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ABSTRACT:

Glyphosate and AMPA Accumulation in Camassia Quamash Bulbs of the Coast Salish Prairies

This research investigates the accumulation of glyphosate and its metabolite,
aminomethylphophonic acid (AMPA), in Camassia quamash bulbs inhabiting Coast Salish
Prairies surrounding Olympia, Washington. Camassia quamash is a culturally and ecologically
significant geophyte endemic to Coast Salish Prairies. As a result of Euro-American attempts to
erase Indigenous peoples and lifeways, the reciprocal relationship by which Camassia quamash,
Coast Salish Prairies, and Indigenous peoples thrive has been eroded. Coast Salish Prairies are
presently scarred, dwindling ecosystems, many of which are in active ecological restoration.
Herbicides are a key and effective restoration tool in countering the opportunistic, non-native
plant species that have displaced native species. Glyphosate-based herbicides are used in
ecological restoration efforts and may be accumulating in perennial plants, including the edible
Camassia quamash. As emerging research shows that consuming glyphosate and AMPA has
detrimental health implications, it is necessary to understand if either are accumulating in
Camassia quamash bulbs. This in vivo study, specific to the ecological, soil, and climatic
conditions of prairies surrounding Olympia, WA, found no glyphosate or AMPA in bulbs 4.5
months after 0.96% glyphosate treatments and 17 months after a 2.5% glyphosate treatment.
These results should be received with caution and not extrapolated to other regions or species.
The soils at treatment sites were “somewhat excessively drained” in Andisols and Inceptisols soil
orders. The top 10cm of soil had low pH (4.7-5.4), low clay content (0-6%), and high organic
matter content (16.5-31%). Glyphosate-based herbicides were applied in the winter, during the
prairies’ rainy season and while Camassia quamash was dormant, not directly exposing the plant
to the herbicide. | speculate that application during rains, application while Camassia quamash
was dormant, somewhat excessively drained soil, and soil with low clay content led to
glyphosate and AMPA being leached from soil rather than accumulating in Camassia quamash
bulbs.



Table of Contents:

TS 0 T TN =TSRSS viii
ST OF TADIES: .ttt X
ACKNOWIBAGEMENTS: ...ttt e et e e s re e te e e e s ra e teeneesreesreeneennes Xi
INEFOAUCTION ... bbb bbbttt ettt b 1
Chapter 2: LItErature REVIBW ........cc.oiiieiiiiiiee ettt 5
INEFOTUCTION ...t bbbttt b e et e bbb e bbb ne e 5
2.1 CAIMAS. ...ttt e 5
2.1.A Morphology and LIifECYCIE.........cc.oiviiiie e 6
2.1 A ECOIOQY @GN RANGE ..ottt 7
2.1 A EthNODOTANY ..o 8

2.2 C0aSt SAlISN PIaITIES ..ot 10
W AN (oo 00 YRS 11
2.2.B Ecosystem Vulnerability and ReStOration .............ccccoveveevieiieiecie e 12

2.3 Glyphosate aNd AMPA ... ...ttt ra et rs 15
2.3 A IMIBCNANISI ...t bbbttt a bbbt 17
2.3.B PErSiStENCE 1N SOI .....ooiiiiiiiiiiiieee bbb 17
2.3.C ACCUMUIALION 1N PIANTS ... 19
2.3.D CONSUMIPLION ...ttt ettt e et e e e te e saa e e be et e e beenneeanns 21
2.3.E REQUIALIONS ...t e et be e 23



2.3.F Consumption Health IMPlCAtioNS .........cccocviiiiiice e 24

2.4 CONCIUSTON: ...ttt ettt b bbbttt 27
Chapter 3: IMETNOUS ... bbbttt e bbb ene s 29
3L S SEIBCTION ..ttt 29
3.1.A History of Glyphosate Treatment...........cocooiiiiiiiiieeese e 30
3.1.B CURUIAL PIIOTILY: oottt te e sneeneenee e 30
3.2 Glyphosate Air-drift Exposure Risk GIS ANalySiS..........ccccoveviiiieiieiiiie e 30
3.2.A Drift Type 1: Commercial Farm Drift...........ccccoooiiiiiiii e 31
3.2.B Drift Type 2- Commercial Tree Farm Drift ..o 32
3.2.C Drift Type 3: ROAAWAY DIIft........ooiiiiiiiiiiiiiseie e 33
3.2.D Data ViSUBHZALION. .......cc.eiiiiiieiiisieee bbb 34
3.3 SHE DELANIS: ...t s 35
3.3. A Marion Prairie: Treated . .........cooeiiiiiieiieieeie e 35
3.3.B Scatter Creek Wildlife Area: Treated..........coovriiirieiiieie e 36
3.3.C WeSE ROCKY: TIEALEM ........itiiiiiiieiieieiee st 36
3.3.D The Prairie at the Mouth of Black River: Control ............ccocoviiiiniiiiiec e 37
3.3.E Glacial Heritage Preserve: CONtrol........c.ccoviiiiiiiiiiiiec e 38
3.3.F Secena Prairie: CONMIOl..........ccooiiiiiiiiei e 38
3.4 Experiment Design and SAmMPIING ......ccovoiieiiiiiicce e 40
3.5 Processing SAMPIES. .......ouiiiiiieii s 42



S5 A CAMAS BUIDS ...t 42

3.5.B SOI SAMPIES ... 44

PH LEVEL ANAIYSIS ...ttt sttt nne e e 44

Clay Content ANAIYSIS ......cc.oouiiiiiiiiie e 45

Soil Organic Matter Content ANAIYSIS........c..ooviiiiiiiiiieee e 49

3.6 WEALNET DALA ..ottt 50
3.7 SEAtISHICAI ANAIYSIS: .. .ecvieieiiecie ettt ste et e e reeeeeneers 51
Chaper 4: RESUILS ......cviieieiieete ettt st e et et e e b e sre e te e e e steente e e e saeenas 52
4.1 Camas Bulb WeIght RESUITS ..........oiiiiiiiieee e 52
4.2 SOOI RESUILS ...t bbbt e bbb 53
4.2 A SOH PH LEVEL ...t 53
4.2.B SOI Clay CONEENL.......c.eoieiiieciece sttt sreenre e 54
4.2.C Soil Organic Matter CONENT ..........cccveiiiieiecie e 55
4.2.D WeDb SOil SUIVEY FINAINGS .....ooiiiiieiiieiceeeeee e 58

4.3 WEALNET RESUILS ...ttt 58
4.4 Glyphosate Air-Drift Risk Analysis RESUILS. .........ccccoiiiiiiiiiiieeeee e 61
4.5 Glyphosate and AMPA RESUILS ......cc.vioiiiiiiciec et 64
Chapter 5: DISCUSSION ......veiiiieeiieiie et sie sttt e sbe e s e et e e beesaeeasbeesteeanseesaeeanbeesreeanneen 65
INEFOTUCTION ...t bbbttt b bbb 65
5.1 GBH Formula and APPHCAION ........cciiiiieieie i 65

