


Chapter 5 
Wild Rice (Zizania spp.) as a Model 
Macrophyte Toxicity Test Species 
for Ecotoxicological Risk Assessment 

Stefanie Kornberger, Heather M. R. Jovanovic, Mark L. Hanson , 
and Braedon W. Humeniuk 

Abstract This chapter outlines the life history of wild rice (Zizania spp.), assesses 
their ecological, sociocultural, and economic relevance, reviews the current state of 
knowledge around their use as a test species, and makes recommendations around 
their possible inclusion in ecological risk assessments. Northern wild rice (Zizania 
palustris) holds significant importance to North American Indigenous communities, 
is an integral aspect of wetland structure and function, and is rising in commer-
cial demand and value due to their high nutritional content and long shelf-life. 
While Z. palustris has been used as a species in toxicity assessments, a standard 
test protocol has not yet been established. We performed a review to assess the utility 
and identify gaps in the available peer-reviewed literature for wild rice toxicity studies 
pertaining to methodology and experimental design. We found 11 articles reporting 
22 studies that specifically examined the responses of Z. palustris to contaminants 
under controlled conditions (laboratory or mesocosm studies). The studies were 
evaluated for methodological reporting in five categories: (1) test organism; (2) test 
conditions; (3) test media; (4) experimental design; and (5) test performance. The 
conditions for stratification and control performance, both crucial for experimental 
replication and credibility, were under-reported in the literature (only 45% and 14% 
of studies, respectively). It was also found that conditions for seed storage were 
highly ambiguous or were not included at all. There were few consistent approaches 
between different research groups when conducting wild rice toxicity studies. We 
recommend that wild rice toxicity test reports incorporate experimental conditions in 
detail to ensure both transparency as well as to facilitate the ability of others to adopt

Throughout this chapter, wild rice is referred to as “they/them”. In Anishinaabemowin (the shared 
language of the Algonquin, Mississauga, Nipissing, Odawa, Ojibwe, Potawatomi, and Saulteaux 
North American Indigenous peoples), northern wild rice, or manoomin, is grammatically referred 
to as “him/her/them”, as opposed to “it”, since they are not viewed as inanimate “resources” by 
the Anishinaabeg (Vizenor 2008). This important distinction in translation highlights the need for 
Western societies to recognize the rights of all organisms, not just humans and animals. 
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Z. palustris as a toxicity test species. Overall, wild rice has potential as a macrophyte 
toxicity test species, but significant work is required to validate methods to ensure 
repeatable and reproducible data across various life stages. 

5.1 Introduction 

As outlined in Chap. 1, macrophytes are an essential component of nontarget toxi-
city characterization when assessing the risk to aquatic ecosystems; however, their 
widespread use in ecotoxicological testing is still relatively lacking, with most studies 
focusing on a narrow range of species. Many ecological risk assessments rely on a 
single macrophyte test species to extrapolate responses to population, community, 
or ecosystem-level effects for this class of organisms. This has led to concerns about 
the predictive capabilities of these assessments, especially under varying exposure 
scenarios (e.g., sediment, water column, or aerial exposure). As it pertains to primary 
producers, standardized algae and duckweed tests offer advantages for characterizing 
the effects of contaminants present in the water column (e.g., cost-effective, quick, 
and simple to conduct); however, they may lack ecological relevance for sediment-
bound toxicants. To reduce uncertainty when characterizing the risk to nontarget 
organisms, representation of macrophytes with different morphologies and expo-
sure pathways (e.g., rooted emergent species) are needed in the standard regulatory 
risk assessment process. As such, wild rice (Zizania spp.) may be a suitable candi-
date for inclusion into the battery of test species when assessing the risk to wetland 
ecosystems. 

Wild rice species (Zizania spp.) are rooted emergent aquatic macrophytes that 
are indigenous to North America (except for Manchurian wild rice, Z. latifolia), 
resulting in potential exposure to toxicants bound to sediment, suspended in the 
water column, or deposited aerially. Additionally, studies have found that wild rice 
is sensitive under both laboratory and field conditions, predominantly conducted 
using the species Zizania palustris (Durkee Walker et al. 2006, 2010; Fort et al.  
2014, 2017, 2020; Johnson et al. 2019; LaFond-Hudson et al. 2018; Malvick and 
Percich 1993; Nimmo et al. 2003; Pastor et al. 2017; Sims et al. 2012). Overall, wild 
rice presents the opportunity to address some of the identified gaps in macrophyte 
testing within North American ecotoxicological risk assessments. 

To extrapolate meaningful and relevant results from toxicity tests, six criteria 
should be considered when selecting an appropriate test organism: (1) a group of 
species representing a broad range of sensitivities should be used whenever possible, 
as sensitivities vary among species; (2) species that are widely abundant and avail-
able should be considered; (3) species that are indigenous to or representative of the 
ecosystem of interest should be studied whenever possible; (4) species of ecolog-
ical, cultural, or commercial importance should be included; (5) species should be 
amenable to routine maintenance, with techniques available for culturing and rearing 
in the laboratory to facilitate both acute and chronic tests; and (6) species with
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adequate background information (e.g., their genetics, physiology, and behavior) 
may allow for test results to be more easily interpreted, and should be considered 
(Rand et al. 1995). In this chapter, we examine how wild rice would meet these 
expectations, as well as reviewing the current state of knowledge and making recom-
mendations to promote their inclusion as an alternative test species in ecological risk 
assessment. 

