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Abstract Macrophytes (aquatic plants) perform key structural and functional roles
in aquatic and semi-aquatic ecosystems, and they also provide important ecosystem
services for humans. It is therefore pertinent that macrophytes are considered in the
ecological risk assessment (ERA) for chemicals and other contaminants that could
impact their services. Macrophytes can display a range of morphologies and growth
forms, and depending on those, require water, sediment (including pore water), and/or
air to thrive in their environment; this diversity must be considered in ERAs. This
chapter provides an overview of the use of macrophytes for ERAs as part of regu-
latory procedures. For several decades, free-floating Lemna spp. have been used as
a “default” standard test species in phytotoxicity assays and ERA. During the last
15 years, additional species as well as toxicity endpoints beyond morphology and
biomass have been included in regulatory approaches for potential contaminants of
concern. Furthermore, increasingly complex, “higher-tier” ecological effects assess-
ment approaches were developed, including species sensitivity distributions, micro-
cosm and mesocosm studies, and modeling approaches. This chapter summarizes
these developments and provides a global perspective on macrophyte use for risk
assessments. It concludes with three recommendations for future ERAs with macro-
phytes: to educate young scientists in and raise awareness of ERA frameworks and
testing methods for macrophytes, on a global scale; to fill knowledge gaps in the
toxicity assessment with focus on submerged and emergent species and local species
or varieties and climates; and to consider the complexity of stressor exposures and
ecological contexts.
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4.1 Introduction to Aquatic Macrophytes as Relevant
to Risk Assessment

4.1.1 Macrophyte Growth Forms

Macrophytes (aquatic plants) are growing in or near water and might be growing with
upright positions above the water surface (e.g., sediment-rooted, emergent), below
the water surface (e.g., sediment-rooted, submerged, or non-rooted, submerged) or
floating (e.g., rooted, floating-leaved, or free-floating) (see Fig. 4.1). Several exam-
ples of macrophytes include coontail (Ceratophyllum demersum L.), cattail (Typha
L.), waterthyme (Hydrilla verticillata (L.f.) Royle), common water hyacinth (Pont-
ederia crassipes Mart.), and duckweed (Lemna L.). Aquatic ecosystems provide
essential services and macrophytes perform a key role in their functioning (Jackson
et al. 2001; Maltby et al. 2010; Borst et al. 2018; Temmink et al. 2021). Abiotic and
biotic factors influence the natural occurrence and abundance of macrophytes, and
thereby affect ecosystem services (Temmink et al. 2021). Relevant abiotic conditions
include water transparency (i.e., light availability), water temperature, carbon species,
nutrient enrichment availability in surface water and sediment, water movement, and
sediment and water phytotoxicity. Biotic factors that influence plant occurrence,
distribution, and growth include herbivory and bioturbation by water birds, large
fish, and crayfish (Lamers et al. 2013; Dar et al. 2014; Bakker et al. 2016; Temmink
et al. 2021).

Macrophytes are adapted to growing in water-saturated sediments. The major
difference between water-saturated and well-drained sediments is oxygen avail-
ability. The pore spaces are filled with air with a relatively high oxygen content in
well-drained soils. Microorganisms that inhabit the soil and roots of plants growing
in the soil are able to get oxygen directly from their surroundings. In water-saturated
sediments, pore spaces are water-filled, and because of the slow rate of oxygen diffu-
sion in water, the water-saturated sediments become anaerobic. The root systems
of macrophytes growing in water-saturated substrates therefore must use oxygen
from their aerial parts via internal transport. These macrophytes are morphologi-
cally adapted to grow in water-saturated sediment through large internal spaces for
transportation of oxygen and rhizomes (Brix 1994). Some macrophytes are also able
to radiate oxygen from their roots to the root environment to oxidize the sediment
around the root tips.

4.1.2 Macrophyte Plasticity

The successful distribution of aquatic plants in new environments is often linked
to multiple introductions and a diverse gene pool that facilitates adaptation to vari-
able environmental conditions (Riis et al. 2010). However, there are two distinctive
adaptive mechanisms that improve the survival, reproduction, and dispersal of plant
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Fig. 4.1 Overview of macrophyte species used for phytotoxicity testing and ecological risk assess-
ments. The figure displays examples of different growth forms and respective species, test systems
of varying complexity, and potted plant systems

species: phenotypic plasticity and local adaptation (i.e., the capacity of a species to
rapidly adapt genetically by virtue of a diverse gene pool) (Ward et al. 2008; Riis
et al. 2010).

The capacity of a given genotype to express different phenotypes in different envi-
ronments is called phenotypic plasticity (Sultan 2000). Plants are capable of rapidly
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changing their phenotypic characters if phenotypic plasticity is the primary adaptive
mechanism for plants to spread into a range of habitats. The change is caused by envi-
ronmental conditions in the habitat (Ward et al. 2008; Riis et al. 2010). Phenoplastic
species can change their physiology or morphology in response to variations in envi-
ronmental conditions (Schlichting 1986). The number of introductions of a species is
essential in determining whether phenotypic plasticity or local adaptation is the most
adaptive mechanism for invasive plant species (Kawecki and Ebert 2004). A morpho-
logically plastic plant can display either competitor or stress-tolerant phenological
traits, depending on the environmental conditions (Kautsky 1988; Garbey etal. 2004).
One of the most important environmental conditions determining plasticity in aquatic
systems is disturbance (Barrat-Segretain 2001).

4.1.3 Role of Macrophytes in Aquatic Ecosystems

Macrophytes are important components of aquatic and wetland ecosystems (Lesiv
et al. 2020; Rejmankova 2011; Thomaz 2021) and play a diverse role in determining
the structure and function of these systems through, for example, oxygenation of
water, productivity, and nutrient recycling (Meena and Rout 2016; Ceschin et al.
2020). Macrophytes are involved in ecosystem processes such as biomineralization,
transpiration, and sedimentation. Among biotic components of aquatic ecosystems,
higher aquatic plants are one of the main factors of the formation and regulation
of water quality and oxygen content in natural water (Rejmankova 2011). They are
primary producers and provide food to invertebrates, fish, and birds, as well as organic
carbon for bacteria. Macrophytes are at the bottom of herbivorous and detritivorous
food chains, and their stems, roots, and leaves serve as substrate for periphyton, and as
shelter for several invertebrates and different stages of fish, amphibians, and reptiles
(Timms and Moss 1984; Rejmankova, 2011). Certain macrophytes are valuable for
their direct contributions to human societies by providing food, biomass, and building
materials (Egertson et al. 2004; Bornette and Puijalon 2011; Rejmankova, 2011).
Moreover, macrophytes can accumulate heavy metals and other toxic substances
from water bodies and play an important role in bioindication and phytoremediation
(Kurilenko and Osmolovskaya 2005; Ceschin et al. 2020, 2021; Kumar et al. 2022).

