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Abstract

Firefighting water additives are used to increase the rate at which fires can be extinguished. The majority of ecotoxicological
research has focused on firefighting formulations containing perfluorinated compounds as additives, due to the persistence and
bioaccumulative nature of the perfluorinated constituents. A number of relatively new additives have come on the market to
replace the products containing perfluorinated compounds. The potential effect of these new additives on the environment has
been largely unstudied. This study investigated the toxicity of six firefighting water additives: Eco-Gel™, ThermoGel 200L™,
FireAde™, Fire-Brake™, Novacool Foam™, and F-500™ to terrestrial biota. Terrestrial organisms could be exposed to
firefighting water additives through leaching into soil and/or runoff following a firefighting event or through direct aerial
application during a forest fire. Toxicity to three plant species was assessed through seedling germination and emergence tests:
Fagopyrum esculentum (buckwheat), Raphanus raphanistrum subsp. sativus (radish), and Rudbeckia hirta (black-eyed Susan).
The effects of firefighting water additives on three soil invertebrates, the collembolan Folsomia candida, the earthworms Eisenia
andrei, and Dendrodrilus rubidus, were also investigated using static acute tests to estimate EC5y/LCss. The concentration that
resulted in a 50% reduction in survival (LCs) for the acute toxicity tests conducted with F. candida ranged from 3 (Eco-Gel) to
0.175% (Novacool) by volume. Comparatively, the acute toxicity of two firefighting water additives to D. rubidus could not be
determined, as a 50% reduction in survival was not observed. A number of firefighting water additives were found to pose a
hazard to terrestrial organisms based on a worst-case exposure scenario of direct application at the greatest recommended
application rate for a class A fire (e.g., wood, paper). The firefighting water additive F-500 was found to pose a hazard (HQ >
1) for all species tested, except for the acute test conducted with D. rubidus. Comparatively, Eco-Gel posed a hazard for only the
acute and chronic tests with F. candida. This study represents the first comparative deterministic risk assessment of firefighting
water additives to terrestrial ecosystems.
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Introduction

To more efficiently control the spread and reduce potential
damages of fires, firefighters mix firefighting additives
with the water used to fight a variety of fire types (e.g.,
residential, industrial, forest). The use of water additives in
firefighting could result in contamination of terrestrial eco-
systems (Bridge et al. 2005; Lui et al. 2017; Song et al.
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2014). In forest fire scenarios, firefighting water additives
can be applied through aerial drops from an aircraft that
can release hundreds of liters in each application (Liu
et al. 2017; Satoh et al. 2005). Firefighting water additives
used to enhance the efficacy of water for dousing fires
could adversely affect soil organisms directly, which could
cause a reduction in species richness, and ecosystem ser-
vices (Chagnon et al. 2015; Semenzin et al. 2009). In
addition to many physical processes, the microbial com-
munity in soil helps to regulate biological processes like
nutrient cycling (Chagnon et al. 2015). Plants constitute
the base of the food web, contributing to and promoting
species diversity within the terrestrial ecosystem, and they
are intimately involved with the nutrient cycling of the
soil (Arts et al. 2015; Chagnon et al. 2015).
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In the past, firefighting water additives contained
perfluorinated compounds, which have been determined to be
highly persistent in the environment (Janie 1995; Liu et al.
2017; Xiao et al. 2015). The compounds of greatest concern,
perfluorooctane sulfonate (PFOS) and perfluorooctanoic acid
(PFOA), have been detected in a variety of environmental ma-
trices (Montagnolli et al. 2017). Firefighting additives have
been identified as a major source of PFOS to soils (Liu et al.
2017), and PFASs have also been shown to have adverse ef-
fects on soil biota, including terrestrial invertebrates like earth-
worms (Liu et al. 2017, Yuan et al. 2017).

The earthworms FEisenia fetida and FEisenia andrei are ex-
tremely important indicators of soil health and environmental
contamination due to their role in decomposition and nutrient
cycling (Chagnon et al. 2015; Yuan et al. 2017). Numerous
studies have shown that earthworms exposed to subchronic con-
centrations of PFOS and PFOA experience negative effects as
indicated by changes in biochemical indicators (e.g., superoxide
dismutase and cellulase activity) and impaired decomposition
activity Lankadurai et al. 2013; Xu et al. 2013; Yuan et al. 2017).

PFASs have also been found to have bioaccumulative
properties (Ghisi et al. 2019). When PFASs are present in soil,
they have shown to accumulate in the tissues of soil biota
(Ghisi et al. 2019). Although differences in bioaccumulation
among species have been observed, all plants can accumulate
PFOS and PFOA to some extent, and the difference could
potentially be due to the ability of the plant to take up and
translocate the constituents (Ghisi et al. 2019). The difference
in bioaccumulation can also be attributed to the composition
and surface area of the plants’ roots (Ghisi et al. 2019). The
manufacturing of firefighting water additives and other con-
sumer products that contain PFOS and PFOA has been re-
stricted, but there is limited information available on the effect
of emerging firefighting water additives and these require in-
vestigation (Liu et al. 2017).

The objective of this study was to investigate the toxicity of
six firefighting water additives to three plant species (Fagopyrum
esculentum, Raphanus raphanistrum subsp. sativus, and
Rudbeckia hirta) and three terrestrial invertebrates (Folsomia
candida, a species of Collembola, and two species of earthworm,
E. andrei and Dendrodrilus rubidus). Following a characteriza-
tion of the concentration—response relationship of the firefighting
water additives to these six species, a hazard assessment was
completed in order to assess the impact that these additives could
have on terrestrial ecosystems.