5.2 Wild Rice Life History 

Wild rice species (Zizania spp.) are emergent aquatic macrophytes that grow in dense 
(often monotypic) stands, typically in freshwater riparian and littoral zones (Ahmad 
et al. 2018; Crow and Hellquist 2006; LaFond-Hudson et al. 2018; Myrbo et al. 2017; 
Pastor et al. 2017; Wetzel 1975). They are monocotyledonous flowering grasses of 
the Family Poaceae (Aiken et al. 1988; Crow and Hellquist 2006; Pastor et al. 2017; 
Terrell et al. 1997). They have also been classified as part of the Tribe Oryzeae, as 
there is extensive genetic colinearity and synteny between wild rice (Zizania spp.) 
and domesticated rice (Oryza sativa), with differences primarily occurring in the 
number of chromosomes (e.g., wild rice has 15 pairs, while domesticated rice has 
12) and total DNA content (e.g., wild rice has two times more than domesticated rice) 
(Grombacher et al. 1996; Hass et al.  2003; Kennard et al. 2000; Porter 2019). There 
are four recognized species of wild rice within the genus Zizania L.; two of which are 
annual species, Z. palustris L. (northern wild rice) and Z. aquatica L. (southern wild 
rice), and the other two are perennial species, Z. latifolia (Griseb.) Turcz. ex Stapf 
(Manchurian wild rice), and Z. texana Hitchc. (Texas wild rice) (Ahmad et al. 2018; 
Aiken et al. 1988; Archibold 2003; Crow and Hellquist 2006; Duvall and Biesboer 
1988; Porter 2019; Terrell et al. 1997). In this chapter, we primarily focus on northern 
wild rice (Z. palustris) and discuss the other species for context and contrasting. 

Northern wild rice (Z. palustris) is the most prevalent of the four species, and due 
to their larger seed size, they have been traditionally and commercially harvested 
as a food source (Archibold 2003; Porter 2019). They are predominantly found in 
freshwater wetlands, slow-moving rivers and streams, and the shallow waters of lakes 
within the Great Lakes and Boreal Forest regions of Canada and the United States, 
as seen in Fig. 5.1 (Ahmad et al. 2018; Aiken et al. 1988; Archibold 2003; Crow  
and Hellquist 2006; Duquette and Kimball 2020; Fort et al.  2014; LaFond-Hudson 
et al. 2018; Malvick and Percich 1993; Pastor et al. 2017; Porter 2019). Southern 
wild rice (Z. aquatica) can be found along the Atlantic coastal plains of Canada and 
the United States, with one variety (Z. aquatica var. brevis Fassett) found in the tidal 
waters and tributaries of the St. Lawrence River in Quebec (Aiken et al. 1988; Crow  
and Hellquist 2006; Terrell et al. 1997). Manchurian wild rice (Z. latifolia) is widely  
grown in southeastern Asia, primarily as a cultivated crop (Surendiran et al. 2014; 
Terrell et al. 1997; Xu et al.  2010). Texas wild rice (Z. texana) is an endangered 
species that is native to a small portion of the upper San Marcos River in Texas 
(Porter 2019; Surendiran et al. 2014; Xu et al.  2010).
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Fig. 5.1 Map of the distribution of northern wild rice (Zizania palustris) across Canada and the 
United States, excluding artificial paddies for commercial harvesting. The natural ranges of both 
Z. palustris var palustris and Z. palustris var interior were included and adapted from maps by 
Barkworth et al. (2007) and  Porter  (2019) 

Aside from distribution and life cycle duration (annual versus perennial), spikelet 
anatomy is a reliable characteristic for distinguishing between the species, as the 
morphology of the pistillate lemmas and paleas of Z. palustris are coriaceous (i.e., 
leathery), whereas the intercostal species (e.g., Z. aquatica, Z. latifolia, and Z. texana) 
are chartaceous (i.e., papery), as described by Crow and Hellquist (2006), Duvall 
and Biesboer (1988), and Porter (2019). The two varieties of Zizania palustris are 
Z. palustris var. palustris and Z. palustris var. interior, both of which are commonly 
referred to as northern wild rice (Ahmad et al. 2018; Archibold 2003; Crow and 
Hellquist 2006). These can be distinguished based on height, leaf width, ligule 
length, and number of spikelets on the lower pistillate branches, as Z. palustris 
var. palustris has a height of about 0.7–1.5 m, 3–15 mm wide leaves, 3–5 mm long 
ligules, and 2–8 spikelets, while Z. palustris var. interior has a height of 0.9–3 m, 
20–40 mm wide leaves, 10–15 mm long ligules, and 9–30 spikelets (Ahmad et al. 
2018; Crow and Hellquist 2006). Wild rice (hereafter referring to the annual species 
Z. palustris and Z. aquatica collectively) are heterophyllus, with submerged and
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floating leaves preceding mature aerial leaves and the production of aerial reproduc-
tive organs (Wetzel 1975). They typically have short roots, long, narrow blade-like 
leaves, hollow, cylindrical stems, a panicle at the apex for the type of inflorescence, 
with spikelets of the upper inflorescence branches pistillate (female), and spikelets of 
the lower branches staminate (male) (Ahmad et al. 2018; Crow and Hellquist 2006; 
Surendiran et al. 2014). With their roots only extending into the shallow depths of 
the sediment, there is an increased risk of exposure to sediment-bound contaminants 
(i.e., those that form residues near the top of the sediments) in comparison to deeper 
rooting macrophytes. In addition, these short roots are easily pulled up, which can 
be ideal when examining root and shoot endpoints directly. As annual macrophytes, 
they must undergo all allocation processes required to complete their life cycle within 
the same year as their germination, often resulting in trade-offs between seed, leaf, 
stem, and root development if carbon or nutrients are limited (Sims et al. 2012). 
Wild rice has been found to respond plastically to environmental conditions, as the 
morphology of wild rice typically varies between natural stands and years. However, 
when seeds are grown in similar conditions, the variation significantly decreases 
(Archibold et al. 1989; Durkee Walker et al. 2010; Sims et al. 2012). Therefore, it is 
important to maintain appropriate water levels (ideally 0.75–1 m) when establishing 
wild rice stands, as greater water depths produce plants with longer, thinner stems 
and fewer seed heads (Archibold et al. 1989; Archibold 2003). 