Vi



5.2 Glyphosate and AMPA ANGIYSIS .......ccveiuiiieiieiiiese et ae e e 67

5.3 SOIl CaraCLErISTICS. .. ..veveueeiiitiieiistesi ettt 68
5.4 Climate and WEALNET ............oiiiiii e 69
5.5 CAMAS BIOIOGY ...ttt 71
5.6 IMPEICALIONS. ...ttt bttt nb bbb 72
5.7 Areas Of FUIher RESEAICH ..o 73
(@8 =T ] g O3 Tod [1ES] o] OSSR 76
271 o] [ToTo -] )Y OSSPSR 79
N 0] 61<] 1o | TSRS R TP PPSPTPPRPRPRON 101

vii



List of Figures:

Figure 2-1 Camassia Quamash illustration (Kerwin, 2022) ..........ccccovviinieeieninninie e 6
Figure 2-2: Map of Camassia quamash FANGE..........cceriririririeieesie ettt 8
Figure 2-3: Map of Camassia quamash range, WPG region, and Coast Salish Prairies............... 11
Figure 2-4: Diagram of glyphosate entering and dissipating from an ecosystem...............c.c....... 18
Figure 3-1: GIS workflow Drift Type 1: Commercial Farm Drift Analysis.........cccccoceninvnnnnnne 32
Figure 3-2: GIS workflow Drift Type 2: Commercial Tree Farm Drift Analysis...........c.ccoce.ee... 33
Figure 3-3: GIS workflow Drift Type 3: Roadway Drift AnalysiS.........c.ccoorivieiiieniiiienee 34
Figure 3-4: Map of all sample sites excluding the Chehalis Tribal sites at request of the Tribe.. 35
Figure 3-5: Image of soil sampling at Glacial Heritage Preserve..........ccccocevveveiceivevccieseenns 40
Figure 3-6: Image of camas bulb sampling with a traditional digging stick .............ccccceveinennnns 41
Figure 3-7: Image of camas bulb sampling within sample plot.............ccccoveiiiiiiiiiiccceceee 41
Figure 3-8: Image of bulb samples immediately after extraction at Marion Prairie..................... 42
Figure 3-9: Camas bulbs Pre-proCeSSING.......ccveiuiiieiieie e seese et se et sre e ste e e sre e 43
Figure 3-10: Camas bulbs POSt-PrOCESSING ......eciviiieiieiieeie it et sre e 43
Figure 3-11: Image of bulbs that became translucent after freezing ........c.ccccovevvvveiiicicciciiens 44
Figure 3-12: Image of composite camas bulb samples air drying after rinsing..............c.cccceeevi. 44
Figure 3-13: Image mid-pH sampling proCeaUre.............coeiieieiiie i 45
Figure 3-14: Image of clay content analysis of Glacial Heritage and Scatter Creek soil samples 47
Figure 3-15: Example of wooden plunger wrapped in Parafilm for clay content analysis........... 47
Figure 3-16: Wooden plunger wrapped in Parafilm pre-plunging.........cccccoceiviiviniiieiic i, 48
Figure 3-17: Wooden plunger wrapped in Parafilm post-plunging..........cccccoevveveiiieiieinicinen, 48

viii


https://evergreen0-my.sharepoint.com/personal/claire_kerwin_evergreen_edu/Documents/Thesis%20Writings/Thesis_FinalDraft2.docx#_Toc144550976
https://evergreen0-my.sharepoint.com/personal/claire_kerwin_evergreen_edu/Documents/Thesis%20Writings/Thesis_FinalDraft2.docx#_Toc144550977
https://evergreen0-my.sharepoint.com/personal/claire_kerwin_evergreen_edu/Documents/Thesis%20Writings/Thesis_FinalDraft2.docx#_Toc144550978
https://evergreen0-my.sharepoint.com/personal/claire_kerwin_evergreen_edu/Documents/Thesis%20Writings/Thesis_FinalDraft2.docx#_Toc144550979
https://evergreen0-my.sharepoint.com/personal/claire_kerwin_evergreen_edu/Documents/Thesis%20Writings/Thesis_FinalDraft2.docx#_Toc144550984
https://evergreen0-my.sharepoint.com/personal/claire_kerwin_evergreen_edu/Documents/Thesis%20Writings/Thesis_FinalDraft2.docx#_Toc144550985
https://evergreen0-my.sharepoint.com/personal/claire_kerwin_evergreen_edu/Documents/Thesis%20Writings/Thesis_FinalDraft2.docx#_Toc144550986
https://evergreen0-my.sharepoint.com/personal/claire_kerwin_evergreen_edu/Documents/Thesis%20Writings/Thesis_FinalDraft2.docx#_Toc144550987
https://evergreen0-my.sharepoint.com/personal/claire_kerwin_evergreen_edu/Documents/Thesis%20Writings/Thesis_FinalDraft2.docx#_Toc144550988
https://evergreen0-my.sharepoint.com/personal/claire_kerwin_evergreen_edu/Documents/Thesis%20Writings/Thesis_FinalDraft2.docx#_Toc144550989
https://evergreen0-my.sharepoint.com/personal/claire_kerwin_evergreen_edu/Documents/Thesis%20Writings/Thesis_FinalDraft2.docx#_Toc144550990
https://evergreen0-my.sharepoint.com/personal/claire_kerwin_evergreen_edu/Documents/Thesis%20Writings/Thesis_FinalDraft2.docx#_Toc144550991
https://evergreen0-my.sharepoint.com/personal/claire_kerwin_evergreen_edu/Documents/Thesis%20Writings/Thesis_FinalDraft2.docx#_Toc144550993
https://evergreen0-my.sharepoint.com/personal/claire_kerwin_evergreen_edu/Documents/Thesis%20Writings/Thesis_FinalDraft2.docx#_Toc144550994
https://evergreen0-my.sharepoint.com/personal/claire_kerwin_evergreen_edu/Documents/Thesis%20Writings/Thesis_FinalDraft2.docx#_Toc144550995
https://evergreen0-my.sharepoint.com/personal/claire_kerwin_evergreen_edu/Documents/Thesis%20Writings/Thesis_FinalDraft2.docx#_Toc144550996

Figure 3-18: Map showing the location of the Olympia Airport weather station and locations of

R LT 0] LTS 1SS 50
Figure 4-1: Camas bulb mean Weight DY SIte.........cccooveiiiiiiieiece e 53
Figure 4-2: PH level and mMean DY SIte........ccccvveiiiieiieiicic e 54
Figure 4-3: Clay content and mean DY SIte .......ccocveiieiiiii e 55
Figure 4-4: SOM and Mean DY SItE........cciiiiiiieii e esae e 56