Materials and methods
Test chemicals

Six firefighting water additives were investigated in this study;
Eco-Gel™, ThermoGel 200L™, FireAde™, Fire-Brake™,
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Novacool Foam™, and F-500™ (Table 1). All firefighting
water additives are proprietary mixtures, and all known chem-
ical components are listed in Table 1. The additives are sold in
liquid form and are soluble in water; consequently, exposure
solutions for testing were generated by mixing the additives in
deionized water (DI). The concentrations of exposure solu-
tions were expressed as a percentage, calculated as the volume
of firefighting water additives divided by the total volume of
the additive solution. These concentrations could be expressed
as parts-per-million; for example, 2% could be expressed as
20,000 ppm. The application rate recommended by each man-
ufacturer varies depending on the class of fire that is being
treated (Table 1). The species tested in this study, as well as
the firefighting water additives and the concentrations tested,
are presented in Table 2.

Plant species

Seeds of R. hirta (black-eyed Susan), F. esculentum (buck-
wheat), and R. raphanistrum subsp. sativus (radish) were or-
dered from William Dam Seeds (Dundas, ON) and stored at
4 °C prior to use. The dicotyledonous species F. esculentum
and R. raphanistrum are historically used in plant testing ac-
cording to the Organization for Economic Co-operation and
Development (OECD) 208 and the Environment and Climate
Change Canada (ECCC) EPS/RM/56 protocol (OECD 2006;
ECCC 2013). Rudbeckia hirta was included along with the
two species traditionally used in plant toxicity testing because
exposure of boreal species to firefighting water additives is
relevant from a forest fire perspective.

Germination test

Seed germination and root elongation tests (120 h) were con-
ducted following the American Society for Testing and
Materials (ASTM) E1963-09 guideline (ASTM 2014). The
firefighting water additives were mixed directly into DI water
to produce exposure solutions with nominal concentrations
ranging from 0 to 5%, expressed as volume of firefighting
water additives per total volume of solution. Ten seeds of
R. hirta, F. esculentum, or R. raphanistrum were placed into
lidded Petri dishes with a diameter of 9.0 cm on top of two
pieces of P8-creped filter paper saturated with 4 mL of expo-
sure solution. Five concentrations of water additive treatments
and a negative control of deionized water were prepared for
each experiment (Table S1). Each treatment consisted of five
replicate Petri dishes. Petri dishes were incubated for 120 h in
the dark at 24 +2 °C. The pH was measured in exposure
solutions at initiation of the test (Table S1). At 120 h, germi-
nation success, determined to be when the radicle of the seed-
ling was visible, was recorded (ASTM 2014) (Table S2—-S4).
Root length from the base of the seed to the end of the radicle
was measured after 120 h of incubation (Table S5).
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Table 1
recommended by the manufacturers for each gel

The constituents of the firefighting water additives disclosed by the manufacturers on their safety data sheets and application rates

Type of formulation and manufacturer Known constituents

Recommended application rates Density (g/cm”)

Eco-Gel, FireRein Inc. Polysaccharides
Triglycerides
F-500, Multi-Purpose Encapsulating Agent,

Hazard Control Technologies Inc.

FireAde Fire Fighting Agent, Fire Service Plus Inc. 2-methyl-2, 4-pentanediol
Sodium octyl sulfate
Diethylene glycol monobutyl ether
Proprietary foamer blend
Sodium decyl sulfate
Baum’s Novacool UEF, Baum’s Castorine Co. Inc. No known constituents

FIRE-BRAKE Class A Foam Concentrate,
The Solberg Company
ThermoGel 200L, Thermo Technologies L.L.C.

Ethanol

Nitrilotrisethanol aliphatic soap
Alkyl ether amine reaction with aliphatic acids Class B: 3%
Linear aliphatic alcohols

Diethylene glycol monobutyl ether

Sodium polyacrylate—based polymer
Petroleum hydrocarbon

Classes A and B: 1-6% 1.10-1.30
Class A: 0.5-1% 0.98-1.00
Class C: 3%

Class D: 3%

Class A: 0.1-1% 1.00-1.02
Class B: 0.5-3%

Class C: N/A

Class D: 3-6%

Classes A and B: 0.4% 1.02-1.05
Class A: 0.1-1% 1.00
Class A: 12% 1.05

North American fire type classification system

Class A: Flammable solid materials, e.g., wood, paper, textiles
Class B: Flammable liquids or gasses, e.g., diesel, methane, oils
Class C: Fires involving live electrical equipment

Class D: Flammable metals, e.g., alkali metals, alkaline earth metals

Emergence toxicity test

Seedling emergence and growth tests (14 days; 21 days) were
conducted following the OECD 208 guideline (OECD, 2006).
Firefighting water additives were mixed with DI water to cre-
ate five nominal concentrations ranging from 0 to 5%.
Percentages were expressed as volume of additives per total
volume of solution.

Seeds of F. esculentum and R. raphanistrum were germi-
nated prior to planting. Seeds were placed into Petri dishes
(9.0-cm diameter) on top of two pieces of P8-creped filter
paper saturated with 4 mL of DI water and incubated for
approximately 48 h in the dark at a temperature of 24 +
2 °C. Five successfully germinated seeds, where the seedling
radicle was visible, were used for each replicate. For emer-
gence tests conducted with R. hirta, ten un-germinated seeds
were used for each replicate, as the seeds for this species take
more time to germinate and have a relatively low success rate.
When a minimum of five seedlings had emerged, any addi-
tional R. hirta plants were cut at the root upon emergence and
not included in the counts.