With the male and female flowers separate from each other on the same stalk, 
wild rice cross-pollinates to reproduce, and with clusters of receptive female florets 
emerging prior to the male florets, the chances of self-pollination are low, as females 
are often pollinated before the males emerge and shed pollen (Duquette and Kimball 
2020). As seeds mature, they will shatter from the panicle, falling to the bottom of 
the water column to overwinter in the sediments in a dormant state. However, during 
commercial production, seeds are harvested and stored in near freezing water to 
mimic overwintering in controlled settings (Duquette and Kimball 2020; Grombacher 
et al. 1996). Early growth stages are susceptible to being uprooted or drowned by 
wave action if there is too much wind or the water depth is greater than 2.5 m (Aiken 
et al. 1988; Archibold 2003; Porter 2019). Wild rice does require water for growth, 
but does not grow well in saline, alkaline, or acidic water that is low in essential 
nutrients, as optimal alkalinity values range from 40 to 80 mg/L and optimal pH 
values range from 6.9 to 7.4 (Archibold 2003). Optimal wild rice habitats have long, 
cold winters, as seeds will germinate at low rates if the winter is too short or too warm 
(Ahmad et al. 2018; Myrbo et al. 2017). Additionally, transparent surface waters in 
the spring and summer are ideal, as low water clarity can inhibit photosynthesis prior 
to emergence (Ahmad et al. 2018; Myrbo et al. 2017). 

In more northern latitudes, wild rice commence their annual life cycle with seed 
germination in the spring (i.e., May), followed by emergence from the sediment 
and water column typically in June, continuing their vegetative growth throughout 
the summer, with flowering and seed production usually beginning in August, and 
then the seeds begin to shed in autumn (Fig. 5.2); the plant dies as temperatures 
drop at the end of the season and seeds overwinter in the sediment until the cycle 
begins again the following spring (Grava and Raisanen 1978; LaFond-Hudson et al.
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Fig. 5.2 The life cycle of northern wild rice (Zizania palustris). Seeds germinate in the sediment, 
with the development of the primary root (radicle). The mesocotyl then emerges from the sediment 
and elevates the coleoptile, which sheathes the emerging shoot and first leaf. This is followed by 
the floating-leaf stage, with further development of the roots. Next is the aerial leaf stage, where 
the plant begins to emerge out of the water. Then, at the mature plant stage, prop roots arise from 
the stem to provide additional support, and there is the development of the panicle, comprised 
of staminate spikelets (male florets) and pistillate spikelets (female florets). Potential contaminant 
exposure pathways are highlighted in red

2018; Sims et al. 2012). The plant requires approximately 120 days to reach maturity 
from germination (Archibold 2003). Seeds will penetrate the upper 2–5 cm of the 
sediment after falling through the water column, and this is where seed germination 
and early seedling growth (e.g., development of primary root and shoot) occurs the 
following spring (Pastor et al. 2017). Young plants are submerged for their first 3 
to 4 weeks of growth and then long, thin leaves reach the top of the water column 
as they enter the floating-leaf stage (Archibold 2003). The floating leaves fix carbon 
into carbohydrates for root production and subsequently nutrient (e.g., nitrogen and 
phosphorous) uptake (Pastor et al. 2017). They will then progress to the aerial stage, 
with the stem emerging out of the water, and then as they enter the reproductive 
cycle, the panicle emerges, the stem elongates, the flowers develop for pollination, 
and the seeds begin to mature prior to senescence (Duquette and Kimball 2020). 
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5.3 Wild Rice Ecological Relevance 

Wild rice plays an integral role in the structure and function of freshwater ecosys-
tems. Emergent angiosperms (such as wild rice) are highly productive macrophytes, 
due to the abundance of available water and nutrients in sediments compared to 
floating macrophytes, and the greater availability of atmospheric carbon dioxide 
and oxygen compared to submerged macrophytes (Wetzel 1975). Emergent macro-
phytes are often found within the littoral region of small and shallow lakes, and as 
such are a major source of organic matter synthesis, contributing significantly to 
the productivity and metabolism regulation of the whole lake ecosystem (Wetzel 
1975). By converting carbon dioxide and solar energy to organic matter via primary 
production, they provide food and habitat resources for herbivores, omnivores, and 
detritivores in aquatic ecosystems (Arts et al. 2008, 2010; Fairchild et al. 1998; 
Wetzel 1975). Wild rice is a vital food source for waterfowl, muskrats, beavers, 
moose, and other wildlife (Aagaard et al. 2019; Archibold 2003; Crow and Hellquist 
2006; Fort et al.  2014; Myrbo et al. 2017; Pastor et al. 2017). Wild rice also provides 
habitat and shelter for both aquatic and terrestrial organisms, as the dense monotypic 
stands hide them from predators (Lewis 1995; Myrbo et al. 2017; Pastor et al. 2017). 
Wild rice stands are especially valuable resources for migrating waterfowl and other 
wetland birds, as they provide direct (e.g., consumption of seeds, flowers, young 
shoots, leaves, and mature stems) and indirect forage (e.g., consumption of nearby 
invertebrates), roosting habitat during migration, and nesting habitat for breeding 
(Aagaard et al. 2019). For instance, wild rice is a primary dietary constituent of mute 
swans (Cygnus olor), Canada geese (Branta canadensis), and red-winged blackbirds 
(Agelaius phoeniceus) (Bailey et al. 2008; Haramis and Kearns 2007; Meanley 1961), 
and the preferred food of soras (Porzana carolina), with wild rice comprising up to 
94% of their fall diet (Webster 1964). 