Figure 4-5: Chart showing temperature statistics at the Olympia Airport from Dec-2021 through
JUNE-2023 .. e bRt a e R e e bt et r e nne e ar e nneas 60

Figure 4-6: Chart showing precipitation statistics at the Olympia Airport from Oct-2021 through

JUNE-2023 ... 60
Figure 4-7: Map of glyphosate air-drift risk reSUItS..........c.ccovevviiiiiiii e 61
Figure 4-8: Map of glyphosate air-drift risk at Marion Prairie............cccccovvevveveivciiecc e 62
Figure 4-9: Map of glyphosate air-drift risk at West ROCKY ............cccccveviiieiieveiic e 62
Figure 4-10: Map of glyphosate air-drift risk at Scatter Creek...........ccceoviieiieveiiciieic e 63
Figure 4-11: Map of glyphosate air-drift risk at Glacial Heritage............cccccooveveiieii e 63


https://evergreen0-my.sharepoint.com/personal/claire_kerwin_evergreen_edu/Documents/Thesis%20Writings/Thesis_FinalDraft2.docx#_Toc144550997
https://evergreen0-my.sharepoint.com/personal/claire_kerwin_evergreen_edu/Documents/Thesis%20Writings/Thesis_FinalDraft2.docx#_Toc144550997

List of Tables:

Table 3-1: Sample site treatment details, collection dates, and management.............ccocccoevvrene. 39
Table 3-2:Sample site air-drift risk, location, and USDA NRCS’s Web Soil Survey results

(NRCS, 2019) ..ot s e s ee e ee et e ee e ee e 39
Table 4-1: Camas bulb weight and soil characteristic results for all SiteS...........ccevvvvvviierennnnne. 57

Table 4-2: Statistically significant differences between site camas weight and soil characteristic

TESUIES <.t bbbt b bRt b et bbb 57
Table 4-3: Soil characteristic results and Web Soil Survey data............ccooviviiieneiiicicienen 58
Appendix A: Complete pH 18D FESUILS ......c..eoiiiicice e 101
Appendix B: Complete clay content 1ab reSUltS...........coocveeiieii i 102
Appendix C: Complete soil organic matter content lab results ............ccccoecvveveevciicvie e, 103
ApPeNndiX D: COmMPIEte FESUILS.......ccviiieiiee et 104
Appendix E: Monthly temperature data..............cccooveiieiiiiiciicce e 105
Appendix F: Monthly precipitation data.............ccccoveiieiiiiciecce e 106


https://evergreen0-my.sharepoint.com/personal/claire_kerwin_evergreen_edu/Documents/Thesis%20Writings/Thesis_FinalDraft2.docx#_Toc144551057
https://evergreen0-my.sharepoint.com/personal/claire_kerwin_evergreen_edu/Documents/Thesis%20Writings/Thesis_FinalDraft2.docx#_Toc144551059
https://evergreen0-my.sharepoint.com/personal/claire_kerwin_evergreen_edu/Documents/Thesis%20Writings/Thesis_FinalDraft2.docx#_Toc144551062
https://evergreen0-my.sharepoint.com/personal/claire_kerwin_evergreen_edu/Documents/Thesis%20Writings/Thesis_FinalDraft2.docx#_Toc144551064

Acknowledgements:

I would like to acknowledge those who supported me on my journey towards a Master of
Environmental Studies degree and completing this research. First to my husband, Wayne Dillon,
who put his personal aspirations on hold to support us getting closer to the mountain. To my
creatures, Theodore and K’wichadi, for providing endless entertainment and recharging me. To
the forest that | call home and to the prairies that | waded through for this research. To the
Indigenous peoples who tended these ecosystems long before | came to be, since time
immemorial. To the camas that I harvested and to the ones that | broke in the process. To my
parents, for encouraging and nudging me along the way. To the Chehalis Tribe, for allowing me
to harvest camas on their lands and for partially funding this research. To William Thoms,
Chehalis, and Dan Penn, Chehalis, for welcoming me, having a laugh, and playing some great
games of phone tag. To CNLM and Sanders Freed; WDFW and Josh Cook, Maurice Major, and
Bill Kronland; to JBLM, Gina Smith, and Tim Atkinson. To AGQ Labs and B. Jones for stellar
communication and answering my every question. To my funding sources, including the
Chehalis Tribe, Washington Native Plant Society, and The Evergreen State College Master of
Environmental Studies Thesis Fund. To my thesis reader, Dr. Sarah Hamman, for all of the work
that she does tending the prairies, the human relationships with them, and the work that I did
here. To the Science Support Center staff for the two weeks that | spent in and out of the office.
To everyone that | talked incessantly at about camas and herbicides. And to Beyonce, Bad
Bunny, and Rosalia for keeping me company and lifting my spirits.

Xi



Introduction

Camassia quamash (camas) is a culturally and ecologically significant geophyte endemic
to Coast Salish Prairies (Beckwith, 2004). The bulb is traditionally a staple source of
carbohydrates for many Coast Salish Tribes and has historically been traded across Tribal
Nations (Turner & Kuhnlein, 1983). Since the early 1800s, Euro-American attempts at erasure of
Indigenous peoples and lifeways have been detrimental to the reciprocal relationships by which
prairies, camas, and humans have thrived since time immemorial (Dunwiddie & Bakker, 2011,
Turner & Kuhnlein, 1983).

Coast Salish Prairies are now scarred, dwindling ecosystems, with just 3% of the historic
1.2 million acres remaining. Opportunistic, non-native plant species have taken hold throughout
the prairies and are at the forefront of restoration priorities (Dennehy et al., 2011). Herbicides are
a key tool in keeping these species at bay and allowing camas and other species integral to
prairie habitats to thrive (Dennehy et al., 2011). For over 10 years, glyphosate-based herbicides
(GBHSs) have been used in tandem with prescribed burns and native plant seeding, an effective
protocol based on research by Stanley et al. (2011). GBHs are non-selective herbicides used
commonly in ecological restoration (Wagner et al., 2017), but they are known to accumulate in
perennial plants in temperate ecosystems (Botten et al., 2021). There is concern amongst
Indigenous peoples and restoration practitioners that glyphosate and its metabolite,
aminomethylphophonic acid (AMPA), may be accumulating in cultural keystone species like
camas (Botten et al., 2021; Garibaldi & Turner, 2004).

While the pathway through which glyphosate kills plants does not exist in animals, it

does exist in bacteria and fungi (Rivas-Garcia et al., 2022). Emerging research suggests that



chronically consuming low, regulatory doses of glyphosate and metabolites kills bacteria in
animal gut microbiomes, causing detrimental systemic effects (van Bruggen et al., 2021). Many
of the sites where Indigenous peoples harvest camas are currently or have previously been
treated with GBHs and, if glyphosate and AMPA are accumulating in perennial food plants,
people and animals consuming the plants may be facing health risks.