The occurrence and growth forms of macrophytes influence the biogeochemical
processes and movements in the water column and sediments. Submerged macro-
phytes play an important role in maintaining good water quality and high biodiver-
sity in shallow ecosystems, and act as biofilters. Sediments represent an important
source of nitrogen and phosphorus for rooted aquatic macrophytes (Barko & Smart
1981). The accumulation of nutrients in an aquatic system causes eutrophication
which results in substantial growth of macrophytes and weeds. Submerged macro-
phytes could play a role in alleviating the adverse effects of phosphorus resuspension
and release from bottom sediments. Particles resuspended from the bottom could
increase turbidity and deteriorate the underwater light field. Resuspension processes
influence nutrient flux at the sediment-water interface and in the water column, and
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then affect primary production by macrophytes (Zhu et al. 2015). Submerged macro-
phytes can also prevent the growth of algal blooms through the reduction of nutrients,
allelopathy, and shading (Dhote 2007; Lv et al. 2019).

4.1.4 Ecosystem Services Provided by Macrophytes

The Millennium Ecosystem Assessment (MEA 2003, 2005) describes ecosystem
services as “the benefits people obtain from ecosystems.” These benefits can be clas-
sified into four broad categories: supporting, provisioning, regulating, and cultural
services. Supporting services include soil and sediment formation, photosynthesis,
primary production, nutrient cycling, water cycling, and provisioning of habitat.
Regulating services include climate regulation (e.g., through carbon sequestration),
water regulation, erosion regulation on shores, water purification, waste treatment,
disease regulation through filtration of pollutants and pathogens, pest regulation,
and biological control. Provisioning services include food, fiber, genetic resources,
and environmental monitoring. Lastly, cultural services include educational value
and cultural heritage value (MEA 2003, 2005; Dhote and Dixit 2009; Thomaz
2021; Kumar et al. 2022). The multiple benefits provided by macrophytes are often
associated with ecosystems such as wetlands and shallow lakes (Taillardat et al.
2020).

4.2 Current Use of Macrophytes in Ecological Risk
Assessments

4.2.1 Overview and Rationale for Ecological Risk
Assessments

Effective environmental protection strategies face diverse ecological issues,
including climate change, loss of biodiversity, and ubiquitous pollution by anthro-
pogenic substances (Hope 2006). Ecological risk assessments (ERAs) use scientific
knowledge and tools to generate informed conclusions that can support environ-
mental decision-makers in designing effective protection strategies (Suter 2006).
The ERA process is designed to evaluate how likely adverse ecological effects occur
following exposure to one or more environmental stressors (Suter 2006; Quanz et al.
2020), with the goal to generate transparent, objective, and reliable information
for decision-makers. Frameworks to guide this process are established by govern-
ment authorities, including in Europe (e.g., European Chemicals Agency, European
Food Safety Authority), North America (e.g., United States Environmental Protec-
tion Agency, Canadian Pest Management Regulatory Agency), Asia (e.g., Fan et al.
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2019), Africa (e.g., Utembe and Gulumian 2015), Australia (e.g., Australian Govern-
ment 2021), and across countries (e.g., Organisation for Economic Co-operation and
Development, International Organization for Standardization). While there is no
single internationally accepted framework (Quanz et al. 2020), most jurisdictions
follow similar principles.

The three general principles of ERAs are problem formulation, analysis of expo-
sure and effects, and risk characterization (Hope 2006; Suter 2006) (Fig. 4.2).
Problem formulation specifies the issue to be solved, defines environmental compo-
nents to be protected, and outlines a plan to obtain the necessary data to perform the
assessment (Hope 2006; Suter 2006). The analysis of exposure and effects character-
izes the spatio-temporal fate as well as interactions of a stressor in the environment,
and then assesses the response of environmental components to exposures of real-
istic durations and magnitudes (Hope 2006; Suter 2006). Finally, risk characterization
integrates all obtained information and estimates the ecological risks (Hope 2006;
Suter 2006).

The ERA process consists of several levels, so-called tiers, that range from lower-
tier screening methods employing hazard quotients calculated from laboratory-
derived exposure and effect data, to higher-tier approaches such as ecological
modeling, mesocosm and field studies, and weight-of-evidence analysis (Hope 2006;
Suter 2006). The progression from lower to higher tiers increases complexity and
costs but also results in higher accuracy, realism (risk-based), and predictive power
for environmental decision-making (Solomon et al. 2008). Risk assessments are
designed to be iterative, where decisions are refined through the acquisition of addi-
tional data (Solomon et al. 2008). The process starts with a lower-tier assessment,
which if it suggests a potential risk, triggers a higher-tier assessment to further inves-
tigate the nature and extent of the risk. This progression promotes efficient use of
resources while ensuring that risks are sufficiently characterized for an informed
decision (Hope 2006). Scientific ERAs thereby represent an important part of regu-
latory environmental protection decisions that ultimately consider multiple factors,
including economic benefits associated with an activity that results in environ-
mental stress, possible human health risks, and the options for impact mitigation
and management.

4.2.2 Macrophyte Use in Ecological Risk Assessments

Macrophytes play an important role in aquatic ecosystems, contributing to struc-
tural complexity, biogeochemical cycles, and overall productivity of waterbodies
(Carpenter and Lodge 1986; Thomaz and Da Cunha 2010; Lewis and Thursby
2018), as outlined in previous sections. Risk assessments intend to ensure that
these ecosystem services are not compromised by any activities that directly or
indirectly affect macrophytes and their habitat. Macrophytes are therefore consid-
ered in risk assessments and monitoring of water quality including nutrient loading
and eutrophication (Delmail 2014; Szoszkiewicz et al. 2020), wastewater discharges
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(EPA Victoria 2009), contaminated sites (Government of Canada 2012), nuclear
facilities and activities (CSA 2022), and chemicals that may be released into the
environment (Australian Environment Agency 2009; ECHA 2017).

One important stressor to macrophytes that typically warrants ERA is pesti-
cide use. Pesticides are anthropogenic chemicals designed for the control of pest
organisms, including weeds, insects, rodents, and fungi. Pesticides are applied in
agricultural, industrial, urban, and residential areas, in both terrestrial and aquatic
settings. Their use is regulated through a complex registration process and tiered
ERA performed by many government authorities worldwide, including Australia,
Brazil, China, Europe, India, Japan, South Africa, and the United States, and efforts
toward global harmonization of procedures and standards are ongoing (Handford
et al. 2015). Macrophytes are an integral part of ERAs for pesticides in Canada
(Health Canada 2021a), the United States (US EPA 2017), and Europe (EFSA PPR
2013). Pesticides with an herbicidal mode of action, such as herbicides, plant growth
regulators, and certain fungicides, must undergo ERA on macrophytes prior to their
registration (European Commission 2013; Health Canada 2021b; US EPA 2021).