In addition to primary productivity, emergent macrophytes, such as wild rice, 
contribute to the biogeochemical cycling and structural complexity of aquatic ecosys-
tems (Carpenter and Lodge 1986; Lemly et al. 1999; Lewis and Thursby 2018). The 
emergent leaves of wild rice reduce light availability to submerged macrophytes and 
algae, reduce water column circulation, and the shading provided by the leaves may 
reduce water temperatures (Carpenter and Lodge 1986; Lemly et al. 1999). The roots 
and shoots of wild rice stabilize sediments, introduce structural components (e.g., 
cellulose and lignin) to the detrital pool, and may enhance or reduce mineral uptake 
and release into aquatic ecosystems (Carpenter and Lodge 1986; Diepens et al. 2017; 
Fairchild et al. 1998; Lemly et al. 1999; Lewis  1995; Wetzel 1975).  The roots of wild  
rice create a redox interface, which cycles nitrogen, sulfur, iron, and other metals 
(LaFond-Hudson et al. 2018). As oxygen is transported from the atmosphere to the 
roots, an aerobic rhizosphere develops from the radial oxygen loss of the roots, which 
may result in the sequestration of heavy metals due to the high adsorption capacity 
of iron hydroxides that may form as iron plaque on the root (Jorgenson et al. 2013).
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These iron root plaques may also function to sequester nutrients, such as phosphorus, 
which has implications on bioremediation efforts in eutrophic systems (Jorgenson 
et al. 2013). Wild rice plays clear structural and functional roles, as well as in the 
suppling of essential ecosystem services. 

5.4 Wild Rice Socio-Cultural and Economic Importance 

Northern wild rice, or manoomin as it is called by the Anishinaabe First Peoples of 
North America, is an important food resource for Indigenous communities that has 
been traditionally harvested across North America for thousands of years (Ahmad 
et al. 2018; Aiken et al. 1988; Archibold 2003; Crow and Hellquist 2006; Fort et al.  
2014; Porter 2019). Manoomin is often translated as “the good fruit” or “the good 
berry” in Anishinaabemowin or Ojibwemowin (David et al. 2019). They are a nutri-
tious staple that is high in carbohydrates, proteins, vitamins (e.g., riboflavin), minerals 
(e.g., potassium and zinc), antioxidants, and dietary fiber, while also having a low-fat 
profile (Ahmad et al. 2018; Aiken et al. 1988; Fort et al.  2014; Surendiran et al. 2014). 
Within the traditional diet, manoomin was overall more nutritious than any other food 
available, and despite the labor-intensive process of harvesting and finishing, grains 
were seasonally abundant, and could be preserved for extensive periods of time (e.g., 
over the winter, when other foods are scarce) (David et al. 2019; Vennum Jr 1988). 
Manoomin is an integral part of the lives of the Anishinaabeg, and is often the first 
food given to children and the last food given to elders (David et al. 2019; Vennum 
Jr 1988; Vizenor 2008). 

Manoomin holds strong spiritual and cultural significance and remains part of 
many ceremonies (as both a sacred food and medicine) and legends (Archibold 
2003; David et al. 2019; Vennum Jr 1988). According to the sacred migration story 
of the Anishinaabeg, a prophet long ago beheld a vision from the Creator calling 
the Anishinaabeg to move west until they found the place “where food grows on 
the water” (Vizenor 2008). This journey led them to find the wild rice stands of the 
Great Lakes region. For generations, the Anishinaabeg of the western Great Lakes and 
upper Mississippi region have understood their connection to Anishinaabe Akiing 
(the land of the people) and the significance of manoomin as a gift from the Creator 
(Vizenor 2008). In the words of White Earth Tribal Historian Andy Favorite (as told 
by Erma Vizenor, former Chairwoman of the White Earth Nation), “Wild rice is part 
of our prophecy, our process of being human, our process of being Anishinaabe … 
we are here because of the wild rice. We are living a prophecy fulfilled” (Vizenor 
2008). 

Northern wild rice is connected to the identity, culture, religion, and livelihood 
of the Anishinaabeg (Vizenor 2008). Wild rice is still harvested using traditional 
methods, with one person poling a canoe through the dense aquatic stands, while 
another knocks ripe seeds from the stems using ricing sticks, with many seeds also 
intentionally knocked into the water to ensure re-seeding for the following year 
(Archibold 2003; Grombacher et al. 1996; Porter 2019). Other Indigenous groups,
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such as the Cree and Dene, have actively managed natural and planted stands of wild 
rice as their livelihoods (Grombacher et al. 1996). Though, by the end of the nine-
teenth century, wild rice as a commodity was of interest to non-Indigenous groups. 
Initially, brokers sought control of processing and sales, and then farmers and other 
planters attempted to gain control of the industry (Archibold 2003). After repeated 
attempts of Indigenous communities highlighting the significance of wild rice during 
treaty negotiations, several federal and state laws in the United States and legislation 
in Canada were passed, specifying the amount that can be commercially harvested, 
the type of equipment used, and Indigenous involvement in wild rice production 
(Archibold 2003). Though, due to high commodity prices and increased commer-
cial demand in the 1970s, artificial paddies were rapidly established to enhance 
production (Archibold 2003). 

The majority of wild rice production now occurs in artificial paddies, and with 
recent interest in their health-promoting properties (e.g., high in nutrients, with 
antioxidant and cholesterol-lowering effects), the commercial harvesting industry 
holds significant economic values (Fort et al. 2014; Surendiran et al. 2014). Wild rice 
has been cultivated in paddies since the early 1950s, and is still undergoing domesti-
cation as a crop (Porter 2019). Wild rice was initially cultivated in Minnesota, but with 
the recent commercial exploitation, production of the crop has extended beyond their 
natural range to California, Oregon, Saskatchewan, and has been established outside 
of North America in Australia, Finland, and Hungary (Ahmad et al. 2018; Archi-
bold 2003; Malvick and Percich 1993; Porter 2019). Globally, the production and 
demand for wild rice is continuing to rise, likely due to their unique properties, such 
as their nutritional values, long shelf-life, versatility in food dishes, food-processing 
potential (e.g., wild rice blended with precooked meat has reduced cook times and 
enhance nutritional properties), use of presently discarded hulls (e.g., in the adhesive, 
paper, and textile industries), and the ability to re-seed themselves once established, 
unlike other commercial crops (Ahmad et al. 2018; Archibold 2003; Porter 2019; 
Surendiran et al. 2014). 

