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ABSTRACT: A preventative treatment of ﬁre retardants at high-risk locales can
potentially stop a majority of wildﬁres. For example, over 80% of wildﬁre ignitions in
California occur at high-risk locales such as adjacent to roadsides and utility
infrastructure. Recently a new class of ammonium polyphosphate retardants was
developed with enhanced adherence and retention on vegetation to enable prophylactic
treatments of these high-risk locals to provide season-long prevention of ignitions. Here,
we compare three diﬀerent ammonium (poly)phosphate-based wildland retardant
formulations and evaluate their resistance to weathering and analyze their seasonal
impact on soil chemistry following application onto grass. Soil samples from all three
treatments demonstrated no changes in soil pH and total soil carbon and nitrogen amounts. Total soil phosphorus amounts
increased by ∼2−3× following early precipitation, always remaining within typical topsoil amounts, and returned to the same level as
control soil before spring. Available indices of ammonium, nitrate, and phosphate levels for all groups were elevated compared to the
untreated control samples, again remaining within typical topsoil ranges across all time points and rainfall amounts evaluated.
Microbial activity was decreased, potentially because the addition of available nutrients from retardant application reduced the need
for organic decomposition. These results demonstrate that the application of ammonium (poly)phosphate-based retardants does not
alter soil chemistry beyond typical topsoil compositions and are thus suitable for use in prophylactic wildﬁre prevention strategies.

■

INTRODUCTION
Wildﬁres in the United States are increasingly destructive and
costly but predominately occur in identiﬁable, high-risk locales
such as adjacent to roadsides and utility infrastructure.1−4 For
example, in California, over 80% of all wildﬁre ignitions
occurring over the past 10 years were initiated in these highrisk areas.1 These identiﬁed regions oﬀer a useful target for
prophylactic treatment, where high-risk areas and their
surrounding environment can be systematically assessed prior
to the application of any long-term prophylaxis strategy.
Although these regions present themselves as useful targets
for preventative treatment, traditional ﬁre retardants are not
suitable for long-term treatment strategies due to toxicity,
biodegradability, or retention time. For example, many waterenhancing gels based on superabsorbent polymers have been
developed and used to retain more water at the site of interest
to prevent ignition.5−7 However, because the water evaporates
within hours in normal wildland conditions, these formulations
have primarily been used for suppression, not long-term
ignition prevention. Perﬂuorinated surfactant-based retardants
are extremely potent at suppressing active ﬁres, but the longterm application is prohibited due to environmental toxicity
and bioaccumulation.8−10 By far the most widely used wildland
retardants are ammonium polyphosphate (APP)- or monoammonium phosphate (AP)-based retardants.11,12 These
retardants are used for active suppression of ongoing ﬁres as
© XXXX American Chemical Society

well as for building ﬁre lines to prevent spread and work by
reducing combustion eﬃciency and intumescing to form an
insulating layer to prevent further fuel combustion.11,12
Although these formulations still function after evaporation,
they have not been used for preventative treatments because
they are not retained on vegetation after wind or rain.
Yet, Fortify (FORT) was recently developed by exploiting a
viscoelastic carrier ﬂuid to enhance the adherence and
retention of APP retardants on vegetation through weathering
to enable season-long protection against ignitions.1 These
carrier ﬂuids allow APP to better adhere to common, wildﬁreprone vegetation such as chaparral shrubs (e.g., chamise) and
grasses than other commonly used wildland ﬁre retardants after
spraying and forms a robust ﬁlm that retains on vegetation
through rain and environmental exposure (Figure 1A).
Traditionally, researchers have considered ammonium-based
retardants as having minimal toxicological or ecological
impacts and have found their eﬀects consistent with the
agricultural application of ammonium-based fertilizers.13,14
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Figure 1. Schematic of prophylactic application of ammonium polyphosphate retardants. (A) Fortify (FORT) enhances adherence ammonium
polyphosphate onto vegetation and allows for retention through weathering after the formation of an environmentally benign retardant ﬁlm. (B)
Normalized phosphate content on remaining on vegetation through weathering for Phos-Chek MVP-Fx (MVP), Phos-Chek LC95A (95A), and
FORT. Statistics were evaluated at each interval of simulated rainfall using a Tukey’s multiple comparisons test and are presented in the Supporting
Data.