To support Indigenous peoples in determining risks of consuming camas bulbs exposed
to GBHs and to inform restoration practitioners as to the risk factors of using GBHSs in camas
prairie habitats, my research seeks to answer the question, “How does the legacy of glyphosate
application to a Camassia quamash habitat affect the concentrations of glyphosate in Camassia
quamash bulbs?”

| designed a robust field study that analyzed glyphosate and AMPA concentrations in
camas bulbs exposed to a GBH treatment compared to camas bulbs not exposed to a GBH
treatment across 6 different sites. | sent camas bulb samples to an off-site lab for glyphosate and
AMPA concentration analysis. To account for site specific confounding variables that have been
shown to affect glyphosate and AMPA uptake in plants, | sampled soils and tested their pH
levels (Gimsing, Borggaard, & Bang, 2004), clay content, and organic matter content (Miles &
Moye, 1988). Additionally, I utilized the US Department of Agriculture Natural Resources
Conservation Service’s Web Soil Survey to determine each site’s soil drainage class, soil order,
and soil taxonomy. I accessed data from Western Washington’s Regional Climate Center to
assess weather patterns between GBH treatment and bulb sampling.

I had four criteria when prioritizing sites for this study: (1) the site is culturally
significant to Indigenous peoples; (2) the site is currently harvested or could be harvested by

Indigenous peoples; (3) the site met the GBH treatment requirements; and (4) the site had a very



low risk of being exposed to GBHSs through air-drift from neighboring treatment sites, assessed
through a GIS analysis.

Of the three GBH exposed sites, two are undergoing ecological restoration with the goal
of future traditional harvest, while the other is owned by the US Military and will likely not be
harvested from in the near future. Of the three non-exposed sites, two are on Chehalis Tribal
lands and one is on non-Tribally owned land but is annually harvested by inter-Tribal gatherers.
The 3 exposed sites were treated separately: Site 1 with a GBH treatment 4.5 months prior to
testing (0.96% glyphosate treatment); Site 2 with a GBH treatment 5 months prior to testing
(0.96% glyphosate treatment); and Site 3 with a GBH treatment 17 months prior to testing (2.5%
glyphosate treatment). The 0.96% glyphosate formula is lower than the standard concentration of
glyphosate used in restoration ecology, which is more in line with a 1.5-2.5% glyphosate GBH
formula (Stanley et al., 2011). All sites had a low or very low risk of being exposed to GBHs by
air-drift. Sites were located within a 32 mile radius of Olympia, Washington.

No detectable glyphosate or AMPA was found in camas bulbs at sites exposed or not
exposed to glyphosate. These results should be received with caution and are specific to
Olympia, WA area Coast Salish Prairie soil characteristics, climate, and ecology, as well as the
timing and percent glyphosate used in GBH formulas. Soils at exposed sites were found to be
acidic (pH levels 4.7-5.4), with low clay content (0-6%) and high organic matter content (16.5-
31%). Web Soil Survey data showed that soils were “somewhat excessively drained”, of
Andisols or Inceptisols soil orders, and classified as sandy-skeletal taxonomy (NRCS, 2019).
GBH exposed sites were treated in late December-January, during months of consistent
precipitation and generally above-freezing temperatures (NOAA, 2023). Additionally, Camassia

guamash was dormant during treatment and the plants were not directly exposed to a GBH.



The results suggest that, under the specific circumstances above, there is no risk of
glyphosate or AMPA consumption when consuming Camassia quamash bulbs 4.5 months after a
0.96% glyphosate GBH treatment and 17 months after a 2.5% glyphosate GBH treatment. The
results are dependent on species, site conditions, climate, and treatment timing. | speculate that
the GBH was efficiently leached from the somewhat excessively drained soil during precipitation
events, rather than adsorbing to clay and organic matter particles, thus being bioavailable to
plants, or being absorbed by Camassia quamash. The potential implications of this study, that
Camassia quamash bulbs are safe to consume regarding this study’s glyphosate and AMPA

exposure, should not be extrapolated to other circumstances or species.



Chapter 2: Literature Review

Introduction

In this literature review, | will explore the morphology and ecology of Camassia
quamash, followed by an ethnobotanical summary of camas as a cultural keystone species. | will
then examine the ecology, vulnerability, and restoration efforts of the Coast Salish Prairies,
where Camassia quamash is an integral component of the ecosystem. After establishing grounds
for ecological restoration efforts of the prairie habitat, | will investigate the usage of glyphosate
and GBHs as a stewardship tool. I will explain the mechanism by which glyphosate functions as
an herbicide, then shift to its persistence in soil and accumulation in plants. Finally, I will
conclude with regulation of glyphosate, the herbicide and its metabolite’s toxicity, and the health

implications of their consumption.

2.1 Camas

Camassia quamash, known commonly as camas, is the most widespread and abundant
species in the 6-species Camassia genus (Chase et al., 2009; Matthews, 2020; Turner &
Kuhnlein, 1983). Endemic to North America, the perennial bulbous genus is in the subfamily of
Agavoideae, within the Asparagaceae family (Chase et al., 2009). The Coast Salish Prairies are
home to a number of subspecies of Camassia quamash, as well as the species Camassia
leichtlinii, or great camas (Beckwith, 2004; Davis, 2018). Research presented here focuses on
Camassia quamash, the most common and traditionally harvested species on the Coast Salish

Prairies (Gould, 1942; Turner & Kuhnlein, 1983).



2.1.A Morphology and Lifecycle

Camas, a geophyte, has an underground perennial
bulb that produces a basal whorl of waxy green, linear
leaves aboveground (Figure 2-1) (Beckwith, 2004; Davis,
2018). Three to five years after the monocot’s germination,
a terminal raceme with conspicuous, liliaceous flowers
grows from the bulb (Beckwith, 2004; Gould, 1942). The
flowers have 6 tepals that range in color from deep violet to
light blue to white, with all flowers on a plant typically one
shade (Davis, 2018). Each flower has 6 stamens and a
three-celled ovary that matures to a tri-locular capsuled

fruit containing shiny black seeds (Davis, 2018; Turner &

Kuhnlein, 1983). Camas reproduces primarily through Figure 0-1 Camassia Quamash
illustration (Kerwin, 2022)

seed, but asexual reproduction from offset bulbs has been

observed (Thoms, 1989).