5.5 Review of the Current State of Northern Wild Rice 
Ecotoxicology 

5.5.1 Background 

Toxicology test methods used in studies must be reported with sufficient detail for the 
experimental setup and procedures to be replicated effectively by other researchers. 
As well, inadequate reporting in peer-reviewed literature could result in the exclusion 
of data from formal ecological risk assessments due to uncertainty related to data 
quality. These concerns surrounding reliability and completeness of methodological 
reporting in the ecotoxicology literature are not unusual or limited to macrophytes 
(Ågerstrand et al. 2011; Hanson et al. 2017). Therefore, the need for direct, precise,
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and transparent methodology reporting must be a priority if northern wild rice is 
to be more widely adopted as a test species. Currently and to our knowledge, no 
standard test method exists for wild rice in toxicology studies. Therefore, contrasting 
between wild rice studies, and wild rice with other species, is difficult or not possible 
without clear methodological reporting, and ideally consistent methods across tests 
in general. 

This section collates and summarizes current toxicity test methods for northern 
wild rice (as of 2021). The totality of the peer-reviewed scientific literature was 
systematically evaluated to outline similarities and differences in basic methodolog-
ical techniques and reporting. Gaps were identified and direction is given on how to 
approach the growth and maintenance of this species for future testing. The effects 
that test compounds have on the wild rice were beyond the scope of this review. The 
aim was to identify areas in need of further research and standardization to effectively 
allow the use of Z. palustris in ecotoxicology. 

5.5.2 Methods 

5.5.2.1 Literature Search 

Our focus was on studies of northern wild rice toxicity tests that were conducted in 
a laboratory, an indoor area (such as a greenhouse), or outdoor mesocosms (e.g., 
simulated wetland enclosures). The databases Google Scholar, Scopus, Web of 
Science, and University of Manitoba Library Services were utilized to search for 
articles related to wild rice ecotoxicology. Search queries commenced with “Wild 
rice OR Zizania palustris”, and then became more specific including, “wild rice toxi-
cology testing” and “wild rice stratification”. Additional articles were also found 
by reviewing references in relevant wild rice articles. Alerts were set up on Google 
Scholar and Web of Science using key words such as “Wild Rice”, “Zizania palus-
tris”, and “Wild Rice Toxicity Testing”. The search was completed by April 2021. 
The selection criteria for the inclusion of articles in this review were: 

1. Must use northern wild rice (Z. palustris) as test organism 
2. Toxicity test conducted in a laboratory, indoor area (greenhouse), or a mesocosm 
3. Written in English language only 
4. Peer-reviewed article published in a scientific journal by a recognized database 

For the purposes of this chapter, single published papers within a scientific journal are 
referred to as an article, while separate experiments conducted within an article are 
referred to as studies, as an article may contain multiple types of studies. The criteria 
used to distinguish between an article and a study revolved around if the experiments 
in question were: (1) conducted at separate times; (2) independent control organisms 
were used; and (3) if any component of the study design was changed.
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5.5.2.2 Methodology Assessments 

The review was organized as a list of questions in five categories: (1) test organism; 
(2) test conditions; (3) test media; (4) experimental design; (5) and test perfor-
mance (Fig. 5.3). These categories pertained directly to elements that would allow 
for effective replication and data quality assessment of any experiment. Metadata 
were extracted from each study, covering contributing authors, the scientific journal, 
test compounds with their accompanying concentration, and whether the experiment 
was laboratory, greenhouse, or outdoor mesocosm based. Questions were generated 
with direction from the ASTM (American Society for Testing and Materials) Inter-
national E1841-04 Standard Guide for conducting renewal phytotoxicity tests with 
freshwater emergent macrophytes (ASTM 2012), as well as previous reviews of data 
reliability for primary producer toxicity literature (Hanson et al. 2019). The guide 
provided key details that “must be met”, and requirements that were relevant to 
wild rice toxicity testing design or methods were considered and incorporated. For 
instance, the ASTM guide requires that plant test organisms used must be the same 
age and collected from the same source.

Laboratory and mesocosm studies were addressed separately for certain aspects 
(e.g., growth chamber settings) that were not applicable across study types. The 
test organism section first identified the source of wild rice seeds or plants either 
by collection location or by supplier to satisfy the ASTM requirements (ASTM 
2012). Depending upon if seeds were purchased from a supplier or harvested, storage 
conditions prior to and post-purchasing were collected to assess viability (Kovach 
and Bradford 1992). The remainder of the section focused largely on stratification 
techniques. Stratification is a crucial component for the germination of wild rice, 
as it is a process used to simulate the natural overwintering conditions necessary to 
break seed dormancy (Baskin and Baskin 2014). 

Test conditions pertained to such elements as growth chambers and vessels used 
to house the plants. The photoperiod and temperature are fundamental conditions 
for replication of the experiment. In-depth questions on vessel structure, size, and 
rooting substrates were included, as the ASTM requirements outlined that the vessel 
should be large enough to prevent the plant from becoming root bound (ASTM 
2012). Test media looked specifically at the composition of nutrient solutions used to 
support adequate plant growth, and what type of water source was used for dilution. A 
subsection was also created in the case that a nutrient solution was not used, common 
with mesocosm experiments, in which only water conditions were addressed. 

Experimental design was related to setup procedures, such as numbers of test 
organisms per replicate and replicate numbers. Maintenance of the test conditions, 
such as if the test organisms spent time outside the growth chamber, were also covered 
as exposure to different surroundings can influence growth; ASTM requirements 
stress the importance of consistency within an experiment (ASTM 2012). The test 
performance category was solely focused on controls and potential contamination 
of the system throughout the duration of the study. Test performance criteria for
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controls were recorded as either qualitatively and/or quantitatively as applicable, as 
the success of controls provides an indicator of method viability. Specific questions 
concerning wild rice toxicity outcomes in response to tested compounds were not 
included, as this was beyond the scope of the review. 