The most common toxicological impact reported is on aquatic
organisms, which are commonly exposed to these retardants
when reactive, aerial attacks accidentally miss their target, or
the target vegetation is close enough to a riparian area that
runoﬀ leads to accumulation of nitrogen and/or phosphorus in
nearby aquatic habitats.14 Importantly, the use of preventative
retardant treatments would aim to avoid these issues by being
proactive, whereby application of this treatment does not need
to occur during a wildﬁre, but rather months in advanced when
target locations can be thoroughly assessed. Given these past
toxicological and ecological reports, we hypothesized that the
long-term application of ammonium (poly)phosphate retardants onto soil should not detrimentally alter soil chemistry. In
this work, we compared the seasonal eﬀects of three
commercially available ammonium (poly)phosphate retardant
formulations, including Phos-Chek LC95A (95A), Phos-Chek
MVP-Fx (MVP), and FORT, to determine the long-term
impact eﬀect of phosphate-based retardants on (i) total soil
concentrations of C, N, and P, (ii) available levels of soil NH+4 ,
NO−3 , and PO3−
4 , and (iii) microbial biomass.

Table 1. Fire Retardant Materials Information Including
Application Rate and Total P and N Applied
treatment

application
rate
(L/m2)

applied
P
(kg/ha)

approximate
applied P
(%)

applied
N
(kg/ha)

approximate
applied N
(%)

FORT
LC95
MVP

0.8
0.8
0.8

750
615
615

0.04
0.03
0.03

350
281
281

0.02
0.01
0.01

amounts.16 Samples within treatments were collected in
triplicate by collecting from three of the four quadrants,
leaving one undisturbed. Within quadrants, 0.25 m2 subquadrants were designated, randomly selected for sampling and
thereafter removed from the sampling regime so as to sample
undisturbed subquadrants during each sampling occasion.
Triplicate samples of roughly 20 g were collected from the top
2.5 cm via soil push probe and homogenized by hand in plastic
bags. Soil samples were collected for determination of total soil
C, N, and P along with available indices of NH+4 , NO−3 , and
PO3−
4 on 11/17/2018, 11/26/2018, 12/4/2018, and 4/13/
2019 following 0.75, 2.5, 11, and 71 cm of rainfall,
respectively.17 Rainfall data was obtained from the San Luis
Obispo County Public Works Department.17 Fresh soil
samples were collected for determination of soil pH, soil
microbial activity, and soil microbial biomass on 5/23/2019.
Soil pH. The pH was measured with a Accumet AB150
potentiometer (Fisher Scientiﬁc, Waltham, MA). Solutions
were prepared at a 1:2 soil/DI water ratio, using 10 g of fresh
soil. The pH of DI water used was measured at 5.54. The
solutions were stirred for 10 s, and measurements were taken
after the instrument reading was stable for a count of 10 s. Soil
pH determinations were performed on duplicate samples.
Total Carbon, Nitrogen, and Phosphorus. Triplicate
soil samples were air-dried, sieved to 2 mm, and pulverized.
Prepared samples of 1 g were loaded into crucibles and
analyzed with an Elementar varioMax combustion gas analyzer
(Elementar Americas Inc., Ronkonkoma, NY) to determine
total soil C and N. Samples of 3 g were packed into sample
cups and analyzed via an Olympus Vanta M Series portable Xray ﬂuorescence (pXRF) analyzer with rhodium anode and 50
kV X-ray tube using a 2 beam GeoChem calibration to
determine total soil P (Olympus, Waltham, MA).
Available Nitrogen. The protocol was adapted from
previously reported methods.18 Triplicate soil samples were
weighed out into 1 g aliquots, which were then mixed with 5

■

METHODS
Materials. Sodium bicarbonate, potassium chloride, and
sodium bicarbonate were obtained from Sigma-Aldrich. PhosChek LC95A (ammonium polyphosphate as an active
ingredient) and Phos-Chek MVP-Fx (ammonium phosphate
as an active ingredient) were provided by Perimeter Solutions.
Fortify (ammonium polyphosphate as active ingredient) was
provided by LaderaTECH, which was acquired by Perimeter
Solutions in May 2020.
Soil Site. Soil samples were obtained from the 7 Oaks
Ranch research site in Santa Margarita, CA (38.3865,
−120.5206). The soil type was Vista coarse sandy loam, 9−
15% slopes. The Vista soil series is classiﬁed as coarse-loamy,
mixed, superactive, thermic Typic Haploxerepts. The Vista
series consists of moderately deep, well-drained soils that
formed in material weathered from decomposed granite rocks.
Vista soils are on hills and mountainous uplands and have
slopes of 2−85%. The mean annual precipitation is about 40
cm and the mean annual air temperature is about 17 °C (62
°F).15
Soil Treatment and Sampling. Retardant formulations
were sprayed onto 4 m2 plots divided into 1 m2 quadrants on
June 15, 2018. The amount of each formulation applied is
recorded in Table 1 and in accordance with typical application
B
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Figure 2. Soil pH and elemental composition after weathering. (A) Study design illustrating the sampling periods and the cumulative amount of
rain at those times. (B) pH of the soil under the vegetation that was treated with each ﬁre retardant and the control determined on 5/23/19. A oneway ANOVA determined no signiﬁcance across treatments [F(3,4) = 2.676, p = 0.1827]. (C) Mass percentage of total soil carbon (%C) at each
timepoint. (D) Mass percentage of total soil nitrogen (%N). (E) Mass percentage of total soil phosphorus (%P) at each timepoint. Statistics were
evaluated using a Tukey’s multiple comparisons test. *symbols represent comparisons against Control. # symbols represent comparisons against
MVP. % symbols represent comparisons against 95A. Cont. = Control, MVP = Phos-Chek MVP-Fx, 95A = Phos-Chek LC95A, and FORT =
Fortify.