Plastic pots with a 3-in. diameter were lined with un-
bleached paper towel and filled with 30+5 g of
MiracleGro™ potting soil (properties provided in Table S6).
The moisture content and water holding capacity was deter-
mined using the ECCC EPS/RM/56 protocol (ECCC 2013).
The F. esculentum and R. raphanistrum seedlings or R. hirta
seeds were placed below 0.5 cm of soil, and 25 mL of

treatment solutions was applied to the soil surface. The
firefighting water additives were mixed directly into DI water
at nominal concentrations ranging from 0 to 5% and added
until the soil of each pot reached a WHC of 75%. This volume
(25 mL) corresponded with an application rate of 3 L/m?,
which would be representative of an aerial drop for a forest
firefighting scenario. For each test, there were five concentra-
tions (plus a negative control), and each concentration had five
replicate test vessels.

The pH was measured in exposure solutions at initiation of
the test using an Orion™ Versa Star Pro™ Multiparameter
Benchtop Meter (Table S7). The vessels were covered with
clear plastic to minimize moisture loss and incubated in a
growth chamber at 20+ 2 °C with a photoperiod of 16-h
light:8-h dark and a light intensity of 1500 Ix. For
F. esculentum and R. raphanistrum, plants were incubated
for 14 days, and for R. hirta, plants were incubated for 21 days.
During the growth period, plants were watered daily with DI
water, until it seeped through the bottom of the pot. The clear
plastic that covered each test unit was removed once plants
reached the plastic cover.

At test completion, emergence was recorded, and the plants
were photographed (growth data are provided in Tables S8—
S10). All plant species tested had one shoot per plant, for a
total of five shoots per replicate, and each shoot was cut at the
base of the shoot to measure shoot length, from the base of the
stem to the terminal bud of the plant, using a ruler. The num-
ber of leaves per shoot was recorded, and the aboveground
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Table 2

The species, firefighting water additives, and range of concentrations (% by volume) tested in this study

Plant species (endpoint) Firefighting water Concentrations

Invertebrate species (endpoint) Firefighting Concentrations

additive tested (%) water additive tested (%)
Raphanus raphanistrum subsp. Eco-Gel 0-4.0 Folsomia candida (acute mortality) Eco-Gel 0-8.0
sativus (germination) F-500 0-4.0 F-500 0-4.0
FireAde 0-4.0 FireAde 0-4.0
Fire-Brake 0-2.0 Fire-Brake 0-4.0
Novacool 0-2.0 Novacool 0-1.28
ThermoGel 0-2.0 ThermoGel 0-4.0
Fagopyrum esculentum Eco-Gel 0-4.0 Folsomia candida (chronic Eco-Gel 0-4.0
(germination) F-500 0-4.0 mortality & reproduction)
FireAde 0-4.0
Fire-Brake 0-2.0
Novacool 0-2.0 Eisenia andrei (mortality) Eco-Gel 0-4.0
ThermoGel 0-2.0
Rudbeckia hirta (germination) Eco-Gel 0-4.0
F-500 0-4.0 Dendrodrilus rubidus (mortality) Eco-Gel 0-4.0
FireAde 0-4.0 F-500 0-2.0
Fire-Brake 0-2.0
Novacool 0-2.0
ThermoGel 0-2.0
Raphanus raphanistrum subsp. Eco-Gel 0-4.0
sativus (emergence) F-500 0-4.0
FireAde 0-4.0
Fire-Brake 0-2.0
Novacool 0-2.0
ThermoGel 0-2.0
Fagopyrum esculentum Eco-Gel 0-5.0
(emergence) F-500 0-4.0
FireAde 0-4.0
Novacool 0-2.0
Rudbeckia hirta (emergence) Eco-Gel 0-5.0
F-500 0-2.0

tissue was placed in aluminum weigh boats and weighed
using an analytical balance to determine the fresh weight.
The weigh boats and plant tissue were placed into a drying
oven at 65 °C for 1 week and weighed to determine the dry
mass of the tissue (Table S11-S13).

Folsomia candida

Folsomia candida eggs were isolated from a culture main-
tained at the University of Guelph. Eggs were placed into a
Petri dish lined with moistened filter paper and a substrate
made from plaster of Paris and activated charcoal. A total of
0.004 g of Fleischmann’s ® Traditional Active Dry Yeast was
placed onto the substrate as a source of food for young spring-
tails. To moisten the substrate, DI water was sprayed on the
surface daily.
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Acute toxicity test

Acute toxicity tests (14 days) were conducted following the
ECCC EPS 1/RM/47 guideline (ECCC, 2017). Each experi-
ment consisted of six treatments including a negative control;
each treatment contained five replicate vessels. Test vessels
(125-mL glass mason jars) were filled with 46 g of field soil.
The field soil was collected in 2012 from a field that had been
fallow for 10 years outside of Guelph, Ontario. The physico-
chemical properties of the field soil can be found in Table S14.