5.5.3 Results 

5.5.3.1 Overview of Articles and Studies Reviewed 

The search returned 11 published articles that met the inclusion criteria, and of those, 
22 unique studies were identified and individually assessed. The majority of articles 
were published in the last decade (2011–2021). Overall, there were six outdoor 
mesocosm and 16 laboratory or indoor studies conducted within the total articles 
collected; therefore, laboratory or indoor experiments were the dominant type of 
experiment. Due to the nature of control in these types of experiments (laboratory 
or indoor vs. mesocosm), they were compared separately for certain components of 
study design, and the breakdown of results was presented independently. 

5.5.3.2 Summary of Seed Harvest and Preparation 

Half of the studies (n = 11) utilized northern wild rice seeds as the initial test 
organism, with the remaining half using seedlings or mature plants (Fig. 5.4). All 
studies conducted in mesocosms (n = 6) used seeds, and then allowed the plant 
to complete successive life cycles, which produced seeds fueling the successive 
generations. Durkee Walker et al. (2006) was the only mesocosm study to use both 
seeds and seedlings. The source of seeds (e.g., harvested or purchased) was not 
reported in all studies (n = 3 did not report), but of the studies that did report source, 
all were obtained by harvesting from natural stands (n = 19). Locations for the 
harvesting of wild rice seeds were all within the native growing range of the species, 
but at times vaguely stated (e.g., Central Minnesota by Malvick and Percich [1993]). 
None of the studies reported using commercial suppliers.

Only 27% of the studies (n = 6) provided information on seed sterilization or 
debris removal techniques. Fort et al. (2014, 2017) used a sieve with mesh to remove 
unwanted debris and the four studies within Nimmo et al. (2003) used deionized 
water to rinse harvested seeds. No indoor or laboratory studies indicated use of 
any sterilization techniques on the seeds to remove potential pathogens prior to 
experimental use. 

Seed storage conditions were generally inadequately reported. Explicit informa-
tion on storage conditions or time frames were limited. For example, Pastor et al. 
(2017) stated that storage of seeds occurred until needed for experiments, but did 
not include information such as temperature, light, or humidity, leading to questions 
about possible decline in seed viability over time. Fort et al. (2014, 2017, 2020),
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Fig. 5.4 Initial growth stage of northern wild rice (Zizania palustris) utilized for laboratory or 
indoor and mesocosm experiments from 22 ecotoxicology studies

stored seeds at 4 °C in the dark, but did not include details on storage duration, 
vessel type, or if water media was used in the three studies. LaFond-Hudson et al. 
(2018) indicated a one-year storage period, but did not include storage conditions. 
Storage of seed is not an experimental condition of the toxicity test itself; however, 
the literature should acknowledge this step, especially over long durations of times 
(months to years), to ensure the viability of test organisms. Ultimately, it is akin to 
the culturing of test organisms (along with stratification discussed below), which 
typically have detailed protocols that are followed. We concluded that all available 
studies provided insufficient information on all three of the following categories: 
seed acquisition, cleaning, and storage conditions. 

Stratification 

The conditions under which studies reported performing stratification of their 
northern wild rice seed is found in Table 5.1. The use of stratification was stated 
in 45% of the studies (n = 10). Of these 10 studies, 60% (n = 6) provided limited 
information, meaning they mentioned at least one component, such as duration of 
stratification, but failed to further expand on other necessary details to allow for 
replication. The four laboratory Nimmo et al. (2003) studies, which accounts for the 
remaining 40%, had sufficient information to replicate the process. They completed 
stratification by submerging a burlap sack into a lake; however, all were from the 
same article, and therefore, only one stratification approach was undertaken to germi-
nate all the seeds used. Durkee Walker et al. (2006) and Sims et al. (2012) were the
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Table 5.1 Summary of stratification data for the 22 studies conducted with Zizania palustris. Letter 
designations present the breakdown of studies within the article. N/R (Not Reported) 

Study Stratification 
performed 

Temperature Duration Stratification 
vessel 

Seed 
density 
or 
mass 

Stratification 
location 

Durkee Walker 
2006* 

Yes 2–4 °C 26 weeks N/R N/R N/R 

Durkee Walker 
2010a* 

N/R N/R N/R N/R N/R N/R 

Durkee Walker 
2010b 

N/R N/R N/R N/R N/R N/R 

Fort 2014 N/R N/R N/R N/R N/R N/R 

Fort 2017 N/R N/R N/R N/R N/R N/R 

Fort 2020 N/R N/R N/R N/R N/R N/R 

Johnson 2019* N/R N/R N/R N/R N/R N/R 

LaFond-Hudson 
2018* 

N/R N/R N/R N/R N/R N/R 

Malvick 1993a Yes 3.5 °C 12 weeks N/R N/R N/R 

Malvick 1993b Yes 3.5 °C 12 weeks N/R N/R N/R 

Malvick 1993c Yes 3.5 °C 12 weeks N/R N/R N/R 

Malvick 1993d Yes 3.5 °C 12 weeks N/R N/R N/R 

Nimmo 2003a Yes N/R 8.5 weeks Burlap sack 50 kg Submerged 
1.5 m from 
lake surface 

Nimmo 2003b Yes N/R 8.5 weeks Burlap sack 50 kg Submerged 
1.5 m from 
lake surface 

Nimmo 2003c Yes N/R 8.5 weeks Burlap sack 50 kg Submerged 
1.5 m from 
lake surface 

Nimmo 2003d Yes N/R 8.5 weeks Burlap sack 50 kg Submerged 
1.5 m from 
lake surface 

Pastor 2017a N/R N/R N/R N/R N/R N/R 

Pastor 2017b N/R N/R N/R N/R N/R N/R 

Pastor 2017c N/R N/R N/R N/R N/R N/R 

Pastor 2017d N/R N/R N/R N/R N/R N/R 

Pastor 2017e* N/R N/R N/R N/R N/R N/R 

Sims 2012* Yes 4 °C 34.7 weeks N/R N/R N/R 

*Indicates a mesocosm study
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only two studies conducted in mesocosms that report that the seeds were stratified 
before being added into the system. The remaining mesocosm studies state adding 
their seeds to the mesocosms in springtime without mention of stratification. Without 
the inclusion of information on seed harvesting (and therefore potential for natural 
stratification if done in early spring), nor information on stratification techniques, 
seeds used in a replication of this experiment may not reach sufficient temperature 
to break dormancy, and thus would be unsuccessful.