Microbial Biomass. Total soil microbial biomass was
inferred from a measurement of CO2 released during substrateinduced respiration (SIR), analyzed at two diﬀerent substrate
concentrations, according to the Anderson and Domsch
method.19 Two diﬀerent substrate concentrations were
measured to ensure adequate removal of metabolic restrictions
for soil microbes. Two substrate solutions were prepared by
mixing DI water and pure cane sugar at concentrations of 20
and 60 mg glucose/g soil for SIR 1 and SIR 2 tests,
respectively. Subsamples at 22 °C of the same soil samples
prepared to 25% wt moisture content described in the previous
section were used for this procedure. An amount of 10 g of soil
was placed in Erlenmeyer ﬂasks. The SIR 1 and SIR 2 solutions
were evenly added to the soil samples. After the glucose
solutions were added, a timer was started and the ﬂasks were
allowed to sit unstoppered for 5 min. Flasks were then
stoppered and CO2 was measured in the headspace using a LICOR 830 gas analyzer at gestation times of 10, 20, 120, and
180 min.
Statistical Analysis. Statistics for soil pH measurements
were evaluated using a one-way analysis of variance (ANOVA)
[F(3,4) = 2.676, p = 0.1827] and presented in Figure 2B.
Statistics for total C, N, and P were evaluated using Tukey’s
multiple comparisons tests. Treatment groups were compared
for each rainfall amount and presented in Figure 2C−E and
Tables S2−S4. Statistics for available nitrogen were evaluated
using Tukey’s multiple comparisons tests. Treatment groups
were compared for each rainfall amount, and results are