Non-branching, adventitious roots and a contractile root emerge from the basal plate of
the bulb (Kawa & De Hertogh, 1992). First developing during the plant’s second growing season
(Davis, 2018), the contractile root grows and shrinks with moisture, essentially pulling the bulb
deeper into the soil and anchoring it at an ideal depth (Kawa & De Hertogh, 1992). As the plant
ages, the bulb size increases, as does the number of leaves, number of flowers, and stalk height
(Beckwith, 2004).

Maclay (1928), described camas’s annual lifecycle in which every organ is replaced, with

the possible exception of the basal plate that the bulb’s roots and fleshy scales are attached to. At



any one-time, mature camas bulbs have multiple years of bulb growth within them, known as the
mother bulb, the daughter bulb, and the granddaughter bulb. The mother bulb is the most outer
layers of scales, while the granddaughter is the most inner, and each has varying carbohydrate
concentrations dependent on their age. In the winter, before leaves emerge, the mother bulb is
encased in a tunic: a thin, nearly disintegrated, dark colored tissue that is the remnants of the
previous year’s growth. The mother bulb’s scales are the base of the previous year’s leaves and
are rich in carbohydrates and nutrients. They encase the daughter bulb, from which leaves extend
mid-spring, when prairie soils are saturated and cold. In late spring, the daughter bulb’s inner
scales erupt into a stem topped by the plant’s florescence (Maclay, 1928). A terminal bud
develops in the center of the bulb, becoming the granddaughter bulb (Thoms, 1989). Shortly
thereafter, in early summer, the flowers rapidly go to seed, the stems and leaves senesce, and the
plant becomes dormant (Maclay, 1928). The entire bulb is at its largest just before seeds develop
(Davis, 2018). The mother bulb then withers, becoming the new tunic, the daughter bulb sustains
the plant through the winter as the new mother bulb, and the granddaughter becomes the
daughter (Maclay, 1928; Thoms, 1989). Camas will continue this life cycle for an indefinite

period of time (Maclay, 1928) and may sustain dormancy for years (Matthews, 2020).

2.1.A Ecology and Range

Camassia quamash is found in prairies, woodlands, and meadows at elevations less than
10,800 ft from Northern California north to VVancouver Island, and eastward to Northern Utah
and Montana (Figure 2-2) (Gould, 1942; Turner & Kuhnlein, 1983). Carbon-dated pollen
evidence shows that Camassia species have been present in the Pacific Northwest region of the

United States for over 70,000 years (Florer, 1972). The plant’s range was likely expanded by



glaciation and natural dispersal, as well as by Indigenous peoples planting seeds and bulbs as
they migrated and traded (Turner & Kuhnlein, 1983).
Tying camas’s current habitats together is a temperate wet-dry seasonal cycle (Chance et

al., 1977 as cited in

Thoms, 1989). This
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Figure 0-2: Map of Camassia quamash range

(Beckwith, 2004).
Camas thrives in open, exposed areas that are seasonally basked in sunlight (Thoms, 1989), and
the depth and composition of camas habitat’s soils vary, ranging from deep, organic matter rich
prairies to rocky outcroppings (Beckwith, 2004; Matthews, 2020). Wherever camas is found,

Indigenous peoples have likely historically had a hand in the plant’s success, owing to traditional

harvesting and tending practices (Turner et al., 2021).

2.1.A Ethnobotany

Since time immemorial, Coast Salish peoples have had a symbiotic relationship with
camas (Turner, 2014). Indigenous Knowledge unique to tribes and formed over generations

informs the harvest, tending, treatment, cooking, and celebration of camas (Turner et al., 2021,



Turner & Kuhnlein, 1983). Once a staple source of carbohydrates to many tribes, the population
and health of the plant has suffered without this relationship with Indigenous peoples (Garibaldi
& Turner, 2004; Matthews, 2020).

Camas bulbs were once consumed in great quantity and traded across Tribal Nations
(Beckwith, 2004; Turner & Kuhnlein, 1983). Their success as a species is intertwined with
traditional tending practices of selective harvesting, digging techniques, use of fire, and other
horticultural methods (Turner & Kuhnlein, 1983). Digging techniques gently till and aerate soil,
promoting soil microbiome health, nutrient cycling, and root growth (Matthews, 2020; Turner &
Kuhnlein, 1983). Cyclically burning prairies prevents encroachments of surrounding forests,
staves off establishment of unwanted species, and introduces additional nutrients to the
ecosystem (Matthews, 2020; Turner & Kuhnlein, 1983). Selective harvesting reduces
intraspecies competition and allows spaces for young camas to grow (Anderson, 2005; Maclay,
1928; Thoms, 1989). Additionally, and perhaps most significantly, the Indigenous reciprocal
relationship with and reverence for camas habitat cannot be overlooked as a beneficial tending
practice (Turner, 2020).

Depending on the Tribal Nation, climate, and species, Camassia is traditionally harvested
sometime between late spring, when the flowers are beginning to fade, and the fall, when the
plant is largely dormant (Turner & Kuhnlein, 1983). Bulbs are at their peak caloric benefit just
before the plant goes to seed in the summer (Thoms, 1989). In the Coast Salish Prairie region,
harvests typically take place in the late spring, when the flowers and seed heads are identifiable
and the soil is still moist enough to dig (W. Thoms, Chehalis Tribe, personal communication,

June 6, 2023).



Camas bulbs are largely composed of inulin, a sugar indigestible to humans without
substantial cooking (Turner & Kuhnlein, 1983). The Indigenous long, slow cooking process
converts the inulin into fructose, a nutritionally available carbohydrate (Konlande & Robson,
1972). Depending on the growing region, cooked camas bulbs can have more protein than beef
liver, beans, or potatoes (Scrimsher, 1967), as well as a significant amount of fiber and trace
nutrients (Konlande & Robson, 1972).

The loss of access to this traditional food and cultural keystone species has been
detrimental to both Indigenous peoples (Blanchet et al., 2021; Garibaldi & Turner, 2004) and to
camas ecosystems (Willamette Partnership, 2020). Camas populations and habitats have
plummeted with the lack of a reciprocal relationship with humans (Matthews, 2020), land use
change (Willamette Partnership, 2020), and systematic decimation of Indigenous Knowledge

holders (Boyd, 1990, as cited in Beckwith, 2004).

2.2 Coast Salish Prairies

Coast Salish Prairies spanned 73,000 hectares of Western Washington state prior to Euro-
American colonization in the mid 1800s (Chappell et al., 2001). They are home to Indigenous
peoples and camas (Willamette Partnership, 2020), as well as a biodiverse plant and fungal
community that supports a plethora of wildlife (Fuchs, 2001). The degradation of these prairies
can be attributed to removal of Indigenous land tending practices, change in land use, industrial
development, climate change, and opportunistic non-native plants (Willamette Partnership,
2020). Recognition of Coast Salish Prairies as cultural landscapes and biodiverse systems has led
to an Indigenous and non-Indigenous focus on the ecological restoration of the ecosystems

(Dunwiddie & Bakker, 2011).
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2.2.A Ecology

Coast Salish Prairies are part of the larger prairie-oak woodland system that spans from
Southern British Columbia latitudinally to the Willamette Valley (Figure 2-3) (Dunwiddie &
Bakker, 2011), referred to as the Willamette Valley-Puget Trough-Georgia Basin ecoregion
(WPG) (Dennehy et al., 2011); Floberg et al.,2004). The ecoregion is further classified into three
subregions, with Coast
Salish Prairies found in
the Puget Trough and

Georgia Basin.