DI water was then added to each test vessel until the soil
reached a WHC of 70%, as determined using the ECCC EPS
1/RM/47 protocol (ECCC 2007). The treatments of
firefighting water additives were created by mixing the addi-
tives with DI water at nominal concentrations from 0 to 5%.
The volume of treatment solution that was added to the
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Table 3 Concentration (% by

volume) causing a 50% reduction Firefighting ECso SE'  Lower' Upper'! NOEC  Highest Percent reduction in
in germination of seeds (ECso) for water additive treatment highest treatment
Raphanus raphanistrum subsp.
sativus, Fagopyrum esculentum, Raphanus raphanistrum subsp. sativus
and Rudbeckia hirta. The Eco-Gel >4.00 NC NC NC 4.00 4.00 0%
standard error, the no-observed- Fire-Brake >200 NC NC NC 200 2.00 0%
effect concentration (NOEC), and
lower and upper bounds of the F-500 024 0.03 0.19 0.29 <0.25
95% confidence interval for each FireAde >4.00 NC NC NC 2.00 4.00 28%
?Csfo 4111r§ also prese;lctléd. For . ThermoGel >200 NC NC NC 200  2.00 4%
irefighting water additives where
an ECs, could not be estimated, Novacool >2.00 NC NC NC 1.00 2.00 15.5%
the percent reduction in germina- Fagopyrum esculentum
tion relative to the control at the Eco-Gel >4.00 NC NC NC 4.00 4.0 0%
highest treatment was provided Fire-Brake 095 029 038 1.53 1.00
F-500 024 0.03 0.18 0.29 <0.25
FireAde 0.74 020 0.34 1.13 0.25
ThermoGel >200 NC NC NC 2.00 2.00 24%
Novacool >200 NC NC NC 2.00 2.00 16%
Rudbeckia hirta
Eco-Gel >4.00 NC NC NC 4.00 4.0 0%
Fire-Brake 0.18 0.02 0.14 0.22 0.125
F-500 <025 NC NC NC <0.25 4.0 0%>
FireAde 0.15 0.04 0.06 0.24 <0.25
ThermoGel 042 0.07 029 0.55 1.00
Novacool 0.11  0.02 0.07 0.15 0.125

'NC indicates that the value could not be calculated

2 The percent reduction in the lowest treatment

surface of each test vessel with a graduated cylinder is based
on an application rate of 3 L/m”. The application rate is reflec-
tive of an aerial drop of firefighting water additive during a
forest fire. The volume added to each vessel was calculated
using the diameter of the jar opening to calculate area. The pH
and conductivity of the exposure solutions were measured at
test initiation (Table S15). Test vessels were then allowed to
rest covered for 24 h before adding juvenile springtails.

After 24 h, ten juvenile (12 days old) F. candida were
placed into the test vessels with approximately 0.004 g of
Fleischmann’s® Traditional Active Dry Yeast. The vessels
were randomized using a random number table and incubated
in an environmental chamber at 20 +2 °C with a photoperiod
of 16-h light:8-h dark and light intensity of 1500 Ix.

At day seven, a visual inspection of each test vessel was
completed, and mold coverage, surface activity of springtails,
and uneaten yeast were recorded. Any uneaten yeast was re-
moved, and approximately 0.004 g of Fleischmann’s ®
Traditional Active Dry Yeast was added. On day fourteen (test
termination), mortality was assessed by floating springtails
with deionized water (Table S16).

Chronic toxicity test

Chronic toxicity tests (27 days) with springtails were conduct-
ed according to the ECCC EPS 1/RM/47 guideline (ECCC
2014). Each experiment consisted of five treatments and a
negative control in five replicate vessels. Approximately
30 g of field soil (as described above) was placed into each
test vessel (125-mL glass mason jars).

For the chronic tests with F. candida, the firefighting water
additive Eco-Gel was tested at nominal concentrations rang-
ing from 0 to 4%. The moisture content and WHC for the field
soil was calculated using the ECCC EPS 1/RM/47 protocol,
and the treated solutions were added to the soil to a WHC of
70% (ECCC 2007). At the start of the test, pH and conductiv-
ity of the exposure solutions were measured.

Ten F. candida were placed into the test vessels 24 h after
application of exposure solutions with 0.004 g of
Fleischmann’s ® Traditional Active Dry Yeast. The vessels
were placed randomly using a random number table and in-
cubated in an environmental chamber at 20 +2 °C with a
photoperiod of 16-h light:8-h dark and light intensity of
1500 1x. At the completion of the test (day 27), mortality
was assessed by using distilled water to float the organisms,
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Table 4 Hazard quotients calculated using LCso or ECsq estimated for
Raphanus raphanistrum subsp. sativus, Fagopyrum esculentum, and
Rudbeckia hirta (germination success and emergence); Folsomia
candida (acute and chronic); Eisenia andrei;, and Dendrodrilus rubidus
and the estimated environmental concentration based on an application
rate of 3 L/m* and the highest concentration recommended by the
manufacturer for class A fires