mL of 2.0 N KCl solution. The solutions were mechanically
shaken for 30 min and then ﬁltered through Whatman ﬁlter
paper to get slightly brown, clear liquids. These samples were
then analyzed on a discrete analyzer to determine NO3-N and
NH4-N.
Available Phosphorus. The protocol was adapted from
previous reported methods.18 Triplicate soil samples were
weighed out into 1 g aliquots, which were then mixed with 20
mL of 0.5 N NaHCO3. The solutions were mechanically
shaken for 30 min and then ﬁltered through Whatman ﬁlter
paper and a 0.22 μm poly(vinylidene diﬂuoride) (PVDF)
syringe ﬁlter to get clear liquids. The samples were then
analyzed on a discrete analyzer to determine PO4-P.
Microbial Activity. Microbial activity was determined by
measurement of CO2 released during basal respiration. Brieﬂy,
soil samples were collected from each test plot, placed in
sealable bags, and then placed in a refrigerator at 4 °C within 3
h of collection to keep them fresh. The gravimetric moisture
content of several fresh soil samples from test plots was then
determined after drying soil samples in an oven at 105 °C for
24 h. Once the moisture content was known, the moisture
content of all fresh soil samples from the test plots was made
up to 25% wt with deionized water (DI) and 10 g of this soil
was placed in stoppered Erlenmeyer ﬂasks and incubated at 22
°C for 24 h. The concentration of respired CO2 was
determined in the headspace of each ﬂask using an LI-830
CO2 gas analyzer (LI-COR, Lincoln, NE).
C
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([F(3,4) = 2.676, p = 0.1827]) for all treatments compared to
the control (Figure 2B). This result is interesting as there was
likely a portion of the applied ammonium via APP application
from the ﬁre retardants (Table 1) that was nitriﬁed,22,23 which
produces soil acidity.24
Total Carbon, Nitrogen, and Phosphorus. Total soil
concentrations of C, N, and P were determined through the
California rainy season after diﬀerent amounts of cumulative
rainfall (Figure 2A,C−E). Total soil %C and %N were
essentially the same across all groups at each sampling time.
The %C at each sampling time was within the range of typical
topsoil organic carbon levels for most soil orders, excluding
Histosols (0.6−6%).24 The %N at each sampling time was also
near the range of typical surface soil mineral horizons (0.05−
0.15%).25 These results indicated that the APP, AP, and other
ingredients in 95A (attapulgus clay and performance
additives), MVP (gum thickener and performance additives),
and FORT (hydroxyethylcellulose, methycellulose, and
colloidal silica) did not signiﬁcantly (p > 0.05) increase the
quantity of soil C and N relative to the control.26 This lack of
change was most likely because the quantities of C and N
added to the treated plots via retardant application were low
relative to the quantities of these nutrients inherently present
in the control soil (Table 1 and Figure 2C,D).
Total soil P concentrations in typical topsoils range from
0.005 to 0.3%.25 Total P in the control and ﬁre retardanttreated soils was within this range (0.14−0.32%) (Figure 2E).
The addition of P to the soil derived from ﬁre retardant
application increased the total soil P approximately 2−3-fold
after 0.75 cm of rain (p < 0.01) for MVP, 95A, and FORT
relative to the control. After 2.5 and 11 cm of rainfall, only the
95A- and FORT-treated soils had statistically higher (p <
0.001) total P concentrations than the control. Finally, after 71
cm of rainfall, the total soil P concentrations across all
treatments and the control were statistically the same at
approximately 0.15% (p > 0.05). Over time and rainfall, the
total concentrations of soil P in the treated soils were
attenuated approximately 2−3-fold from their concentrations
after 2.5 cm of rainfall.
One question is how was P lost from the top 2.5 cm of soil
over 71 cm rainfall and after approximately 10 months from
vegetation treatment with ammonium poly(phosphate)
retardants? The ﬁeld site had a slope of about 9% and the
soil was covered with live and dead grasses and had no
evidence of erosion. Moreover, under most circumstances, it is
well understood that P has high reactivity in the soil and is not
readily leachable.25 This was demonstrated in a pot study post
APP ﬁre retardant application to a forest soil with 12% clay,
where only a small amount of originally applied P from the ﬁre
retardant leached through the soil.27 However, Hopmans et al.
observed decreases in surface soil (0−20 cm) extractable P
post AP ﬁre retardant application over a 12 month period in
two sandy soils.26 They suggested that the decrease in
extractable P was likely a result of leaching losses of P to the
subsoil (>20 cm), but the accumulation of P below 20 cm deep
was not substantiated in their study. Another possible
explanation for the loss of total P in the MVP-, 95A-, and
FORT-treated soils could have been the plant uptake.
However, since most grasses (e.g., forages) take up about
40−70 kg P/ha25 per growing season and the ﬁnal sampling
date was at the beginning of the growing season on 4/13/20, it
is unlikely that this led to an appreciable removal of soil P from
the system. Thus, the most plausible explanation for the loss of

presented in Figure 3A,B and Tables S5 and S6. Statistics for
available P were evaluated using Tukey’s multiple comparisons

Figure 3. Available nitrogen and phosphorus. (A) Available NH4-N at
each timepoint. (B) Available NO3-N at each timepoint. (C)
Available PO4-P at each timepoint. Statistics were evaluated using a
Tukey’s multiple comparisons test. * symbols represent comparisons
against Control. # symbols represent comparisons against MVP. %
symbols represent comparisons against 95A. Cont. = Control, MVP =
Phos-Chek MVP-Fx, 95A = Phos-Chek LC95A, and FORT = Fortify.

tests. Treatment groups were compared for each rainfall
amount and results are presented in Figure 3C and Table S7.