4.2.3 Phytotoxicity Assessment Using Standardized Test
Protocols

A key step in macrophyte ERA is phytotoxicity assessment, which determines the
hazards posed by a stressor (e.g., pesticide, heavy metal, pharmaceutical, plastic) to
selected non-target macrophyte species using a range of realistic exposure concen-
trations (e.g., Health Canada 2021a). Hereby, in lower-tier assessments, government
agencies frequently rely on data from phytotoxicity studies following standardized
test protocols which are designed to produce reliable and reproducible data for regu-
latory decisions (Taylor and Scroggins 2013; Rudén et al. 2017). The development
of a standardized test protocol can be spearheaded by government agencies, industry,
scientific societies, or any group of scientists, to address a lack of data in risk
assessments (OECD 2009; Taylor and Scroggins 2013). Development procedures
involve the selection of a suitable test species, establishing technical procedures of
how to conduct the test, and validating that the method produces consistent results
across laboratories (Taylor and Scroggins 2013). The final test protocol is typically
published by an internationally recognized organization, such as the Organisation
for Economic Co-operation and Development (OECD) or the American Society for
Testing and Materials (ASTM) International. A selection of internationally recog-
nized, standardized macrophyte tests are listed in Table 4.1. Development of stan-
dardized protocols has primarily focussed on testing on the laboratory to green-
house scale, although a few testing guidelines have been proposed for higher-tier
testing such as mesocosms (e.g., OECD 2003; Coors et al. 2006; EFSA PPR 2013);
some of these have been standardized among continents, such as the Myriophyllum
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spicatum water-sediment test protocol (OECD 2014b) and the Lemna sp. growth inhi-
bition test (OECD 2006). Standardization of test protocols aims to harmonize ERAs
across countries (Taylor and Scroggins 2013) and continents, which can increase
international cooperation as well as save costs and resources.

Table 4.1 Examples of internationally recognized, standardized macrophyte tests, listing key
features of the tests: macrophyte species, duration of the test, exposure type, and assessment
endpoints

Publisher | Year

Protocol

Macrophyte

Duration

Exposure
type

Endpoint(s)

Reference

Floating species

ASTM 2013

E1415-91

Lemna gibba

7 days

Aqueous

Growth
inhibition

ASTM
(2013)

EC 2007

EPS
1/RM/37

Lemna minor

7 days

Aqueous

Frond
number and
frond dry
weight

EC (2007)

ISO 2005

ISO
20079

Lemna minor

7 days

Aqueous

Growth rate
based on
frond
number,
frond area,
chlorophyll,
and dry
weight

ISO (2005)

OECD 2006

TG 221

Lemna gibba,
Lemna minor

7 days

Aqueous

Frond
number, total
frond area,
and fresh and
dry weight

OECD
(2006)

USEPA | 2012

OCSPP
850.4400

Lemna gibba,
Lemna minor

7 days

Aqueous

Growth rate
and yield
based on
frond
number,
frond area,
and frond
dry weight

US
EPA (2012)

Submerged species

(continued)
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Table 4.1 (continued)

Publisher | Year | Protocol | Macrophyte Duration | Exposure | Endpoint(s) | Reference
type
ASTM 2017 | E1913-97 | Myriophyllum | 14 days | Aqueous | Plant growth, | ASTM
sibiricum shoot length, | (2017)
root number
and length,
fresh and dry
weight,
oxygen
production,
membrane
permeability,
and
chlorophyll
and
carotenoid
content

ISO 2013 | ISO Mpyriophyllum | 10 days | Sediment | Growth rate | ISO (2013)
16191 aquaticum based on
fresh weight,
length, and
number of
new shoots
and roots

OECD 2014 | TG 238 | Myriophyllum | 14 days | Aqueous | Growth rate | OECD
spicatum and yield (2014a)
based on
shoot length,
shoot fresh,
and dry
weight

OECD 2014 | TG 239 | Myriophyllum | 14 days | Aqueous, | Growth rate | OECD
spicatum sediment | and yield (2014b)
based on
shoot length,
shoot fresh.
and dry
weight

ASTM: American Society for Testing and Materials International; EC: Environment Canada; ISO:
International Organization for Standardization; OECD: Organisation for Economic Co-operation
and Development; US EPA: United States Environmental Protection Agency

4.2.4 Standard Test Species for Phytotoxicity Assessment

It is not practical for an environmental assessment to analyze all species within the
area under consideration; therefore, a set of representative “reference” animals and
plants, in some sectors also referred to as “surrogates”, is typically used (Charrasse
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et al. 2022). Standard test species are species for which standardized test protocols
have been developed. Typically, these species are model organisms, which are species
that have been extensively studied to understand biological processes. To assess the
suitability of a species for standardized testing, a set of criteria are routinely consid-
ered (Table 4.2). These criteria ensure that testing can be easily and reliably performed
across facilities, producing ecologically meaningful results to inform environmental
protection decisions. Ideally, phytotoxicity assessment is performed with a range of
macrophytes representing the community, because no species is consistently the most
sensitive to stressors (Fairchild et al. 1998; Arts et al. 2008; Lewis and Thursby 2018).
Depending on the stressor mode of action and relevant exposure pathways, testing
should include macrophytes of differing morphology and growth forms (e.g., free-
floating and floating-leaved; sediment-rooted, submerged; non-rooted, submerged;
sediment-rooted, emergent) (Fig. 4.1). Moreover, species should be chosen to reflect
realistic environmental conditions, such as freshwater or saltwater, temperate or trop-
ical environments. Marine macrophyte species are often neglected in toxicity testing
(Vonk and Kraak 2020), although saltwater macrophytes can be more sensitive to
several stressors, including cadmium, copper, diuron, and irgarol, compared to fresh-
water species (Lewis and Thursby 2018). Moreover, tropical species are commonly
underrepresented in phytotoxicity studies, although they can be more sensitive than
temperate species to some stressors (Binet et al. 2018; Mooney et al. 2019). When
selecting a test species, consideration should also be given to the differing sensi-
tivities of ecotypes (Kanoun-Boulé et al. 2009), as well as genotypic, intraspecific
variation (Roubeau Dumont et al. 2019).

The internationally most commonly used standardized test species are free-
floating, non-rooted Lemna spp. and submersed-rooted Myriophyllum spp. (see also
Table 4.1). These standard tests typically quantify growth and biomass changes
following 7—14 days of static exposure to a range of concentrations of a stressor. To
address a lack of test protocols for emergent species, a guideline is currently under
development for a 14-day test with Glyceria maxima (Hartm.) Holmb. (Davies et al.
2019). Another proposed emergent macrophyte is Typha that fulfilled many of the
selection criteria (Sesin et al. 2021), although test methods are not yet developed.
Several other macrophyte species and test procedures have been proposed for stan-
dardized testing. These proposals include a 48-h phytotoxicity test method using
root-regrowth as a sensitive endpoint for Lemna spp. (Park et al. 2013) (updated
to 72-h in Park et al. 2022 and ISO/DIS 4979), a 7-day test with the macrophyte
Salvinia natans (L.) All. (Cui et al. 2020), and a bioassay with the tropical, marine
seagrass Halophila ovalis (Wilkinson et al. 2015). Further unpublished testing proto-
cols have been developed in research centers and by industry (Maltby et al. 2010),
covering a range of floating species belonging to various genera including Azolla,
and submerged species of the genera Egeria, Elodea, and Ceratophyllum, as well
as emergent species of the genera Sparganium, Sagittaria, and Phragmites (Table
4.3); however, standardized test methods are not yet available for these species, but
tests are based upon existing protocols such as the Myriophyllum spicatum water-
sediment test (OECD 2014b) for submerged macrophytes or the Glyceria maxima
water-sediment test (in development) for emergent macrophytes (Arts et al. 2022).
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Table 4.2 Criteria to select macrophyte standard test species for phytotoxicity assessment
(summarized from Powell et al. 1996; Maltby et al. 2010; Sesin et al. 2021)