Compared to their

southern neighbor, the
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Figure 0-3: Map of Camassia quamash range, WPG region, and Coast )
Salish Prairies saturated during the
rainy season. Soils here were deposited by glacial outwash, resulting in a coarse texture and a
landscape that is flat to rolling. Coast Salish Prairies are more sporadic than those in the

Willamette Valley, as they are in smaller valleys surrounded by Douglas fir, western hemlock,

and western redcedar dominated forests (Floberg et al., 2004).

Mere remnants of the WPG prairie habitat remain (Chappell et al., 2001; Dunwiddie &
Bakker, 2011). Still, the WPG boasts over 690 plant species, far more than other ecosystems

west of the Cascade Mountain Range (Fuchs, 2001). Of the abundance of wildlife that the WPG
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supports, Floberg et al. (2004) found that at least 526 plants, fungi, mammals, birds, reptiles, and
invertebrates are threatened to some extent. Animal species of particular concern are the Taylor’s
checkerspot butterfly (Euphydryas editha taylori), mardon skipper (Polites mardon), streaked
horned lark (Eremophila alpestris strigata), and mazama pocket gopher (Thomomys mazama)
(Dunwiddie & Bakker, 2011). At least one of these, the mazama pocket gopher, relies on camas
bulbs for food and the Taylor’s checkerspot butterfly relies on camas’s flowers for nectar

(WDFW, 2023a).

2.2.B Ecosystem Vulnerability and Restoration

The Coast Salish Prairies are dwindling for several reasons. They have been replaced as
the landscape has been converted to agricultural cropland and pasture; growing human
population has expanded to occupy prairies; industrial development and traffic has resulted in an
influx of pollutants; early conservationist land practices, including cultural fire exclusion, has
allowed coniferous forests to overtake prairies; human-caused global warming is resulting in
shifting climatic patterns that may be incompatible with the ecosystem; non-native, opportunistic
species have filled niches left by human disturbance and subsequently spread to occupy vital
native habitat (Willamette Partnership, 2020); and Euro-American attempts at eradication of
Indigenous peoples and lifeways have nearly severed the reciprocal relationship by which the
prairies have thrived since time immemorial (Garibaldi & Turner, 2004). Opportunistic non-
native species are a critical barrier to Coast Salish Prairie health and are at the forefront of
ecological restoration priorities (Stanley et al., 2008; Willamette Partnership, 2020).

Non-native plant species have spread with Euro-American and global expansion
(Bonnamour et al., 2021). They were planted both purposefully and accidentally, with some

being escaped ornamental or agricultural plants (van Kleunen et al., 2018), others being planted
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to mitigate an environmental hazard (Reeves, 2010), and more being dropped by travelling
people and migrating animals (Bonnamour et al., 2021). Currently, many non-native seeds are
brought on vehicles passing by and equipment being used on prairies (Dennehy et al., 2011,
Willamette Partnership, 2020). Prairies may be particularly susceptible because they are vast,
open landscapes exposed to seed rain circulated by neighboring agricultural fields and traffic
(Willamette Partnership, 2020). Without globalization and transportation ceasing, new non-
native species are expected to continue to take hold (Willamette Partnership, 2020).
Opportunistic non-native plants, also known as invasive species, have been particularly
successful where native plants have been removed or ecosystems have been weakened and
disturbed (Trowbridge et al., 2017).

There are four main techniques that Indigenous and non-Indigenous peoples are using to
mitigate the impact of non-native species: mowing, fire, seeding/planting, and herbicides
(Trowbridge et al., 2017). The goal of mowing is to cut down invasive plants before they are able
to seed and spread (Stanley et al., 2008; Trowbridge et al., 2017). However, the practice has been
found to be largely ineffective, especially with non-native grasses, as mowing does not actually
thin the grass and native seeds are unable to reach the soil to germinate (Stanley et al., 2008,
2011). Reintroduction of fire to the landscape, whether prescribed or cultural, returns nutrients
and carbon to the soil (Pingree & Del.uca, 2017) and strengthens the native plants (Storm &
Shebitz, 2006) while not allowing some non-native plants to seed, though many non-natives,
particularly grasses, persist (Rook et al., 2011; Trowbridge et al., 2017). Camas is one of the
many plants that benefits from reintroduction of fire to its habitat (Storm & Shebitz, 2006). In
further efforts to outcompete non-native plants, native seeds are spread and native plants grown

in nurseries are transplanted to increase their presence (Krueger et al., 2014). Herbicides are
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regularly used to eradicate non-native species, but they can have damaging direct and indirect
effects on ecosystems (Stanley et al., 2008; Tunnell et al., 2006).

Herbicides are considered a best-practice in WPG prairie restoration and recommended in
pamphlets and literature (Stanley et al., 2011; Willamette Partnership, 2020). They are often used
in combination with other management techniques, such as after burns or before native seeds are
spread (Stanley et al., 2011). Depending on the need, there are a variety of herbicides used in
prairie restoration (Stanley et al., 2008; Tunnell et al., 2006). Some, like Clethodim and
Fluazifop, are grass-selective (Cascadia Prairie Oak Partnership, 2014) while others are forb-
selective (Krueger et al., 2014). Pre-emergent herbicides, like Indaziflam, kill germinating seeds
(Terry etal., 2021). A few herbicides kill on contact, where as many are translocated within the
plant to inhibit necessary biological processes systemically (Cascadia Prairie Oak Partnership,
2014). The most commonly used herbicides are non-selective and systemic, killing plants that
have not built up a tolerance to them (Noland & Carver, 2011; Weidlich et al., 2020). As
herbicides are designed to kill plants, they inevitably cause varying degrees of damage, known
and unknown, to native species (Olszyk et al., 2017), soil structure and microbiome (Druille et
al., 2016), and humans (van Bruggen et al., 2021).

Even with aggressive restoration techniques, it is likely that non-native species will
jeopardize the health and resilience of prairie ecosystems for the foreseeable future (Dennehy et
al., 2011). Thus, herbicides will most likely continue to be used year after year (Dennehy et al.,
2011). The repeated use of herbicides may cause toxins to accumulate in perennials (Botten et
al., 2021), many of which are traditional medicines and foods for Indigenous peoples (Deur &

Turner, 2005), and consumption of herbicides may have detrimental effects on human health
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(Rivas-Garcia et al., 2022). Therefore, the very management practices that are used to restore

prairie ecosystems may be threatening the health of those who rely on them (Wood, 2019).

