 135 135 -1.39 4.91 6.29 

2 Typha latifolia Iris 4 Emerged 0 229 229 -1.39 5.43 6.82 

3 Carex spp Iris 1 Submerged 5 0 -5 1.61 -1.39 -3.00 

3 Iris pseudacorus Iris 1 Submerged 152 0 -152 5.02 -1.39 -6.41 

3 Typha latifolia Iris 1 Submerged 5 0 -5 1.61 -1.39 -3.00 

3 Veronica 

americana 

Iris 1 Submerged 1 0 -1 0 -1.39 -1.39 

3 Carex spp Mixed 2 Emerged 36 1 -35 3.58 0 -3.58 

3 Cicuta douglasii Mixed 2 Emerged 0 4 4 -1.39 1.39 2.77 

3 Epilobium ciliatum 
E. watsonii 

Mixed 2 Emerged 0 9 9 -1.39 2.20 3.58 

3 Galium trifidum Mixed 2 Emerged 0 3 3 -1.39 1.10 2.49 

3 Iris pseudacorus Mixed 2 Emerged 5 0 -5 1.61 -1.39 -3.00 

3 Lysimachia 
thyrsiflora 

Mixed 2 Emerged 8 0 -8 2.08 -1.39 -3.47 

3 Rumex acetosella Mixed 2 Emerged 0 2 2 -1.39 0.69 2.08 

3 Salix spp. Mixed 2 Emerged 1 0 -1 0 -1.39 -1.39 

3 Typha latifolia Mixed 2 Emerged 8 275 267 2.08 5.62 3.54 

3 Arnica 
amplexicaulis 

Native 3 Emerged 0 1 1 -1.39 0 1.39 

3 Carex spp Native 3 Emerged 19 2 -17 2.94 0.69 -2.25 

3 Cicuta bulbifera Native 3 Emerged 0 1 1 -1.39 0 1.39 

3 Cicuta douglasii Native 3 Emerged 0 7 7 -1.39 1.95 3.33 

3 Epilobium ciliatum 
E. watsonii 

Native 3 Emerged 0 9 9 -1.39 2.20 3.58 

3 Galium trifidum Native 3 Emerged 0 8 8 -1.39 2.20 3.47 

3 Lysimachia 

thyrsiflora 

Native 3 Emerged 3 0 -3 1.10 -1.39 -2.49 

3 Typha latifolia Native 3 Emerged 7 110 104 1.95 4.71 2.76 

3 Carex spp Mixed 4 Emerged 2 19 17 0.69 2.94 2.25 

3 Cicuta douglasii Mixed 4 Emerged 0 3 3 -1.39 1.10 2.49 

3 Epilobium ciliatum 

E. watsonii 

Mixed 4 Emerged 0 8 8 -1.39 2.08 3.47 

3 Iris pseudacorus Mixed 4 Emerged 7 0 -7 1.95 -1.39 -3.33 

3 Lysimachia 
thyrsiflora 

Mixed 4 Emerged 21 0 -21 3.05 -1.39 -4.43 

3 Typha latifolia Mixed 4 Emerged 7 1 -6 1.95 0 -1.95 

3 Veronica 

americana 

Mixed 4 Emerged 6 0 -6 1.79 -1.39 -3.18 
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Appendix B 

Recorded Pre- to Post-Treatment Plant Community Composition Metrics: Abundance 

 Pre-

Treatment 

Pre-

Treatment 

Log 

Pre-

Treatment 

Back-

Transformed 

Post-

Treatment 

Post-

Treatment 

Log 

Post-

Treatment 

Back-

Transformed 

Mixed Plots 

Mean 85.33 1.89 6.59 207.5 1.84 6.27 

Standard 

Error 
75.57 0.09   75.57 0.35   

Upper 

SE 
    0.65     3.58 

Lower 

SE 
    0.52     1.45 

Iris Dominant Plots 

Mean 173.33 2.23 9.33 196.42 1.31 3.69 

Standard 

Error 
147.7 0.05   147.76 0.99   

Upper 

SE 
    0.49     60 

Lower 

SE 
    0.4     0.85 

Native Dominant Plots 

Mean 49.67 1.58 4.86 461.67 1.85 6.34 

Standard 

Error 
367.33 0.22   367.33 0.82   

Upper 

SE 
    1.75     48.7 

Lower 

SE 
    0.69     1.43 

Across Plots 

Mean 98.42 1.9 6.66 268.27 1.71 5.51 

Standard 

Error 
101.73 0.09   101.73 0.33   

Upper 

SE 
    0.7     2.66 

Lower 

SE 
    0.57     1.29 

Emerged Plots 

Mean 108.63 1.96 7.07 400.25 2.38 10.78 

Standard 

Error 
133.53 0.11   133.53 0.19   

Upper 

SE 
    0.86     2.55 

Lower 

SE 
    0.67     1.63 

Submerged Plots 

Mean 78 1.78 5.92 4.31 0.36 1.44 

Standard 

Error 
31.24 0.19   31.24 0.35   

Upper 

SE 
    1.57     0.92 

Lower 

SE 
    0.85     0.3 
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Recorded Pre- to Post-Treatment Plant Community Composition Metrics: H′ 

 Pre-

Treatment 

Post-

Treatment 

Mixed Plots 

Mean 0.66 0.58 

Standard 

Error 
0.17 0.12 

Iris Dominant Plots 

Mean 0.24 0.4 

Standard 

Error 
0.04 0.31 

Native Dominant Plots 

Mean 0.82 0.84 

Standard 

Error 
0.32 0.1 

Across Plots 

Mean 0.59 0.72 

Standard 

Error 
0.12 0.1 

Emerged Plots 

Mean 0.68 0.88 

Standard 

Error 
0.18 0.1 

Submerged Plots 

Mean 0.43 0.39 

Standard 

Error 
0.09 0.1 
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Recorded Pre- to Post-Treatment Plant Community Composition Metrics: S 

 Pre-

Treatment 

Post-

Treatment 

Mixed Plots 

Mean 3.67 5.33 

Standard 

Error 
0.56 0.99 

Iris Dominant Plots 

Mean 2.33 5.08 

Standard 

Error 
0.88 2.43 

Native Dominant Plots 

Mean 3.33 6 

Standard 

Error 
1.45 2.08 

Across Plots 

Mean 3.25 5.44 

Standard 

Error 
0.48 0.84 

Emerged Plots 

Mean 3.75 7.13 

Standard 

Error 
0.59 0.58 

Submerged Plots 

Mean 2.25 2.06 

Standard 

Error 
0.63 0.65 
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Recorded Pre- to Post-Treatment Plant Community Composition Metrics: J′ 

 Pre-

Treatment 

Post-

Treatment 

Mixed Plots 

Mean 0.65 0.36 

Standard 

Error 
0.07 0.1 

Iris Dominant Plots 

Mean 0.16 0.39 

Standard 

Error 
0.08 0.2 

Native Dominant Plots 

Mean 0.51 0.63 

Standard 

Error 
0.26 0.19 

Across Plots 

Mean 0.49 0.44 

Standard 

Error 
0.09 0.08 

Emerged Plots 

Mean 0.53 0.46 

Standard 

Error 
0.11 0.06 

Submerged Plots 

Mean 0.4 0.39 

Standard 

Error 
0.18 0.24 

 

 