Criterion

Explanation

Ecological relevance

The macrophyte should be relevant to the
ecosystem and stressor exposure under
investigation. Selection considers a species’ role
and importance in the ecosystem, geographical
relevance (e.g., temperate or tropical areas), as well
as its morphology and physiology

Suitability for different exposure pathways

Macrophytes can be exposed via different exposure
routes depending on their growth form (e.g.,
emergent, submerged, floating). Selection considers
if a species is likely to be exposed to the stressor
via realistic routes (e.g., soil, water, air, spray drift,
sediment, pore water)

Availability of material

Macrophyte material should ideally be available
year-round to allow for continuous, timely testing.
Selection considers the availability of material from
natural populations as well as whether stock
cultures can be established for continuous supply

Ease of cultivation

Standardized testing relies on protocols that
minimize cost, workload, and space. Selection
considers if a species can be cultivated under
controlled conditions such as a growth chamber or
greenhouse, and if cultivation is straightforward
with high return of usable test material

Uniform growth

Macrophytes with low inherent variability in
morphology and biomass are preferred as this can
facilitate the statistical discernment between
natural and stressor-related changes that are
measured in the test. Selection considers the
variation in these growth parameters to ensure it is
acceptable for the test design (e.g., sample size).
This criterion is transferrable to non-growth-related
endpoints that may be assessed

Appropriate assessment endpoints

Endpoints are measured variables that reflect the
performance of the macrophyte during the test.
Selection considers if the endpoints are
toxicologically sensitive to the stressor, exhibit low
variability within treatments, and are biologically
meaningful (i.e., useful for interference of effects
on the individual to community level)

(continued)
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Table 4.2 (continued)

Criterion Explanation

Sensitivity toward stressors The test species is ideally among the most sensitive
species toward the stressor, so that the test results
are protective of other co-occurring macrophytes.
Selection considers the relative sensitivities of
species, taking into account any “safety factors” to
account for uncertainty that may be applied during
ecological risk calculation or to extrapolate to other
macrophyte species

Moreover, experimental conditions generally adopted in freshwater toxicity tests
with macrophytes were recently summarized in a review by Ceschin et al. (2021).

4.2.5 Tier 1 (Lower-Tier) Phytotoxicity Tests
with Macrophytes

Tier 1 tests are short-term, laboratory-based, and single-species phytotoxicity tests
used to screen for major toxic effects. Typically, these lower-tier tests employ stan-
dardized test protocols as outlined in Table 4.1. Various potential stressors have
been tested for their phytotoxicity using simple testing approaches that follow, or
are modified from, standardized test protocols; these stressors include heavy metals,
pharmaceuticals and personal care products, pesticides, hydrocarbons, surfactants,
and plastics (summarized in Ceschin et al. 2021). Of all aquatic plants used in ecotox-
icity testing, the majority (60%) are microalgae (Ceschin et al. 2021). Lemna spp.,
Myriophyllum spp., and Hydrilla spp. collectively account for one third (33%) of
test species (Ceschin et al. 2021).

The small size, simple anatomy, and ease of culturing make Lemna spp. ideal test
organisms for ecotoxicological investigations (Mkandawire et al. 2014). However,
Lemna spp. are not appropriate test organisms in all cases and additional testing
options with other macrophytes are needed. The AMRAP (Aquatic Macrophyte
Risk Assessment for Pesticides) workshop (Maltby et al. 2010), held in 2008, trig-
gered the development of test protocols for sediment-rooted aquatic macrophytes.
Namely, the AMRAP workshop concluded upon regulatory concerns that risk assess-
ments solely based on Lemna spp. and algal data at Tier 1 might underestimate
the risk of plant protection products to aquatic macrophytes. One concern was that
Lemna spp. are monocotyledonous species, while herbicides might also and some-
times specifically target dicotyledonous species (e.g., 2,4-D; Belgers et al. 2007).
Moreover, concern was raised that Lemna spp. may not be sensitive to pesticides that
form residues in sediment; because of considerable knowledge and experience with
Myriophyllum spicatum L., this species was recommended as an additional Tier 1 test
species (Maltby et al. 2010). After extensive test development and ring-testing among
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Table 4.3 Macrophyte species previously used in laboratory studies that are potentially suitable
for toxicity tests. Common names may not reflect all names used globally

Growth type Species English common name(s)
Floating Azolla* Water fern
Lemna* Duckweed
Salvinia Watermoss, kariba weed
Spirodela* Duckmeat, duckweed

Submerged, non-rooted | Ceratophyllum* | Coontail, hornwort

Chara Stonewort

Submerged, rooted Callitriche Water-starwort
Egeria* Waterweed
Elodea* Waterweed, pondweed
Hydrilla Hydrilla, water thyme
Heteranthera* | Mud plantain, ducksalad
Hottonia Water violet, featherfoil
Hygrophila Swampweed, starhorn

Lagarosiphon* | Oxygen weed, African elodea, curly waterweed

Myriophyllum* | Water milfoil

Najas Water nymph, naiad
Potamogeton Pondweed, ribbonleaf
Ranunculus Water crowfoot
Vallisneria* Eelgrass, tape grass, vallis
Emergent Glyceria* Sweet-grass, mannagrass
Phragmites Common reed
Sagittaria Arrowhead, duck potato, katniss, swamp potato, tule
potato
Sparganium Bur-reed
Typha Bulrush, cattail, reedmace, cumbungi

The asterisk identifies species that are available from commercial suppliers, although import licences
may be required. Table modified from Maltby et al. (2010)

several laboratories, a sediment-water guideline was published (OECD 2014b) and
the test was adopted by the European Aquatic Guidance document (EFSA PPR 2013)
and included in the data requirements of the pesticide regulation in Europe (EC
2013). These data requirements specifically include additional aquatic macrophyte
species tests to be undertaken on a dicotyledonous species, such as M. spicatum, M.
aquaticum, or a monocotyledonous species, such as the aquatic grass G. maxima, as
appropriate. Research has shown that G. maxima is a suitable candidate for testing
grass-specific herbicides (Mohr et al. 2015). The need to perform studies with rooted,
submerged, and emergent macrophytes is to be discussed with the national competent
authorities.
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The M. spicatum water-sediment test (OECD 2014b) uses an artificial sediment
(OECD 2004) with an overlying Smart and Barko test medium (Smart and Barko
1985). The sediment is enriched with nutrients (phosphorus and nitrogen) (OECD
2014b) to enable optimum growth of the macrophytes, while the overlying Smart
and Barko medium only includes carbon. The protocol can be used as a blueprint for
testing other sediment-rooted macrophytes in the laboratory, such as Elodea nuttallii
(Planch.) H. St. John and Elodea canadensis Michx. In addition, exposure via the
sediment may be simulated by spiking the artificial sediment with a test chemical
and transplanting plants into this spiked sediment. As stated above, a G. maxima test
is under development and has been ring-tested since 2016 (Arts et al. 2022).