Species and firefighting Highest LCso/ECsg (%) Hazard

water additive recommended quotient
concentration (%)
Germination—Raphanus raphanistrum subsp. sativus
Eco-Gel 6 >4 <1.50
FireAde 1 >4 <0.25
Fire-Brake 1 >2 <0.50
Novacool 04 >2 <0.20
ThermoGel 2 >2 <1.00
F-500 1 0.24 4.17*
Germination—Fagopyrum esculentum
Eco-Gel 6 >4 <1.50
FireAde 1 0.74 1.35%
Fire-Brake 1 0.95 1.05%
Novacool 04 >2 <0.20
ThermoGel 2 >2 < 1.00
F-500 1 0.24 4.17*
Germination—Rudbeckia hirta
Eco-Gel 6 >4 <1.50
FireAde 1 0.15 6.67*
Fire-Brake 1 0.18 5.56*
Novacool 04 0.11 3.64*
ThermoGel 2 0.42 4.76*
F-500 1 <025 >4.00*
Emergence—Raphanus raphanistrum subsp. sativus
Eco-Gel 6 >4 <1.50
FireAde 1 >4 <0.25
Fire-Brake 1 1.32 0.76
Novacool 04 1.35 0.30
ThermoGel 2 >2 < 1.00
F-500 1 0.36 2.78%*
Emergence—Fagopyrum esculentum
Eco-Gel 6 >5 <1.20
FireAde 1 >2 <0.5
Novacool 04 >2 <0.2
F-500 1 0.36 2.78%*
Emergence—Rudbeckia hirta
Eco-Gel 6 >5 <1.20
F-500 1 0.75 1.33%
Folsomia candida (chronic)
Eco-Gel 6 1.68 3.57*
Folsomia candida (acute)
Eco-Gel 6 3 2.00*
FireAde 1 1.5 0.67
Fire-Brake 1 0.87 1.15%
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Table 4 (continued)

Species and firefighting Highest LCso/ECsg (%) Hazard
water additive recommended quotient
concentration (%)
Novacool 04 0.18 2.22%
ThermoGel 2 143 1.40%*
F-500 1 0.33 3.03*
Eisenia andrei
Eco-Gel 6 >4 <1.50
Dendrodrilus rubidus
Eco-Gel 6 >4 <1.50
F-500 1 >2 <0.50

*Hazard quotients > 1 indicate a potential hazard

and the number of adults and progeny was counted using the
Image] analysis software (Table S17).

Eisenia andrei

Eisenia andrei were obtained from an established culture at
the University of Guelph. Cultures were maintained according
to the Environment Canada EPS 1/RM/43 guideline (ECCC
2007). Once or twice per week depending on the culture size,
each culture bin was fed a mixture of 4-6 tablespoons of
prepared Quaker Instant Oats and PC Organic Quick Oats,
amended with Magic Products, Inc. Worm Food®. This was
done once or twice per week, according to the number of
worms in each culture bin and how much excess food
remained after each feeding. DI water was sprayed onto the
surface of the soil until it reached a crumbly consistency if the
moisture content of the soil in each culture bin failed the
“squeeze” test, which is described in the Environment
Canada EPS 1/RM/43 guideline (ECCC 2007).

Acute toxicity tests (14 days) were conducted with guid-
ance from the ECCC EPS 1/RM/43 (ECCC, 2004). There
were five treatments and one negative control for each exper-
iment, and each treatment contained three replicate test ves-
sels. There was also an additional replicate for each treatment
to measure the pH at test initiation (day 0) and conclusion of
the test (day 14).

Test vessels (300-mL glass wide-mouth mason jars) were
filled with approximately 200 g dry weight of artificial soil,
which was prepared according to the ECCC EPS 1/RM/43
guideline (ECCC 2007). Using the same protocol as a guide,
the WHC and moisture content of the soil were also measured.
Nominal concentrations of Eco-Gel ranging from 0 to 4%
were prepared by mixing the additive with DI water. The soil
was then hydrated to 70% of its WHC with DI water.
Exposure solutions were added to the surface of each test
vessel with a graduated cylinder at application rate of 3 L/
m” based on the application rate for an aerial drop as
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Table 5 Hazard quotients calculated using the no-observed-effect con-
centration (NOEC) for Raphanus raphanistrum subsp. sativus,
Fagopyrum esculentum, and Rudbekia hirta (germination and emer-
gence); Folsomia candida (acute & chronic); Eisenia andrei; and
Dendrodrilus rubidus and the estimated environmental concentration
based on an application rate of 3 L/m> and the highest concentration
recommended for a class A fires

Species and firefighting Highest recommended NOEC Hazard
water additive concentration (%) (%) quotient
Germination—Raphanus raphanistrum subsp. sativus
Eco-Gel 6 4.00 1.5%
FireAde 1 2.00 0.5
Fire-Brake 1 <025 >4
Novacool 0.4 2.00 0.2
ThermoGel 2 2.00 1
F-500 1 1.00 1*
Germination—Fagopyrum esculentum
Eco-Gel 6 4.00 1.5%
FireAde 1 1.00 1%
Fire-Brake 1 <025 <4
Novacool 0.4 0.25 1.6%*
ThermoGel 2 2.00 1*
F-500 1 2.00 0.5
Germination—Rudbekia hirta
Eco-Gel 6 4.00 1.5%
FireAde 1 0.125  8*
Fire-Brake 1 <025 <4
Novacool 0.4 <025 <16
ThermoGel 2 1.00 2%
F-500 1 0.125  8*
Emergence—Raphanus raphanistrum subsp. sativus
Eco-Gel 6 4.0 1.5%
FireAde 1 0.5 2%
Fire-Brake 1 0.25 4%
Novacool 04 4.0 0.1
ThermoGel 2 2.0 1*
F-500 1 1.0 1%
Emergence—Fagopyrum esculentum
Eco-Gel 6 2.5 2.4%
FireAde 1 0.25 4%
Novacool 0.4 2.0 0.2
F-500 1 2.0 0.5
Emergence—Rudbekia hirta
Eco-Gel 6 5 1.2%
F-500 1 2 0.5
Folsomia candida (chronic)
Eco-Gel 6 1
Folsomia candida (acute)
Eco-Gel 6 1.00 6%
FireAde 1 1.00 1*
Fire-Brake 1 0.25 4%
Novacool 0.4 0.16 2.5%