2.3 Glyphosate and AMPA:

Glyphosate is the active chemical compound found in a number of herbicides used in
restoration, agriculture, and forestry (Martins-Gomes et al., 2022). Due to its efficiency and
relative low toxicity when compared to other herbicides, glyphosate-based herbicides (GBHSs)
are the most extensively used products in attempts to eradicate non-native plant species
worldwide (Rivas-Garcia et al., 2022; Weidlich et al., 2020). Restoration practitioners regularly
recommend the use of GBHs in WPG prairies and their use has been considered a best practice
(Dennehy et al., 2011; Noland & Carver, 2011).

Heavy usage in agriculture has compelled scientists to extensively study glyphosate and
GBHs, with results leading to controversy surrounding their safety (de Castilhos Ghisi et al.,
2020). Studies to date are primarily focused on GBH use in agriculture and small amounts of
glyphosate and its metabolites are routinely found in the food and water we consume
(Kolakowski et al., 2020; Rivas-Garcia et al., 2022). Comparatively, there are few studies that
review GBH usage in a restoration setting, and even fewer that focus on how much glyphosate
may be consumed when eating traditional foods (Botten et al., 2021).

N-(phophonomethyl)glycine, commonly known as glyphosate, was first developed in
1950, but did not make its herbicidal debut until 1974, when it was approved by the EPA for
usage and patented by Monsanto Company (now Bayer) (Ojelade et al., 2022). Monsanto
Company began selling glyphosate as the GBH Roundup for use in agriculture (Kolakowski et

al., 2020). Other commonly used herbicides at the time were Atrazine and Paraquat, both of

15



which are extremely detrimental to human health and now banned or restricted (Martins-Gomes
et al., 2022). Glyphosate, on the other hand, kills plants by inhibiting a biochemical pathway
found only in plants, bacteria, and fungi, called the shikimate pathway, which produces amino
acids (Duke et al., 2012). It is widely believed to not severely impact humans or other animals
(Mesnage & Antoniou, 2020). GBH usage grew exponentially after its introduction in agriculture
(Klingelhofer et al., 2021) and eventually made its way into the ecological restoration field
(Weidlich et al., 2020).

Glyphosate is produced as a salt, diluted in water, mixed with other chemicals to support
efficient application, then sprayed on or injected into plants (Druille et al., 2016). There are a
number of GBHs used in restoration (Noland & Carver, 2011). Some practitioners purchase
glyphosate salts and create their own formulas (Druille et al., 2016), while others use pre-
formulated products, such as the Bayer’s Roundup, Roundup Pro, Vision, and VisionMax
(Bayer, 2023b). Exact formulations of pre-formulated GBHSs are rarely published, as they are
considered proprietary and not required to be made public (Ojelade et al., 2022). They may
contain one or multiple adjuvants, including surfactants that promote glyphosate adherence to
plant tissues (Czarnota & Thomas, 2013).

GBH application technigue is dependent on scale, ecosystem type and target species. For
large areas, including forests, aerial spraying from an airplane or helicopter may be used (Wood,
2019). Smaller areas may have GBHs broadcast applied by vehicle with an attached boom
sprayer or by personnel with back-pack sprayers. For specific plants and very small areas, spot-
spraying with a back-pack sprayer or injecting the herbicide directly into a plant is common
(Rana, 2018). Each application method poses a different risk to the surrounding ecosystem

(Marrs et al., 1993).
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2.3.A Mechanism

Glyphosate interrupts the shikimate pathway (Ojelade et al., 2022), inhibiting the actions
of the 5-enolypyruvylshikimate-3-phosphate synthase (EPSPS) enzyme (Martinez et al., 2018).
By disrupting ESPS, glyphosate impedes the production of amino acids that are necessary for
plant growth and hinders metabolism functions (Martinez et al., 2018). Efficiently translocating
the chemical through plants along the photosynthetic route (Preston & Wakelin, 2008),
susceptible plants die within days (Gaupp-Berghausen et al., 2015). The shikimate pathway also
exists in some fungi and bacteria, in which the EPSPS enzyme performs in a similar capacity
(Duke et al., 2012). While glyphosate is not explicitly used to kill fungi or bacteria, it is known
to impact fungal and bacterial communities negatively, including the microbiome of soil and

animals (van Bruggen et al., 2021).

2.3.B Persistence in Soil

GBHs reach the soil surrounding a target plant by spraying over a plant to achieve full
coverage, exuding from the target plant’s roots into the rhizosphere (Neumann et al., 2006),
decomposing contaminated plant matter (Neumann et al., 2006), drifting through the air from an
adjacent treatment site, and/or being transported by water (Rasmussen et al., 2015) (Figure 2-4).
Once in the soil, glyphosate itself is either mineralized into its metabolites, immobilized in the
soil, or leached into ground or surface water (Ojelade et al., 2022). There is disagreement about
the length of time glyphosate persists in soil, as some studies state that glyphosate quickly
dissipates from soil and others state that it is highly persistent (EFSA, 2015). Glyphosate’s half-
life (the amount of time it takes for 50% of applied glyphosate to leave soil) has been found to be

between 1 and 300 days (EFSA, 2015) but may persist in soils for at least 12 years (Botten et al.,
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2021). Glyphosate’s persistence in soils is highly dependent on soil composition, climate, and
ecosystem dynamics (Eberbach, 1998; EFSA, 2015).

The bulk of glyphosate entering
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(Dick & Quinn, 1995). Bacteria existing in soil prior to GBH application mineralize glyphosate
into aminomethylphosphonic acid (AMPA) (Gimsing, Borggaard, & Bang, 2004). This
mineralization happens more efficiently in high pH soils with more phosphate, copper, and
magnesium and less in soils that are high in iron and aluminum (Goémez Ortiz et al., 2017; Okada
et al., 2016). AMPA then degrades into methylamine and phosphate, becoming carbon dioxide
and ammonium over time (Ojelade et al., 2022). Research has shown that AMPA has a longer
life in soil than glyphosate, with half-life estimates reaching 630 days (EFSA, 2015).