■

RESULTS AND DISCUSSION
Wildland Retardant Retention on Vegetation
Through Rainfall. Following the application of APP-based
retardants FORT and 95A, and AP-based retardant MVP20,21
onto grass, up to 5 cm of simulated rainfall was incrementally
applied to assess retardant retention on the vegetation through
weathering. FORT, which was engineered to enhance
retention, maintained 49 ± 5% of applied phosphate on the
vegetation after 3.8 cm of simulated rainfall and 40 ± 3% of
applied phosphate even after 5 cm of simulated rainfall. In
contrast, 95A and MVP retained only 44 ± 6 and 33 ± 10% of
applied phosphate, respectively, on the vegetation after only
0.64 cm of simulated rainfall (Figure 1B). The 95A and MVP
formulations were statistically identical (p > 0.05) in the
magnitude at each timepoint and rate of decrease in retained
phosphate on the grass due to rainfall.
Soil pH and Total Soil Carbon, Nitrogen, and
Phosphorus. Soil pH. After treatment in June 2019, the 4
m2 plots of grass were left exposed to sunlight, wind, and rain
for over 9 months (Figure 2A). Determination of soil pH on
5/23/19, approximately 1 month post the ﬁnal seasonal rain
event, illustrated no statistically signiﬁcant change in pH
D
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P from the ﬁre retardant-treated plots on this ﬁnal sampling
date after 71 cm of cumulative rainfall was leaching below 2.5
cm similar to the rationale provided by Hopmans et al.26 It is
likely the applied P moved below 2.5 cm via colloid-facilitated
transport of P sorbed to clay particles.28−30
Available Ammonium, Nitrate, and Phosphate.
Ammonium. The concentration of available soil NH+4 ranged
from 0.3 to 15.1 mg/kg in Argixerolls from grassland soils in
Santa Barbara County, CA.23 It is not surprising that the initial
(0.75 and 2.5 cm) concentrations of NH+4 in ﬁre retardanttreated soils (approximately 98−250 mg/kg) were much
greater than this due to the application of APP associated with
the ﬁre retardants used in this study. Available NH 4+
concentrations were signiﬁcantly greater (p < 0.05) in some
of the ﬁre retardant-treated soils after 0.75 and 2.5 cm of
rainfall relative to the control (Figure 3A). Interestingly, only
the concentration of available soil NH+4 of the FORT-treated
plot was similar to the control (p > 0.05), while available soil
NH+4 levels were signiﬁcantly higher than the control (p <
0.05) for the MVP- and 95A-treated plots. This observation
may have been due FORT’s ability to adhere to vegetation
more strongly than MVP and 95A due to its viscoelastic
properties.1 This result was corroborated by the available PO3−
4
data (Figure 3C), discussed below.
After 11 cm of rainfall and for the remainder of the
experiment, the quantity of NH+4 in the treated soils was similar
to that of the control (p > 0.05). Moreover, at every rainfall
amount, the concentrations of NH+4 in the APP- or AP- (MVP,
95A, and FORT) treated soils were statistically similar (p >
0.05) indicating that though FORT was applied at a higher rate
(350 kg N/ha) than either MVP or 95A (281 kg N/ha),
FORT had a similar eﬀect on the concentration of available
NH+4 in the soil as the other two ﬁre retardants (Table 1). The
gradual decrease in available NH+4 over the course of the
sampling times from November 17, 2018 to April 14, 2019 in
the treated soils was likely mainly associated with immobilization and plant uptake of NH+4 as well as nitriﬁcation22,23,31 and
potentially leaching.27
Nitrate. The typical range of available NO−3 in local
grassland surface soils found in areas with similar soils and
climate as the experimental site is 1−47 mg/kg (n = 265; mean
= 6.3 ± 5 mg NO−3 /kg; unpublished data). The ﬁre retardanttreated soils in this experiment were never out of this range
(approximately 3−30 mg/kg) of available NO−3 (Figure 3B).
Moreover, the concentrations of available NO−3 in the ﬁre
retardant-treated soils were similar (p > 0.05) to the control
after 0.75, 2.5, and 71 cm of cumulative rain indicating the
minimal impact of the ﬁre retardants on this parameter.
However, there was a sharp and signiﬁcantly greater
concentration of NO−3 in the ﬁre retardant-treated soils relative
to the control only after 11 cm of cumulative rainfall (p <
0.0001). Since the quantity of N in the ﬁre retardant-treated
soils was not limiting due to the application of APP, as is
typically the case in native grassland soils in the late fall and
early winter,22,23 this signiﬁcant increase in available NO−3 at
the 11 cm sampling date was likely associated with the
conversion of some of the applied NH+4 associated with the ﬁre
retardant applications to NO−3 via nitriﬁcation.23 In a pot study
assessing nitrogen leaching from APP ﬁre retardant-treated
forest soil, Pappa et al.27 found concentrations of leachate NO−3
were signiﬁcantly greater than the control after about 2 weeks
of simulated rainfall. In the present study, soil NO 3−
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concentrations peaked about 20 days after the ﬁrst incidence
of rainfall.
Phosphate. The typical range of available PO3−
4 in local
grassland surface soils found in areas with similar soils and
climate as the experimental site is 21−410 mg/kg (n = 265;
mean = 89.7 ± 59 mg PO3−
4 /kg; unpublished data). The ﬁre
retardant-treated soils in this experiment were never out of this
range (approximately 26−110 mg/kg) of bioavailable PO3−
4
(Figure 3C). The concentrations of available PO3−
4 in the ﬁre
retardant-treated soils were generally similar to each other (p >
0.05) at all samplings with one exception. The FORT-treated
soil had a higher available PO3−
4 level than that of the MVPtreated soil (p < 0.05) after 2.5 cm of cumulative rainfall.
Through the course of the experiment, the control soil had 32
± 10 mg PO3−
4 /kg and at every sampling time at least one of
the ﬁre retardant-treated soils had more available PO3−
4 than
the control soil (p ≈ 0.02−0.0005). This result was not
surprising as the application of ﬁre retardant added 615 kg P/
ha via MVP and 95A and 750 kg P/ha via FORT to their
respective experimental plots (Table 1).
The MVP- and 95A-treated plots had more available soil
PO3−
4 than the control (p < 0.01) after 0.75 cm of cumulative
rainfall, while the FORT-treated plot had a similar concentration of available PO3−
4 as the control (p > 0.05). This
observation is similar to what was seen in Figure 1B, providing
further evidence of FORT’s ability to adhere to vegetation
more strongly than MVP and 95A after small amounts of
rainfall in a ﬁeld setting.1 However, under the conditions of the
experiment, the beneﬁts of the viscoelastic carrier ﬂuid found
in FORT did not appear to improve the retention of the APP
on the aboveground biomass and keep it out of the soil after
2.5 cm of cumulative rainfall. At this amount of rainfall and up
to 71 cm of cumulative rainfall, the soil concentrations of
+
available PO3−
4 and available NH4 were generally similar across
the ﬁre retardant-treated soils (Figure 3A,C). Another possible
explanation for the increase in soil PO3−
is that a large
4
proportion of applied retardant was actually directly applied to
the soil during the initial spray. Indeed, in laboratory spray
experiments onto grass (200 g of retardant formulation sprayed
onto 150 g of grass), 95A had ∼56% and FORT had ∼30% of
the applied retardant leak oﬀ the grass, suggesting that
experiments in the ﬁeld may also have a substantial percentage
of treatment being directly applied to the soil, rather than
adhering to the grass.
Over the course of the experiment, the concentrations of
available PO3−
in the ﬁre retardant-treated soils became
4
increasingly similar to the control (p > 0.05), especially for
MVP and 95A. At the 2.5, 11, and 71 cm cumulative rainfall
sampling dates, the FORT-treated soil had signiﬁcantly, but
decreasingly so, more available PO3−
4 than the control (p <
0.0005, 0.0001, and 0.02, respectively). These diﬀerences
between the treatments and the control were likely associated
with the higher concentrations of applied P via FORT
application relative to MVP and 95A applications (Table 1).
Moreover, since P is found in both mineral and organic forms
in the soil and its cycling is controlled by geochemical and
biological processes,32,33 the perceived attenuation of available
PO3−
4 in the treated soils was most likely largely a result of
sorption on mineral and organic surfaces.34 Other potential
mechanisms of loss of available PO3−
4 over time and cumulative
rainfall were plant uptake and immobilization32,35 and
potentially leaching.26
E
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Figure 4. Soil microbial respiration and soil microbial biomass. (A) Soil microbial respiration for each treatment group. (B) Soil microbial biomass
via substrate-induced respiration at 20 and 60 mg glucose/g soil for each treatment group. Fire retardants were Cont. = Control, MVP = Phos-Chek
MVP-Fx, 95A = Phos-Chek LC95A, and FORT = Fortify. Fire retardants were applied on June 15, 2018 and analyses performed on fresh soil
samples collected on May 23, 2019.