Stratification durations (Table 5.1) were highly variable and ranged from 60 days 
to approximately eight months. The maximum duration value reported, eight months, 
is approximate as Sims et al. (2012) indicated a date range of Fall 2008 to Spring 2009, 
with the sowing of seeds the following June 2009. Overall, stratification conditions 
were poorly reported. The average stratification temperature across the ten studies 
was 3.5 °C, but it was not indicated whether this was water or air temperature in 
six of the studies. Stratification conditions, such as vessel type, photoperiod, seed 
density, and media use, were also not reported in these six studies. 

5.5.3.3 Test Conditions 

All studies described the growth environment and housing vessels used in their 
experiments; the types of chambers and vessel data identified in each study are 
described in Table 5.2. ASTM guidelines for photoperiod with freshwater emergent 
macrophytes in growth chambers or greenhouses is 16 h of light (ASTM 2012). While 
all laboratory or indoor studies reported photoperiod values, consistent durations or 
justifications were not provided. Nimmo et al. (2003) used 12 h in three studies, and 
one from Durkee Walker et al. (2010) used a range of 10, 14, and then natural light 
exposure durations since they were contained in a greenhouse. All mesocosm studies 
were conducted outdoors, using natural light sources, but none reported use of light 
meters to confirm light levels.

The specifications surrounding types of test vessels, their measurements, and 
material type were well reported across all studies, with either the volume or dimen-
sions of the test vessel(s) provided. Studies using sediment as substrate in mesocosm 
studies, as seen in Table 5.2, were all obtained from location of the water source where 
the wild rice seeds were harvested; however, in some of these studies, additional sand 
was added. It was not clear if this sand was naturally obtained or purchased from a 
commercial supplier. None of the laboratory or indoor experiments that used artificial 
substrates (n = 4) reported the substrate brand names or other characteristics of the 
materials. It should be noted that 44% (n = 7) of laboratory or indoor experiments 
failed to indicate whether a substrate was used.
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Nutrient Solutions and Other Media 
In total, 11 studies (50% of all; 69% of laboratory or indoor studies) reported using a 
standardized nutrient solution in their experimental procedures. Modified Hoagland’s 
solution was the only standardized nutrient solution used among laboratory or indoor 
studies. All mesocosm studies indicated reliance of natural sediment from northern 
wild rice stands to provide nutrients instead. While each study using the modified 
Hoagland’s solution reported it as such, the modifications (e.g., concentrations and 
recipes) differed between studies. For example, four of the Pastor et al. (2017) studies 
indicated a 1/5 strength Hoagland’s solution, while Fort et al. (2014, 2017, 2020) 
used a modified Hoagland’s solution with 25% ammonium (molar basis) in a mixture 
of ammonium and nitrate. 

The laboratory or indoor experiments that did not use a standardized solution 
either had a short test duration (ten days in the case of studies a-d in Nimmo et al. 
2003) or had nitrogen and phosphorus as the test compound (Durkee Walker et al. 
2006) and, therefore, did not require additions to prevent nutrient deficiency. No 
studies autoclaved their nutrient solutions and none used an additional solvent to add 
a test compound, other than water. As seen in Table 5.3, pH and type of water diluent 
were not reported in various laboratory or indoor studies utilizing a standardized 
solution. These types of inconsistencies between studies of the same article were not 
uncommon. Mesocosm studies used either groundwater or well water for the filling 
of system; however, none of the studies stated if a characterization for nutrients 
occurred. Water volume levels used in the mesocosms were all reported.

5.5.3.4 Experimental Design and Performance 

General experimental design weaknesses in the overall dataset were the lack of clarity 
on replicate and treatment numbers, endpoint rationales, and control performance. 
Three studies were missing information in regard to the number of test organisms per 
replicate or the replicates per treatment. Of these three studies, either the number of 
test organisms per replicate, or the number of replicates per treatment were indicated, 
but not both. All six mesocosm studies allowed their northern wild rice to complete 
a full life cycle and used seed production as a test endpoint. 

Control Validation and Standards 

Overall, 90% (n = 20) of the studies reported use of controls; however, of these 
20 studies, only three had clearly stated control standards (i.e., expectations around 
performance). Reported control standards were 95% seed activation, 30% mesocotyl 
emergence, 90% control survival, and boron control >80% phytotoxicity (Fort et al. 
2014, 2017, 2020); standards were met in all three studies. Of the 22 studies, only the 
same three (14%) Fort et al. (2014, 2017, 2020) experiments used a positive control, 
boron from boric acid, for the purpose of validating the experimental procedure and 
were all laboratory or indoor experiments. No citation was provided to support the
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Table 5.3 Summary of laboratory or indoor study data that used standardized test solutions. Letter 
designations are added beside the year of an article to present the breakdown of studies within the 
article. N/R (Not Reported) 