Submerged macrophytes are easy to propagate, as each side shoot can develop
new roots and can grow into a new shoot. Emergent macrophytes are different:
mother plants need to be propagated to develop enough young shoots of similar
length and leaf number to perform a test. Besides G. maxima as a potential emergent
test species, Typha species turned out to be promising (Sesin et al. 2021). Typha spp.
are increasingly used to assess the phytotoxicity of pollutants. Typha is easy to grow
and suitable for water, soil, and air exposure tests. It enables a suite of morphological
and physiological toxicity endpoints to be measured (Sesin et al. 2021). A drawback
might be that Typha species have an ability to hybridize, which might be an issue in
certain geographical regions. No species within the Typha genus is consistently the
most sensitive to a range of stressors although comparable data is currently limited
(Sesin et al. 2021). Selection of a Typha test species may therefore be based on local
availability, and on the feasibility to propagate enough young shoots with an initial
variability low enough to perform a toxicity test following regulatory requirements.
This latter issue is relevant for all emergent macrophytes for use in laboratory toxicity
tests.

4.2.6 Higher-Tier Phytotoxicity Tests with Macrophytes

In the risk assessment for pesticides, microcosm and mesocosm test systems can
be used as a suitable reference tier. Maltby et al. (2010) stressed that the required
endpoints for macrophytes need to be studied as naturally as possible, considering
competition, predation, and natural stressors. Microcosms and mesocosms enable
this type of studies as species are considered within their community. Microcosm
and mesocosm studies with aquatic macrophytes can be performed as two different
test designs: one option is the inclusion of the macrophytes as free-growing natural
populations; the second option introduces the macrophytes as potted plants (Fig. 4.1).
The first design limits the number of macrophyte species that can be studied, because
free-living populations require a large surface area. It is only achievable in larger
mesocosms such as experimental ditches. The second design with potted plants
excludes below-ground competition between the rooted macrophyte species. Both
approaches might be combined in a mesocosm when it is divided into two parts:
one part is reserved for free-growing populations and the other part for potted plants
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(e.g., in the form of bioassays). Both design options allow the study of effects on
free-living algae populations, phytoplankton and periphyton. Maltby et al. (2010;
see Table 3.3 therein) gives an overview of advantages and limitations of assessing
phytotoxicity in microcosms and mesocosms using potted plants versus plants rooted
in natural sediment.

The earliest mesocosm studies were performed in the United States in the 1980’s
(Graney 1990; Solomon et al. 1996). There was only a short time window from 1988
to 1992 in which the United States Environmental Protection Agency (US EPA)
required aquatic field studies (Boyle and Fairchild 1997). Afterward, the interest for
mesocosm studies declined, partly due to difficulties in interpretation; however, there
is a recent revival of the interest (see recent sessions and presentations in SETAC
scientific congresses). Microcosm and mesocosm studies targeted for aquatic macro-
phytes have been comparably rare. An overview of mesocosm studies in ecotox-
icology by Caquet et al. (2000) only mentions aquatic macrophytes as structural
elements for other groups of organisms, but not as a sensitive or vulnerable taxo-
nomic group to be studied. Studies performed in the 1990s addressed the effects of
linuron, an herbicide, on primary producers including aquatic macrophytes in exper-
imental ditches (Brink et al. 1997; Cuppen et al. 1997). Fairchild and Sappington
(2002) studied the fate and effects of the triazinone herbicide metribuzin in experi-
mental pond mesocosms including the effect on the inhabiting macrophytes. Mohr
et al. (2007, 2009) performed studies in experimental pond and stream mesocosms.
An alternative is to use bioassays with aquatic macrophytes in mesocosms (Coors
et al. 2006). Bioassays are in situ tests and include the use of, for example, potted
plants (Fig. 4.1).

The AMRAP workshop and its publication (Maltby et al. 2010) drew renewed
attention to the inclusion of aquatic macrophytes in the risk assessment for pesticides
and stressed the need for a proper higher-tier risk assessment for aquatic macrophytes.
It is only recently, after the publication of the Aquatic Guidance document in Europe
(EFSA PPR 2013) and a publication about the Minimum Detectable Difference
approach for mesocosm studies (Brock et al. 2015), that potted-plant studies are
presented by regulators as the only way forward for higher-tier aquatic macrophyte
mesocosm studies to meet the European regulatory requirements of the inclusion of
eight sensitive species.

Mesocosm studies were also performed in tropical climates (Daam et al. 2009a,
b). The comparison of microcosm and mesocosm studies between temperate and
tropical climates does not generate an unambiguous conclusion (Daam and van den
Brink 2010). Pesticide dissipation rates and vulnerability of freshwaters do not appear
consistently higher or lower in tropical regions compared to their temperate counter-
parts (Daam and van den Brink 2010). However, differences in fate and effects may
occur for individual pesticides and taxa. Moreover, intensive agricultural practices
in tropical countries lead to a higher input of pesticides and spread of contamination
over watersheds (Daam and van den Brink 2010).
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4.2.7 Ecotoxicological Endpoints for Macrophytes

Endpoints are explicit expressions of environmental values that environmental
managers wish to protect (CSA 2022). An ecotoxicological endpoint can be defined
as a variable reflecting macrophyte performance and development during and after
exposure to a toxic compound. Several different categories of endpoints can be distin-
guished (Arts et al. 2008). Assessment endpoints are directly related to environ-
mental management goals but they are typically stated in terms of population and
community attributes (e.g., population success, community success, diversity) (CSA
2022). However, it is not always practical to quantify those attributes; therefore, more
readily measurable or predictable surrogates, so-called measurement endpoints, can
be selected (CSA 2022). For instance, for an assessment endpoint of “probability of
greater than 10% reduction” in recruitment, the related measurement endpoints could
be “% mortality” in exposed habitats (CSA 2022). Measurement endpoints should
be defined in terms of survival, growth, or reproduction (CSA 2022). Examples for
plants include biomass, frond number, number of leaves, area of leaves, shoot height,
fresh weight (related to growth), mortality (related to survival), and number of new
ramets, or number of seeds (related to reproduction). When defining measurement
endpoints, priority should be given to those that are closely linked to assessment
endpoints; for example, survival, growth, and reproduction are generally considered
to be closely linked to population success (CSA 2022).