Soil Microbial Activity. Soil microbial respiration coupled
with soil microbial biomass was decreased in the ﬁre retardanttreated soils relative to the control approximately 1 year post
application (Figure 4A,B). Similarly, Barreiro et al.36 observed
decreased microbial biomass, carbohydrate content, and βglucosidase activity in a ﬁre + APP ﬁre retardant-treated soil
relative to the control 1 year post treatment on a sandy soil in a
Mediterranean climate. However, Velasco et al.37 treated
acidic, rocky, sandy to sandy clay soils in a similar climate as
the above study with ﬁre + APP ﬁre retardant and found no
diﬀerences (p > 0.05) in bacterial growth rate or bacterial
functional diversity between the treated soils and unburnt/no
ﬁre retardant control soil.
As demonstrated in our study and the literature cited above,
nutrient addition to soils via APP ﬁre retardant application has
variable impacts on soil biology. Moreover, much research is
available that demonstrates nonuniform impacts of inorganic
fertilizer on microbial activity.38−43 Since microbial communities are dynamic and able to change quickly in response to
disturbances such as fertilizer application and ﬁre, these
disturbances can augment and/or reduce microbial activity.38,44
It is possible the abundance of N and P added to the ﬁre
retardant-treated soils from the APP (Table 1) in our study led
to the observed decreases in microbial activity relative to the
control. The large quantities of these two nutrients in available
forms could have lowered the need of the microbial
populations in the treated soils to decompose organic matter
to obtain essential nutrients. This would have led to
immobilization of these nutrients22,23,32,35 and a concomitant
decrease in available N and P over time, which was observed in
our study (Figure 3A−C).