Table 5 (continued)

Species and firefighting Highest recommended NOEC Hazard
water additive concentration (%) (%) quotient
ThermoGel 2 1.00 2%
F-500 1 0.25 4
Eisenia andrei
Eco-Gel 6 4 1.5%
Dendrodrilus rubidus
Eco-Gel 6 4 1.5%
F-500 1 2 0.5

*Hazard quotients > I indicate a potential hazard

determined from the diameter of the opening of the test vessel.
Test vessels were covered and allowed to rest for 24 h before
adding worms. The pH and conductivity of the treated soils
were measured at test initiation and test conclusion
(Table S18). At 24 h post-application, five sexually mature
worms, identified by the presence of a clitellum, were added
to each test vessel. All vessels were then placed into an envi-
ronmental chamber set at 20 + 2 °C with a photoperiod of 16-h
light:8-h dark and light intensity of 1500 Ix. After 14 days of
incubation, the test vessels were emptied and assessed for
worm mortality (Table S19).

Dendrodrilus rubidus

Dendrodrilus rubidus were taken from established laboratory
cultures, which were maintained in the same manner as de-
scribed for Eisenia andrei. Acute toxicity tests (14 days) were
conducted with guidance from the ECCC EPS 1/RM/43
guideline (ECCC, 2004). There were five treatments and one
negative control of deionized water, each with three replicates.
There was also an additional replicate for each treatment to
measure the pH at test initiation and conclusion of the test.

Approximately 200 g of dry artificial soil was prepared
according to ECCC EPS 1/RM/43 guidelines and was placed
into 300-mL glass wide-mouth mason jars (ECCC 2007). The
WHC and moisture content had been previously determined
for the artificial soil. Nominal concentrations of 0—4% and 0—
2% (% by volume of additive per total volume of exposure
solution) were prepared with F-500 and Eco-Gel, respectively.
DI water was added to achieve 70% of the soil’s WHC, and
then a volume of exposure solution was added based on an
application rate of 3 L/m? and the diameter of the jar opening.
The soil was tested for pH and conductivity following appli-
cation and at the conclusion of the test (Table S20). The test
vessels were left to incubate for 24 h before test organisms
were added post-application.

For the tests with Eco-Gel and F-500, five and four sexu-
ally mature worms were added to each test vessel,
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Table 6 Concentration (% by

volume) causing a 50% reduction Species and ECs SE! Lower Upper NOEC  Highest Percent reduction in
in emergence (ECs) for firefighting water treatment highest treatment
Raphanus raphanistrum subsp. additive
sativus, Fagopyrum esculentum,
and Rudbekia hirta. The standard ~ Raphanus raphanistrum subsp. sativus
error, the no-observed-effect con- Eco-Gel >4.0 NC NC NC 4.0 4.0 24%
centration (NOEC), and lower Fire-Brake 132 022 08 176 05
and upper bounds of the 95%
confidence interval for each ECsg F-500 036 0.038 0.29 0.44 0.25
are also presented. For FireAde >40 NC NC NC 4.0 4.0 20%
firefighting vlv;ter agditives where ThermoGel >20 NC NC NC 2.0 2.0 0%
an ECs, could not be estimated,
the percent reduction in emer- Novacool 1.35 021 0.94 1.75 1.0
gence relative to the control at the Fagopyrum esculentum
highest treatment was provided Eco-Gel >5.0 NC NC NC 2.5 5.0 36%
F-500 036 0.0086 0.34 0.38 0.25
FireAde >4.0 NC NC NC 4.0 4.0 0%
Novacool >2.0 NC NC NC 2.0 2.0 16%
Rudbekia hirta
Eco-Gel >5.0 NC NC NC 5.0 5.0 0%
F-500 0.75  0.079 0.59 0.90 2.0

I'NC indicates that the value could not be calculated

respectively. The test organisms were deemed to be sexually
mature when a clitellum was observed. The environmental
chamber was set to 20+2 °C with a photoperiod of 16-h
light:8-h dark and light intensity of 1500 Ix, and test vessels
were incubated for 14 days. Following 14 days of incubation,
each vessel was assessed for mortality of worms (Table S21).

Statistical analysis

The firefighting water additive concentration resulting in a
50% reduction in survival (LCsg) and 50% reduction in all
other endpoints (ECso) was estimated using drc package in
R Studio version 1.1.456 along with associated 95%

Table 7 Concentration (% by volume) causing a 50% reduction in (A)
reproduction (ECsg) and (B) survival (LCsg) for Folsomia candida. The
standard error, the no-observed-effect concentration (NOEC), and lower
and upper bounds of the 95% confidence interval for each ECs are also
presented

Firefighting water additive ECs, SE Lower Upper NOEC
Reproduction
Eco-Gel 1.68 032 1.03 2.34 1.00
Survival
Eco-Gel 3.00 0.60 1.84 417 1.00
FireAde 1.50 037 0.76 2.23 1.00
Fire-Brake 0.87 0.14 0.60 1.13 0.25
Novacool 0.18 0.03 0.11 0.24 0.16
ThermoGel 143 029 087 1.99 1.00
F-500 033 026 039 9.12 0.25