Assessment endpoints are used in the formal risk assessment. These may include
the LOEC (Lowest Observed Effect Concentration), NOEC (No Observed Effect
Concentration), or ECx (effect concentration for x% of the test population). For
primary producers, both growth rate (ErCsp) and yield/biomass endpoints (EyCs
or EbCsg) are assessment endpoints. ErCs is the preferred endpoint for primary
producers (EFSA PPR 2013; OECD 2006, 2014b) and is a protective endpoint in
most cases (Van Wijngaarden and Arts 2018). In order to use growth rate as an
endpoint, exponential growth in the control plants should be demonstrated (EFSA
2015, 2019). Growth rate endpoints are independent of test duration, while yield or
biomass endpoints decrease with test duration (Bergtold and Dohmen 2011). This is
a consequence of mathematical calculation and not sensitivity (EFSA PRR 2013).

Effects of pesticides, other organic chemicals, as well as other pollutants on macro-
phytes generally do not cause mortality if environmental concentrations are applied
(Maltby et al. 2010). Only at very high doses, macrophytes cannot survive. This
means that endpoints for aquatic macrophytes are sub-lethal by nature (Arts et al.
2008). A range of endpoints is available to test the response and fitness of macro-
phytes. However, the endpoints included in toxicity tests should meet a number
of criteria. They need to be sensitive to the stressor(s), exhibit low variability, and
allow for easy measurement in standardized laboratory tests (Arts et al. 2008). In the
M. spicatum test protocol (OECD 2014b), measurement endpoints are shoot fresh
weight, total shoot dry weight, and total shoot length. In the ring-tests performed
for the validation of this test protocol, these endpoints performed best in terms of
achieving a low variability and appropriate sensitivity. These endpoints might slightly
differ per plant species and growth form. For example, for the G. maxima protocol
that is currently in development, shoot height was not an appropriate and sensitive
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endpoint and was replaced by total leaf length (Davies et al. 2017; Arts et al. 2022).
Root endpoints were considered in some studies and are a sensitive endpoint (e.g.,
Belgers et al. 2007); however, limitations include potential high variability (Arts et al.
2008) and difficulty to continuously measure if plants are grown in soil (Sesin et al.
2020).

The following are examples of endpoints used for various contaminants: growth
rate and biomass endpoints were used to assess toxicity of heavy metals, pharma-
ceuticals, pesticides, surfactants, and plastics (Ceschin et al. 2021). Measurements
of enzymatic activity were performed to assess toxicity of heavy metals, pharma-
ceuticals, hydrocarbons, and pesticides (Ceschin et al. 2021). Antioxidant enzymes
(e.g., superoxide dismutase, catalase, peroxidase) scavenge reactive oxidant species
and thereby prevent oxidative damage, and can serve as biomarkers for exposure,
particularly for stressors that target the photosynthetic chain by disrupting elec-
tron flow (Brain and Cedergreen 2009). Chlorophyll fluorescence was measured
to assess toxicity of heavy metals, pharmaceuticals, and surfactants (Ceschin et al.
2021). Chlorophyll and carotenoid pigments absorb light energy for photosynthesis;
stressors can affect their content and composition (Brain and Cedergreen 2009).
Moreover, a review by Sesin et al. (2021) summarized morphological and physio-
logical endpoints that can be used for ecotoxicological tests for various stressors (e.g.,
chemicals, heavy metals, carboxylic acids, xenobiotics, pharmaceuticals, persistent
organic pollutants, wastewater, and algal toxins) with the emergent macrophyte Typha

Spp-

4.2.8 Sensitivity of Macrophyte Species and Endpoints

Macrophyte species might differ in their sensitivity to pollutants. We already
discussed, as an example, the potential differences between monocotyledonous and
dicotyledonous macrophytes in sensitivity to specific herbicides. Depending on the
endpoint, sensitivity can vary greatly within a species, and pollutant- and species-
specific endpoints should be considered in ERA (Berghahn et al. 2007; Dumont
et al. 2019). Giddings et al. (2013) state that endpoints might differ in sensitivity
by a factor of 10-1000. These authors compared the sensitivity of different aquatic
primary producers (macrophytes and algae) to a series of herbicides by using the
species sensitivity distribution (SSD) approach. They used the lowest reported reli-
able ECsy for each species after calculation of the geometric mean of identical
measurement endpoints as recommended by Brock et al. (2011). This methodology
gives insight into the sensitivity of standard test species used in the risk assessment
for pesticides compared to other algae and macrophyte species. They found that no
single species consistently represents the most sensitive aquatic plant species. For
12 of 14 chemicals, Lemna gibba L. and the Federal Insecticide, Fungicide, and
Rodenticide Act (FIFRA) algae (i.e., the algae used in the risk assessment under
the United States Federal Insecticide, Fungicide, and Rodenticide Act; Pseudokirch-
neriella subcapitata, Anabaena flos-aquae, Navicula pelliculosa, and Skeletonema
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costatum) included an ECsy near or below the lowest macrophyte ECsy and the
macrophyte HCs (i.e., hazardous concentration for 5% of species). For the other
compounds, M. spicatum was the most sensitive species of all aquatic plants consid-
ered. Overall, these results support the usefulness of testing L. gibba, M. spicatum,
and the FIFRA algae for assessing pesticide risks to aquatic primary producers.

4.3 Global Examples of the Use of Macrophytes
in Regulatory Risk Assessment

4.3.1 North America

Macrophytes are an important part of pesticide risk assessments in Canada that
applies a tiered ERA approach (Health Canada 2021c). An initial screening level
identifies non-target organisms for which there may be a potential risk. The screening
uses conservative exposure scenarios and sensitive toxicity effects endpoints. A risk
quotient (RQ) is calculated by dividing the exposure estimate by an appropriate toxi-
city value, which is then compared to the level of concern (LOC). If the RQ is equal
to or greater than the LOC, then a refined risk assessment is warranted to further char-
acterize the risk. The refined assessment considers more realistic exposure scenarios
and different toxicity endpoints. Refined methods include exposure modeling, moni-
toring data, mesocosm or field study data, and probabilistic approaches. The refine-
ment process continues until either the risk is judged to be adequately characterized,
or no further refinement is possible due to limited available data.

Currently, testing with aquatic vascular plants in Canadian pesticide risk assess-
ments is only required if there is potential for freshwater exposure. From a regulatory
perspective, testing with macrophytes of the genus Lemna is sufficient to meet the
requirements (Sauvé 2012; Whiteside 2017), although data from other macrophytes
are considered in assessments, if available. For example, the re-evaluation of the
pesticide glyphosate (HC PMRA 2015) included data from the floating Nymphaea
odorata Aiton, and emergent Pontederia cordata L. and Carex comosa Boott, all of
which turned out to be more sensitive than Lemna spp. to the formulated product as
compared by their respective ECs, values.