Study Standardized test 
solution 

pH Type of water 
dilutant 

Dissolved oxygen 
measured 

Fort 2014 Modified 
Hoagland 

6.1–7.2 Deionized Yes 

Fort 2017 Modified 
Hoagland 

6.0–7.5 ± 0.5 Deionized Yes 

Fort 2020 Modified 
Hoagland 

6.3–7.4 ± 0.3 Deionized Yes 

Malvick 1993a Modified 
Hoagland 

N/R Deionized N/R 

Malvick 1993b Modified 
Hoagland 

N/R Deionized N/R 

Malvick 1993c Modified 
Hoagland 

5 Distilled N/R 

Malvick 1993d Modified 
Hoagland 

5 Distilled N/R 

Pastor 2017a 1/5 Hoagland 6.8 ± 0.3 N/R Yes 

Pastor 2017b 1/5 Hoagland 6.8 ± 0.3 N/R No 

Pastor 2017c 1/5 Hoagland 6.8 ± 0.3 N/R N/R 

Pastor 2017d 1/5 Hoagland 6.8 ± 0.3 N/R N/R

use of boron as a positive control, but its known plant toxicant properties were stated 
in Fort et al. (2014, 2017); though, in the 2020 study, the author’s previous two 
experiments were cited as rationale for its use. 

5.5.4 Discussion 

This review was performed to assess key procedures and design gaps related to 
ecotoxicological experiments on northern wild rice (Z. palustris). In doing so, we 
hope to improve scientific reporting and direct future research. While relatively few 
articles were found in the peer-reviewed literature (n = 11), it is clear that key 
methodological components were missing across all articles for these experiments. 
This highlights the significant data reliability and replication issues within the field, 
and hinders the adoption of the species more widely within ecotoxicology. 

Ideally, test methods should focus on sensitive and ecologically relevant endpoints 
that allow for sufficient and conservative extrapolations to the field, which may 
include expanding the range of standard test endpoints beyond growth and biomass 
measures (Hanson and Arts 2007). Growth measurements are relatively easy to quan-
tify, have been widely applied under both laboratory and field conditions, and are
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useful for integrating overall effects of toxicants on macrophytes; however, they lack 
specificity (Lemly et al. 1999). Responses such as reduced growth rates, or growth 
inhibition, do not indicate which specific sites or mechanisms are being affected by 
a particular toxicant. This is particularly notable for rooted macrophytes, where it 
can be difficult to assess if toxic responses are occurring due to sediment or water 
column exposure. Other common test methods include measurements of biomass (dry 
and wet), chlorophyll-α concentrations, chloroplast morphology, photosynthetic rate, 
enzyme activity, reproduction, seed germination, seedling growth, and root growth 
(Hanson 2013; Lemly et al. 1999). There are ranges of variability, sensitivity, and 
relevance within macrophyte toxicity testing endpoints, though root endpoints have 
been found to be among the most sensitive (Arts et al. 2008). This further high-
lights the need for macrophyte toxicity tests to encompass an array of endpoints to 
maximize protection when assessing the risk to nontarget organisms. We suggest 
that laboratory studies and test development with northern wild rice (Z. palustris) 
should focus on seed germination assays, as well as root and shoot endpoints as a 
first possible step toward a standardized toxicity test. 

5.5.4.1 Major Weaknesses in Studies 

Overall, the extent of stratification data was weak. If studies did report information, 
it was limited in terms of its completeness. With greater than 50% of the studies 
failing to indicate a stratification process, it prevents full replication of the designated 
experiment as readers could be unaware that stratification is a required process. 
The feasibility of the outdoor Nimmo et al. (2003) stratification technique is also 
a concern, and other means of this process should be still determined. While some 
studies alluded to the fact, the range of limited data supports the idea that no consensus 
of laboratory stratification procedures exists. Storage conditions, and use of a storage 
period, were also poorly reported, and we detected ambiguity in the entirety of the 
test organism information reported. 

Another key methodology weakness in the overall dataset was the lack of any 
control performance standards. Few studies set criteria for control performance, 
making assay reliability highly uncertain. This is also concerning as control stan-
dards are needed to eliminate possible background effects. Therefore, none of the 
studies contained sufficient information to fully replicate the experiments, as either 
stratification, storage conditions, or control standards were absent or limited. 

5.5.4.2 Recommendations for Improving the Reporting and Testing 
Within Northern Wild Rice Literature 

To address this, we recommend those performing wild rice tests to: 

1. Explicitly describe critical factors related to seed source, stratification, and seed 
storage.
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In terms of wild rice, these two factors are crucial for seed viability and germi-
nation. The stratification technique used is particularly important to include, 
as no perceived standard method currently exists. The performance of various 
approaches will need to be assessed and contrasted to ensure selection of best 
practices regardless of the lab where a test is performed. 

2. State control performance and whether requirements were met. 
Control performance helps to validate a study and excluding this information 
results in significant uncertainty in the data. Therefore, any control information 
in regards to experimental design should also be explicitly stated. Expectations 
around control performance need to be determined in order to ensure adequate 
test conduction. 

3. Report all basic experimental conditions and design elements. 
An experimental conditions summary table, as seen in Fort et al. (2014, 2017, 
2020), would be useful to readers for understanding how the study was performed. 
Checklists are an effective means for authors to confirm all essential information 
for replication is included in the paper. 

5.6 Summary and Conclusions 

Wild rice (Zizania spp.) presents themselves as a suitable candidate for inclusion 
into the battery of test species for risk assessment. They meet all six criteria of 
an appropriate test organism to varying degrees (Rand et al. 1995), as they are: (i) 
sensitive to a range of exposure types and contaminants; (ii) abundant and available in 
their natural range; (iii) indigenous to impacted ecosystems within North America; 
(iv) ecologically, culturally, and economically important; (v) amenable to routine 
maintenance in the laboratory for both acute and chronic toxicity tests; and (vi) have 
adequate background information on their physiology and life history. 

We feel that risk assessments with wild rice will be most useful in North American 
contexts within their natural range and in situations where Indigenous concerns are 
paramount. Still, a significant amount of work is needed to advance wild rice toxicity 
testing by improving methods and reliability prior to wider adoption for ecological 
risk assessment, as noted by the results of this literature review.
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