■

research site (Figure S1); and diagram of treatment plot
quadrants and subquadrants (Figure S2) (PDF)
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S1

Table S1. Tukey’s multiple comparisons test of Figure 1b.
Centimeters Rain
MVP vs 95A
MVP vs FORT.

95A vs FORT.

0

n.s. (p=0.1786)

n.s. (p=0.2107)

n.s. (p=0.9951)

0.635

n.s. (p=0.1645)

**** (p<0.0001)

** (p=0.0034)

1.27

n.s. (p=0.8920)

*** (p=0.0002)

**** (p<0.0001)

2.54
3.81

n.s. (p=0.9841)
n.s. (p=0.6802)

**** (p<0.0001)
**** (p<0.0001)

**** (p<0.0001)
**** (p<0.0001)

5.08

n.s. (p=0.6878)

**** (p<0.0001)

** (p=0.0011)

S2

Table S2. Tukey’s multiple comparisons test of Figure 2c.
0.75 cm
C vs. MVP
**
C vs. 95A
ns
C vs. 1
ns
MVP vs. 95A
*
MVP vs. 1
*
95A vs. 1
ns
2.5 cm
C vs. MVP
ns
C vs. 95A
ns
C vs. 1
ns
MVP vs. 95A
ns
MVP vs. 1
ns
95A vs. 1
ns
11 cm
C vs. MVP
ns
C vs. 95A
ns
C vs. 1
ns
MVP vs. 95A
ns
MVP vs. 1
ns
95A vs. 1
ns
71 cm
C vs. MVP
C vs. 95A
C vs. 1
MVP vs. 95A
MVP vs. 1
95A vs. 1

ns
ns
ns
ns
ns
ns

S3

P value
0.0089
0.9994
0.9613
0.0126
0.0351
0.9822
0.8736
>0.9999
0.9999
0.8560
0.9026
0.9995
>0.9999
0.7534
0.9996
0.7409
0.9993
0.8086
0.8793
>0.9999
0.9312
0.8831
0.9990
0.9339

Table S3. Tukey’s multiple comparisons test of Figure 2d.
0.75 cm
C vs. MVP
ns
C vs. 95A
ns
C vs. 1
ns
MVP vs. 95A
ns
MVP vs. 1
ns
95A vs. 1
ns
2.5 cm
C vs. MVP
ns
C vs. 95A
ns
C vs. 1
ns
MVP vs. 95A
ns
MVP vs. 1
ns
95A vs. 1
ns
11 cm
C vs. MVP
ns
C vs. 95A
ns
C vs. 1
ns
MVP vs. 95A
ns
MVP vs. 1
ns
95A vs. 1
ns
71 cm
C vs. MVP
ns
C vs. 95A
ns
C vs. 1
ns
MVP vs. 95A
ns
MVP vs. 1
ns
95A vs. 1
ns

S4

P value
0.0545
0.9853
0.9747
0.1215
0.1412
0.9999
0.3385
0.9273
0.9821
0.1069
0.5585
0.7569
0.9800
0.3687
0.9016
0.1905
0.7053
0.7829
0.9263
0.9905
0.9994
0.9889
0.9597
0.9979

Table S4. Tukey’s multiple comparisons test of Figure 2e.
0.75 cm
C vs. MVP
***
C vs. 95A
***
C vs. 1
**
MVP vs. 95A
ns
MVP vs. 1
ns
95A vs. 1
ns
2.5 cm
C vs. MVP
ns
C vs. 95A
***
C vs. 1
****
MVP vs. 95A
ns
MVP vs. 1
***
95A vs. 1
*
11 cm
C vs. MVP
ns
C vs. 95A
**
C vs. 1
***
MVP vs. 95A
ns
MVP vs. 1
*
95A vs. 1
ns
71 cm
C vs. MVP
ns
C vs. 95A
ns
C vs. 1
ns
MVP vs. 95A
ns
MVP vs. 1
ns
95A vs. 1
ns