Macrophytes are also an important consideration in ERAs for nuclear facilities and
activities regulated by the Canadian Nuclear Safety Commission (CNSC). The ERAs
evaluate exposure and effects on representative biota and valued ecosystem compo-
nents (CNSC 2020; CSA 2022), which in many cases include aquatic plants. More-
over, the assessments must specifically consider vulnerable, threatened, and endan-
gered species, including plants, listed under the Government of Canada’s Species at
Risk Act as well as corresponding provincial and territorial statutes and regulations
(CSA 2022).

The United States use a similar approach to Canada for most pesticide risk assess-
ments. For aquatic macrophytes, the screening level RQ is routinely based on the
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lowest ECs, although other toxicological endpoints may be used if they can be linked
to assessment endpoints in a reasonable and plausible manner (US EPA 2022a). Typi-
cally, Lemna gibba is used in Tiers 1 and 2 (US EPA 2022b). In Tier 3, aquatic field
tests are performed on a case-by-case basis if macrophytes show greater than 50%
adverse effects on plant growth (US EPA 2022b). The US EPA has also developed
the Plant Assessment Tool to better align macrophyte exposure models to pesticide
fate and transport (Moore et al. 2021). The tool can be used to estimate pesticide
exposures to plants inhabiting semi-aquatic areas that are adjacent to treated sites
(Hook 2020). In a refined risk assessment, probabilistic tools and methods are used
to estimate the variability and uncertainty in factors that influence risk (US EPA
2022a).

The US EPA specifically considers threatened and endangered species listed under
the Endangered Species Act. Under this Act, all federal agencies must ensure that
their regulatory actions are not likely to jeopardize the continued existence of listed
species or destroy or adversely modify their critical habitat (US EPA 2022a). For
threatened or endangered macrophytes, the NOEC is used in the RQ calculation.
However, toxicity data are rarely available for listed species, and therefore surrogate
species are often used, such as Lemna spp. (US EPA 2004). For data-deficient species,
expert knowledge can also fill gaps and support decision-making (Fitzgerald et al.
2021).

4.3.2 South America

Risk assessment, especially for pesticides, is rapidly developing in South America
(Carriquiriborde et al. 2014; Casallanovo et al. 2021a, 2021b). In Brazil, the current
process is mainly hazard-based, but risk assessment guidelines for aquatic, terrestrial,
and soil organisms are expected to be published by regulators within the next two
years (Casallanovo et al. 2021b). A workshop held in 2014 (Carriquiriborde et al.
2014) recommended including macrophytes in the first tier of the risk assessment in
the form of required tests for Lemna spp. Brazil uses procedures adapted from the
European scheme (Topping et al. 2020).

4.3.3 Europe

In Europe, a tiered risk assessment procedure for pesticides has been established and
is in force (EFSA PPR 2013; European Commission 2013). For compounds with an
herbicidal mode of action, the first tier requires tests with Lemna spp. (L. gibba or
L. minor). For substances with an herbicidal mode of action for which Lemna spp.
are not sensitive or there is expected uptake from sediment by the roots of macro-
phytes, toxicity testing is required with another macrophyte, either M. spicatum or G.
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maxima. The regulatory endpoint used in the risk assessment is the regulatory accept-
able concentration (RAC), which—for macrophytes—is the ECsq with an assessment
factor of 10. This RAC is compared with the predicted environmental concentrations
(PECs) resulting from modeling of FOCUS scenarios for the use of the specific
compound under evaluation. This results in tables with conclusions about the safe or
unsafe use of the compound in the different scenarios.

In the aquatic risk assessment, the second tier provides several methods to refine
the risk assessment (EFSA PPR 2013). If primary producers are the most sensitive
group of organisms in Tier 1, a geomean approach can be followed if more macro-
phyte or algae endpoints are available, but less than eight. If at least eight endpoints
from macrophytes and algae are available, an SSD curve can be generated. Rules are
in place which organisms can be combined in one SSD. The best approach is to make
an SSD with all primary producers first. If one of the groups of primary producers
(e.g., algae, diatoms, macrophytes) are more sensitive than the others, separate curves
for these groups need to be generated and the HCs of the most sensitive curve can
be used in the risk assessment. A third option in the second tier is modified exposure
tests. These tests include the standard test species but have a modified, more realistic
exposure. These tests can be combined with TKTD (i.e., Toxicokinetic—Toxicody-
namic) modeling. For example, for Lemna spp. a fit-for-purpose model is available
(Schmitt et al. 2013), while this is in development for M. spicatum (Heine et al.
2015).

The third tier includes microcosm and mesocosm studies, which are described
in Sect. 4.2.6. The highest tier might be on the landscape level, including a multi-
species and multi-compound approach. This landscape approach is currently under
debate and development in Europe.

4.3.4 Africa

In developing countries, risk assessment on pesticides has not been adequately
studied due to the situation that concentrations and fate of pesticides in the envi-
ronment are often undetermined. South Africa is facing challenges with significant
pressures on its freshwater and agricultural resources, which enhances the prospects
of pesticide effects. A few studies have been performed in South Africa in terms of
pesticide risk assessment. The majority of the work concentrated on the estuaries and
rivers of the Western Cape (Bollmohr et al. 2007; Malherbe et al. 2013). The PRIMET
model is currently used in South Africa to predict risk to the aquatic environment.
Models that are used to predict risks must be validated through field monitoring of
pesticide exposure and effects. Most studies on macrophytes have focused on these
plants as invasive alien species and very little work has been done on risk assessment.

In Ethiopia, the risk assessment that is currently being implemented is based on
European principles on aquatic risk assessment and the registration procedure for
pesticides. Risks for aquatic organisms are calculated by using water concentra-
tions demonstrating the 90th percentile probability of occurrence in Ethiopia. This
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percentile is standard in the European Union’s registration procedures for risks in
the aquatic ecosystem and reflects a less strict requirement for the protection of
aquatic organisms compared to humans. Pesticide toxicity to rooted macrophytes is
not currently considered as a future addition to the risk assessment procedure (Teklu
et al. 2015). Moreover, there is no pesticide monitoring system in place for the envi-
ronment, primarily due to poor institutional capacity, and a lack of coordination on
the safe use of pesticides among federal and regional governments (Negatu et al.
2021). A need to raise awareness of the public on issues of pesticide misuse was
identified by scientists (Negatu et al. 2021).

4.3.5 Australia

Australia has a well-developed risk assessment process that evaluates the impacts
associated with licensed activities that include various potential stressors such as
radioactive substances, pesticides, and hazardous chemicals (NSW EPA 2022). For
example, in the pesticide risk assessment, non-target macrophyte toxicity tests are
integral to the hazard assessment (APVMA 2019). Notably, Australia uses a site-
specific, “eco-regionalized” approach that recognizes the wide range of ecosystem
types (e.g., tropical, temperate, arid environments) within their jurisdiction, and asso-
ciated differences in water quality characteristics (Water Quality Australia 2019).
As one example, an ERA of tebuthiuron in tropical Australian wetlands considered
specifically tropical species including the macrophyte Lemna aequinoctialis Welw.
(Dam et al. 2004).