@ Springer

confidence intervals (CI) (Ritz et al. 2015; RStudio 2016).
Nominal concentrations (% by volume) were used to establish
EC, and LC, values for 10, 25, and 50% effect. A 4-parameter
logistic model was fit to the data from the toxicity tests. For
mortality, emergence, and germination success, upper and
lower limits were fixed to 100 and 0, and for reproduction
and growth, the lower limit was fixed to 0. The no-
observed-effect concentration (NOEC) values were identified
using one-way analysis of variance (av=0.05) in SigmaPlot
14.0. Normality and equal variance among treatments were
determined using the Shapiro—Wilk and Brown—Forsythe
tests before deciding to use a parametric ANOVA. Any sig-
nificant differences between the treatments and control were
determined using Dunnett’s test. A Kruskal-Wallis test on
ranks was completed if the normality and/or equal variance
test failed in order to test for significant differences among
treatments followed by Dunn’s multiple comparison test.

Hazard assessment

A hazard assessment was conducted by determining the haz-
ard quotients for each species. Hazard quotients were calcu-
lated by comparing effect endpoints (ECsy for R. hirta,
F. esculentum, R. raphanistrum subsp. sativus; LCs, for
F. candida, E. andrei, D. rubidus) to the highest concentration
at application (%) for each firefighting water additive recom-
mended by each manufacturer. To be conservative, it was also
assumed that the concentration of firefighting water additive
in the water dropped by a water bomber was at the highest
percentage recommended by the manufacturer for a class A
fire (e.g., wood, paper). For example, Eco-Gel recommends
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Table 8 Concentration (% by volume) causing a 50% reduction in
survival (LCs) for (A) Eisenia andrei and (B) Dendrodrilus rubidus.
The standard error, the no-observed-effect concentration (NOEC), and
lower and upper bounds of the 95% confidence interval for each ECsq

are also presented. For firefighting water additives where an LCs, could
not be estimated, the percent reduction in survival at the highest treatment
was provided

Firefighting water additive ECsg SE! Upper' Lower' NOEC Highest treatment Percent reduction in highest treatment
A. Eisenia andrei

Eco-Gel >4.0 NC NC NC 4.0 4.0 0%
B. Dendrodrilus rubidus

Eco-Gel >4.0 NC NC NC 4.0 4.0 0%

F-500 >2.0 NC NC NC 2.0 2.0 13.3%

'NC indicates that value could not be calculated

an application rate of 6% for class A fires. For this investiga-
tion, if the hazard quotient was greater or equal to one, it
indicated a potential hazard.

Results
Plant species
Germination tests

For the three plant species, Eco-Gel had the greatest ECs,
(germination), with firefighting water additive values of >
4% for R. sativus and F. esculentum and >5% for R. hirta
(Table 3). FireAde also had the greatest ECs, (germination)
for R. sativus at a value of >4%. F-500 had the lowest ECs
for R. sativus and R. hirta, 0.24% (95% CI of 0.19-0.29 and
0.18-0.29, respectively) (Table 3). Novacool had the lowest
ECs for R. hirta, which was 0.11% (0.07-0.15) (Table 3).
With the ECs, values as an effect concentration, it was
determined that F-500 could pose a hazard (hazard quotient
> 1) for the germination of every species tested and was the
only additive to pose a hazard to R. sativus (Table 4). In
addition to F-500, FireAde and Fire-Brake could also pose a
hazard to F. esculentum (Table 4). For R. hirta, all firefighting
additives except Eco-Gel could pose a hazard (Table 4). With
the NOEC values as an effect concentration, the only

firefighting water additive that did not pose a hazard to all
species was Fire-Brake, and Eco-Gel and ThermoGel indicat-
ed a hazard for all three species (Table 5).

Emergence tests

The mean control seedling emergence for R. sativus was >
70%, which met the criterion of the OECD 208 protocol
(OECD, 2006). Of the six firefighting water additives tested,
Eco-Gel and FireAde had the highest ECs (emergence). The
ECsq values ranged from >4 to 0.36%; F-500 had the lowest
ECsq (Table 6). Four firefighting water additives were tested
with F. esculentum, and ECs( (emergence) for all firefighting
water additives ranged from >5 to 0.36% (Table 6). For
R. hirta, the ECso (emergence) values for Eco-Gel and F-
500 were > 5% and 1.33%, respectively (Table 6). Based on
emergence ECs value, the hazard assessment determined that
the only firefighting water additive to pose a hazard to
R. sativus, F. esculentum, and R. hirta was F-500 (Table 4).
Novacool was the only firefighting water additive that could
pose no hazard for any of the species based on the NOEC
values.

Folsomia candida

In the 14-day tests with F. candida, the mean survival of the
controls was > 80%, which met the criterion of the ECCC EPS

Table 9  Ranking of firefighting water additives from most toxic to least toxic in toxicity tests where all six products were tested and the mean ranking

Firefighting Germination— Germination— Germination—  Emergence— Survival— Mean
water additives  Raphanus raphanistrum  Fagopyrum esculentum  Rudbekia hirta  Raphanus raphanistrum  Folsomia candida

subsp. sativis subsp. sativus
F-500 1 1 1 1 2 1.2
Fire-Brake 2 2 4 1 3 24
Novacool 2 3 2 4 1 24
FireAde 2 2 3 3 5 3
ThermoGel 2 3 5 4 4 3.6
Eco-Gel 2 3 6 4 6 42
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1/RM/47 guideline (ECCC 2014). Eco-Gel had the highest
LCsq (mortality), and values ranged from 3.0 to 0.329%, and
F-500 had the lowest (Table 7). All firefighting water addi-
tives except for FireAde were found to pose a hazard to
F. candida survival using the LCs, values (Table 4). The
hazard assessment using the NOEC values determined that
all firefighting water additives could pose a hazard (Table 5).