S5

P value
0.0002
0.0007
0.0094
0.9844
0.6516
0.8509
0.0598
0.0004
<0.0001
0.3485
0.0001
0.0239
0.5226
0.0055
0.0005
0.1814
0.0323
0.8755
0.7394
0.7752
0.1816
>0.9999
0.7362
0.6988

Table S5. Tukey’s multiple comparisons test of Figure 3a.
0.75 cm
Control vs. MVP
*
Control vs. 95A
**
Control vs. Fortify
ns
MVP vs. 95A
ns
MVP vs. Fortify
ns
95A vs. Fortify
ns
2.5 cm
Control vs. MVP
ns
Control vs. 95A
ns
Control vs. Fortify
**
MVP vs. 95A
ns
MVP vs. Fortify
ns
95A vs. Fortify
ns
11 cm
Control vs. MVP
ns
Control vs. 95A
ns
Control vs. Fortify
ns
MVP vs. 95A
ns
MVP vs. Fortify
ns
95A vs. Fortify
ns
71 cm
Control vs. MVP
ns
Control vs. 95A
ns
Control vs. Fortify
ns
MVP vs. 95A
ns
MVP vs. Fortify
ns
95A vs. Fortify
ns

S6

P value
0.0492
0.0036
0.4738
0.7207
0.5952
0.1169
0.8654
0.2668
0.0078
0.7029
0.0514
0.3848
0.9058
0.7962
0.6927
0.9949
0.9739
0.9978
>0.9999
>0.9999
0.9916
>0.9999
0.9951
0.9927

Table S6. Tukey’s multiple comparisons test of Figure 3b.
0.75 cm
Control vs. MVP
ns
Control vs. 95A
***
Control vs. Fortify
ns
MVP vs. 95A
ns
MVP vs. Fortify
ns
95A vs. Fortify
**
2.5 cm
Control vs. MVP
ns
Control vs. 95A
ns
Control vs. Fortify
ns
MVP vs. 95A
ns
MVP vs. Fortify
ns
95A vs. Fortify
ns
11 cm
Control vs. MVP
****
Control vs. 95A
****
Control vs. Fortify
****
MVP vs. 95A
ns
MVP vs. Fortify
**
95A vs. Fortify
ns
71 cm
Control vs. MVP
ns
Control vs. 95A
ns
Control vs. Fortify
ns
MVP vs. 95A
ns
MVP vs. Fortify
ns
95A vs. Fortify
ns

S7

P value
0.0873
0.0003
0.6732
0.1586
0.5563
0.0077
0.9742
0.1039
0.9640
0.2297
>0.9999
0.2510
<0.0001
<0.0001
<0.0001
0.1748
0.0010
0.1670
0.9937
0.8541
0.7166
0.9489
0.8548
0.9938

Table S7. Tukey’s multiple comparisons test of Figure 3c.
0.75 cm
Control vs. MVP
**
Control vs. 95A
**
Control vs. Fortify
ns
MVP vs. 95A
ns
MVP vs. Fortify
ns
95A vs. Fortify
ns
2.5 cm
Control vs. MVP
ns
Control vs. 95A
ns
Control vs. Fortify
***
MVP vs. 95A
ns
MVP vs. Fortify
*
95A vs. Fortify
ns
11 cm
Control vs. MVP
ns
Control vs. 95A
**
Control vs. Fortify
***
MVP vs. 95A
ns
MVP vs. Fortify
ns
95A vs. Fortify
ns
71 cm
Control vs. MVP
ns
Control vs. 95A
ns
Control vs. Fortify
*
MVP vs. 95A
ns
MVP vs. Fortify
ns
95A vs. Fortify
ns

S8

P value
0.0012
0.0041
0.1393
0.9663
0.2256
0.4537
0.4770
0.0510
0.0005
0.6019
0.0255
0.3151
0.1387
0.0026
0.0001
0.3616
0.0515
0.7288
0.6385
0.4485
0.0185
0.9892
0.2310
0.3770

Figure S1. Diagram of research site. Blue squares are roughly 4 m2 plots and red squares are 1
m2 treatment replicate quadrants.

S9

Figure S2. Diagram of treatment plot quadrants and sub-quadrants. 3 of 4 quadrants were
sampled from during each collection to achieve triplicate samples of each treatment, excluding the
SE quadrant in each plot. Samples were obtained from undisturbed sub-quadrants during each
collection by avoiding previously sampled sub-quadrants.
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