4.3.6 Global Perspective on the Risk Assessment
Jor Macrophytes

The United States, Canada, and the European Union were pioneers in developing
sound risk assessment schemes (Casallanovo et al. 2021b). The procedures devel-
oped in these countries are taken as examples and adapted to other countries and
their specific circumstances, such as in Brazil (Topping et al. 2020; Casallanovo et al.
2021b). However, macrophytes are often not included in risk assessment schemes,
and if they are, then it is usually limited to requiring the standard test species Lemna
spp. in the first tier of the risk assessment. Europe also considers rooted macrophytes
in the risk assessment when triggered by the fate of the compound and/or the sensi-
tivity of the standard test species Lemna spp., while in North America toxicity data
from other macrophytes might be used in the risk assessment when available. The
comparably minor role of macrophytes in ecotoxicological investigations does not
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reflect the major role macrophytes play in ecosystems. Many contaminants enter
ecosystems via plants which are a key link in food webs (Ceschin et al. 2021). The
usefulness of macrophytes goes beyond simple toxicity tests; they can also serve as
bioindicators of water quality and phytoremediation agents (Ceschin et al. 2021).
Moreover, there is a potential to establish large-scale monitoring programs to verify
risk assessment predictions on a global level; for example, South African scien-
tists called for intensifying and expanding water monitoring for pesticides using
chemical, toxicological, and biological techniques (Ansara-Ross et al. 2012). Lastly,
risk assessments on a global scale are heavily relying on standard test toxicity data
produced in Europe or North America, and there is a lack of locally adapted and
indigenous species being tested (e.g., Daam and van den Brink 2010; Ansara-Ross
et al. 2012) which would be most relevant to the local risk assessment context.

4.4 Conclusion and Outlook: Future Ecological Risk
Assessments with Macrophytes

Macrophytes are important components of aquatic and wetland ecosystems and
sustain many ecosystem services, and therefore need to be an integral part of ERAs.
Yet, ERAs tend to overlook the complexity of macrophytes, their growth forms
and plasticity on an individual to community level, possibly resulting in insufficient
protection measures. On an individual level, macrophyte growth forms (e.g., emer-
gent, submerged, floating) and classes (e.g., monocots or dicots) influence exposure
pathways and responses to stressors. On a community level, co-occurring species
can influence community dynamics through competition for light or resources. As
this chapter outlined, ERA approaches have been updated to try to address these
factors, such as through the addition of new single-species tests with submerged and
emergent species, as well as higher-tier, multi-species testing and modeling methods.

Scientific knowledge is continuously evolving, and the scientific community regu-
larly proposes new ERA processes and tools to align approaches with environmental
reality (Topping et al. 2020). However, regulatory frameworks are rarely modern-
ized. This causes a time-lag of incorporating the most recent scientific knowledge
into regulatory decisions. In addition, the widely used tiered risk assessment process
is primarily based on single-stressor, single-use assessments (Topping et al. 2020),
although multiple chemical products are typically used on the landscape scale. If the
goal of ERA is to protect macrophyte populations and communities and ultimately
biodiversity, then the current approach can be ineffective (Frische et al. 2018; Schifer
et al. 2019; Topping et al. 2020). Moreover, regulatory progress is not equivalent on
a global level, and many countries have not yet established ERA frameworks for
macrophytes (e.g., South Africa, Ethiopia, and countries in Latin America, possibly
also in Asia).
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We have three key recommendations for ERAs with macrophytes that can be
considered in the adaptation of current regulatory processes as well as in the
establishment of new frameworks, which should be relevant across countries.

First, we recommend educating young scientists all over the globe in ERA frame-
works, in the effects of pollutants on individual, population, and ecosystem levels,
on how these can be assessed (experimental and modeling tools), and on how a risk
assessment process could look like in practice (see also Fig. 4.2). Awareness needs
to be raised about the diversity of species and ecosystems in the environment and
how these organisms can be protected from adverse effects. Knowledge exchange
could be facilitated through bilateral or multilateral collaboration and training. One
recent example is the collaboration between the International Institute for Sustain-
able Development and the African Center for Aquatic Research and Education to
strengthen freshwater science in large lakes, addressing pollution at local, regional,
and global scales (IISD 2020). Education can also extend to the public, and outreach
and engagement efforts can include local residents, naturalist and stewardship groups,
and indigenous communities. These stakeholders already have tremendous knowl-
edge and experience with the local environment and plant communities. Acknowl-
edging that communication is a two-way process, stakeholders’ knowledge can in
turn be linked to the ERA framework and could inform the selection of macrophyte
test species as well as monitoring sites, frequency, and sample types. One example
is the ERA conducted for certain nuclear facilities in Canada, which is periodi-
cally reviewed and revised using site-specific knowledge and indigenous knowledge,
among other sources (CNSC 2020).

Secondly, we recommend developing scientific approaches to fill the gaps in our
knowledge related to risk assessment for aquatic macrophytes. We have identified
the following knowledge gaps: (1) we need more understanding of the sensitivity of
different macrophyte growth forms, (indigenous) species, macrophyte ecotypes, and
genotypes to herbicide exposure and exposure to other contaminants such as phar-
maceuticals, nanoparticles, or radionuclides. (2) We need more knowledge on how
to do a proper risk assessment on a local level, especially in different climatic zones
all over the globe. Compared to temperate zones, tropical zones and tropical macro-
phyte species are less studied. For example, the applied field rates of pesticides and
associated exposure routes differ locally, influenced by the climate, crop production,
and government laws and regulations, among other factors. (3) We need to develop
statistical and TKTD models for rooted (submerged and emergent) macrophytes to
be used in risk assessment. (4) We need to revive aquatic microcosm and meso-
cosm studies with aquatic macrophytes as an important intermediate step between
the lower-tier risk assessment for individual species and the risk assessment at the
landscape level. (5) We need to develop approaches to perform a risk assessment for
aquatic macrophytes at the landscape level.

Third, while further developing risk assessment for aquatic macrophytes, we
recommend that future ERAs reflect the complexity of stressors that may expose
macrophytes, as well as their ecological context. Macrophytes are typically exposed
to a mixture of stressors, including anthropogenic pollutants, habitat disturbances
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and loss, climatic changes, and competition by invasive species. Exposure to stres-
sors can be highly variable in temporal and spatial dimensions, and accounting for
these in an assessment can increase environmental realism. Moreover, ERAs should
ideally consider the ecological context, such as species interactions and community
composition, as well as the landscape context, including habitat types and connec-
tivity (Milner and Boyd 2017; Schéfer et al. 2019). As the case of South Africa shows,
onalocal level, invasive macrophyte species represent a significant pressure on fresh-
water ecosystems, and these issues should be considered in ERAs for co-occurring
stressors, for example through a cumulative risk assessment. Renewed interest in
microcosm and mesocosm studies is also promising in this regard. While accounting
for all these factors is challenging, partly due to limited data availability, an approach
that reflects the complexity and interdependence of ecosystem components, however,
is needed to provide effective, long-term environmental protection.
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