In the 28-day test with F. candida, the mean number of live
offspring for the controls was > 100, which met the criterion
ofthe ECCC EPS 1/RM/47 guideline (ECCC 2014). Eco-Gel,
the only firefighting additive tested for 28 days with
F. candida, was found to have an ECs (reproduction) of
1.68% (1.03-2.34) (Table 6). From the hazard assessment
using the ECs and NOEC values, Eco-Gel could pose a haz-
ard to reproduction of F. candida (Tables 4 & 5).

Eisenia andrei

The mean control survival for the controls in the acute test
with E. andrei was 100%, which exceeded the criterion of >
90% (ECCC 2007). For E. andrei, Eco-Gel had an LCs,
(mortality) value of > 4.0% as the highest concentration tested
did not result in 50% mortality. Consequently, a hazard quo-
tient could not to be determined using the LCs, values; how-
ever, the hazard assessment completed with the NOEC values
found that Eco-Gel could pose a hazard (Tables 4, 5 and 8).

Dendrodrilus rubidus

The mean control survival was 100%, which met the criterion
of >90% (ECCC, 2007). The LCs, values (mortality) for
D. rubidus for Eco-Gel and F-500 were greater than the
highest concentration tested, 4% and 2%, respectively
(Table 5). Thus, hazard quotients for both firefighting water
additives could not be determined with the LCsq values; how-
ever, F-500 would not pose a hazard using the NOEC values
(Table 3).

Discussion

Although the toxicities of the firefighting water additives var-
ied among species, the endpoints for the terrestrial plant
R. sativus (radish) indicated that this plant was not sensitive
to the additives. The ECs, value for germination of this spe-
cies could only be determined for F-500, as less than 50%
reduction in germination was observed for the other
firefighting water additives at the highest concentration tested.
Additionally, Eco-Gel, FireAde, Fire-Brake, Novacool, and
ThermoGel were found not to pose a hazard to R. sativus
germination and emergence. Previous studies have deter-
mined that certain terrestrial plant species were not sensitive
to firefighting water additives (Song et al. 2014). Song et al.
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(2014) found that in the field, firefighting water additives
Forexpan S, PhosChek-WD881, and Silv-ex did not negative-
ly affect seed germination of Pinus desniflora (Korean red
pine), Pinus rigida (pitch pine), and Brassica campestris
(rapeseed). Rudbeckia hirta was the most sensitive of the spe-
cies tested in this study. For the germination tests, the ECs
values ranged from 0.11 to >4%. In comparison, the ECs,
values for the germination tests conducted with R. sativus
ranged from 0.24 to >4%.

A conservative approach was taken when carrying out the
hazard assessment with the toxicity data from the terrestrial
data. The application rate of 3 L/m? was used to develop the
hazard quotients, and this was considered to be the worst-case
scenario. The volume of firefighting water additive that would
reach the soil is dependent on a variety of factors, including
the height or speed of the plane during application, weather
conditions, and interception by vegetation (Satoh et al. 2004;
Satoh et al. 2005). Additionally, environmentally relevant ex-
posure would likely be a single application, rather than repeat-
ed exposures over a short period of time. The results from this
hazard assessment confirm that it is extremely important to
understand the fate and effects of the firefighting water addi-
tives being released into the terrestrial environment, as some
could pose a hazard to terrestrial organisms.

The hazard of firefighting water additives was observed to
vary among endpoints and species. For example, F-500 posed
a hazard (hazard quotient > 1) for every species except
D. rubidus (acute). The firefighting water additive Eco-Gel
only posed a hazard to F. candida (acute and chronic).
Similar trends were observed in an aquatic hazard assessment
of firefighting water additives (Graetz et al. 2020). In the
aquatic assessment, F-500 posed the greatest hazard quotients
to the greatest number of aquatic species, while Eco-Gel posed
a hazard to the fewest species (Graetz et al. 2020). It is likely
that variation in toxicity across species and endpoints reflects
differences in the chemical composition among the different
firefighting water additives tested in this study. Unfortunately,
limited information was available on the constituents of each
of'the firefighting water additives (Table 1), making it difficult
to explain the variation in toxicity among additives.

Conclusion

This investigation determined that there was large variation in
toxicity between the firefighting water additives towards ter-
restrial plant and animal species. The hazard that each
firefighting water additive might pose to terrestrial biota dif-
fered for each species and firefighting water additive. It was
clear that certain additives posed a greater hazard to terrestrial
biota relative to other additives. When the toxicity of the
firefighting water additives was ranked from most toxic to
least toxic for each test where all six products could be tested,
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the mean ranking was the greatest for F-500 and the lowest
mean ranking was for Eco-Gel (Table 9). The results of this
study clearly show that certain water additives should be
avoided for use in natural areas. This study is the first to assess
and compare toxicity and hazard of these six firefighting water
additives to terrestrial biota. This assessment provides impor-
tant data for the evaluation of the potential risk of firefighting
water additives to terrestrial ecosystems.
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