Colder climates inhibit bacterial action and cause mineralization of glyphosate to slow
(Botten et al., 2021; Newton et al., 2008). Soils and plants in colder climates accumulate
glyphosate for longer and in greater amounts that those in warmer climates. Wood (2018) found
more glyphosate in plant roots one year post-application in a northern temperate climate than
Thompson (1990) found in a warmer, southern climate after 45 days (Feng & Thompson, 1990;

Wood, 2019). Differences in glyphosate and AMPA amounts have even been found in climates
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that do not differ as drastically as Wood and Thompson’s. In a study comparing latitudinally
adjacent bio-climatic zones in Canada, Botten et al. (2021) observed that climate had a greater
influence on amounts of glyphosate and AMPA in plant tissue than soil type or species of plant.
Glyphosate and AMPA are immobilized when they are adsorbed onto soil particles (Viti
et al., 2019). Immobilization is stronger in soils with higher organic matter, clay (Miles & Moye,
1988), aluminum (Gimsing, Borggaard, Jacobsen, et al., 2004), and iron content and a higher
cation exchange capacity (Gémez Ortiz et al., 2017). Glyphosate binds to similar geometry as
phosphorous, and high amounts of phosphorous in soil can prevent adsorbtion of glyphosate
(Laitinen et al., 2009). PH also plays a role, with lower pH promoting immobilization (Gimsing,
Borggaard, & Bang, 2004). Stronger immobilization prevents bacteria from mineralizing
glyphosate and leads to accumulation of the compound in soils (Newton et al., 1994).
Immobilization is not a permanent phenomenon: glyphosate will eventually be degraded and

both AMPA and glyphosate will be leached into the water column (Laitinen et al., 2009).

2.3.C Accumulation in Plants

Glyphosate and AMPA both accumulate in plants. Upon application to an ecosystem,
plants will absorb glyphosate through leaves, stems, or roots (Neumann et al., 2006). Since
AMPA is a result of mineralization within soil, it primarily enters plants through roots, though a
plant’s microbiome will also mineralize glyphosate into AMPA (Reddy et al., 2004). The effect
of the herbicide on the plant depends on amount applied (Botten et al., 2021) and plant resistance
(Reddy et al., 2004). Many plants survive exposure to sub-lethal amounts of glyphosate and may
store it for years (Botten et al., 2021).

Once glyphosate and AMPA enter a plant, they are translocated through phloem in the

same pattern that carbohydrates and sugars from photosynthesis are, concentrating in the most
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actively growing parts of the plant (Wakelin et al., 2004). Young leaves, shoots, and roots
accumulate glyphosate first, followed by older parts of the plant (Wyrill & Burnside, 1976). The
compounds then continue to cycle through the plant, are expelled into the rhizosphere as root
exudates (Neumann et al., 2006), or are removed as contaminated tissues when the plant
senesces (Newton et al., 1994).

Accumulation of glyphosate and AMPA is well studied in an agricultural setting, where
annual plants are farmed and removed from the field yearly (Klingelhofer et al., 2021). Storage
of the compounds in perennial plants is less understood (Botten et al., 2021). Glyphosate and
AMPA are regularly found in annual plants that have been exposed to the herbicide, even when
there are months between application and planting (Kolakowski et al., 2020). It follows that
perennial plants uptake glyphosate and AMPA as well and, without plants being removed from
the field yearly, the compounds may accumulate in plant tissues and be stored overwinter
(Botten et al., 2021; Edge et al., 2021).

While concentrations of glyphosate in soil depends on soil and climate factors, the uptake
and accumulation of glyphosate in plants is likely species dependent (Wood, 2019). Neighboring
perennial plant species exposed to the same concentration of glyphosate and AMPA will
accumulate different amounts of the toxins (Edge et al., 2021; Wood, 2019). Furthermore,
separate species accumulate the compounds in different organs and expel them at different rates
(Wyrill & Burnside, 1976). The variations may be attributed to root structure (Wyrill &
Burnside, 1976), life strategy (Wood, 2019), and permanence of tissues (Botten et al., 2021). In
Canadian forest studies, both Wood (2018) and Botten et al. (2021) found that, when compared
to woody shrubs, herbaceous perennials had the highest amounts of glyphosate and AMPA one

to twelve years post-treatment. Herbaceous perennials have less permanent tissue than woody
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perennials and must store all carbohydrates and nutrients in their rootstock, rather than
throughout the plant (Wood, 2019). Glyphosate has been found in the following year’s new
shoots, suggesting that it is one of the compounds that can be stored overwinter in herbaceous

perennials (Botten et al., 2021).

2.3.D Consumption

Glyphosate and AMPA are regularly found in the modern diet (Kolakowski et al., 2020).
Amounts in sampled foods are rarely above maximum residue limits (MRLS) set by the United
States Environmental Protection Agency (US EPA), but, with the increase in GBH use and
exposure, the US EPA has been steadily raising glyphosate MRLs since the advent of the
herbicide (Cuhra et al., 2016). While RoundUp and other Bayer GBHs are known to impact
human health, glyphosate is less toxic on its own without the unknown adjuvants in pre-
formulated GBHs (Martins-Gomes et al., 2022). With the recognition of adjuvant toxicity, there
is disagreement within the scientific community and regulatory agencies on consumption safety
of glyphosate and AMPA (Benbrook, 2019). Regulations of glyphosate itself have been called
into question by more recent research suggesting that the chronic exposure to low doses of
glyphosate and AMPA has negative impacts on human health (Buchenauer et al., 2022; Ojelade
etal., 2022).

The US EPA began setting glyphosate’s MRLs when the herbicide was approved for
agricultural use in 1974 and AMPA was not included in the original MRLs (US EPA, 2022).
MRLs have been figured as 100x less than would be needed to have a negative health reaction,
or no observed adverse effects limits (NOAELSs) (ATSDR, 2020). Many studies of glyphosate

consumption use NOAELSs as the lowest dose of glyphosate within an experiment, rather than
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MRLs, resulting in relatively few studies of glyphosate at low doses (Martins-Gomes et al.,
2022; Ojelade et al., 2022).

In the U.S., most foods have a 1.75 ppm (mg/kg/day) MRL, while most EU, Canadian,
and Australian agencies list a 0.5 mg/kg/day MRL (BCG Global, 2023; Mesnage et al., 2015).
The discrepancy between agencies from different countries is attributed to data weighted in
assessments, with the EPA relying primarily on internal data or data submitted by herbicide
companies rather than public peer-reviewed research (Klingelhofer et al., 2021; US EPA,
2023b). MRLs also vary by food and are dependent on how much of an herbicide a plant is
exposed to (US EPA, 2023a). For example, glyphosate MRLs in onions, potatoes, and edible
bulbs in the U.S. is 0.2 mg/kg/day, while the MRL for soybeans is 20 mg/kg/day because
soybeans are exposed to more of the herbicide in the agricultural process (BCG Global, 2023).

Despite regulation, both glyphosate and AMPA are routinely found in human urine,
blood, and breastmilk (Mesnhage et al., 2015). When consumed through food or water, glyphosate
follows two main routes: elimination in urine and feces or metabolization in the intestinal tract to
AMPA (Brewester et al., 1991). In the U.S., extensive sampling has produced estimates that 60-
95% of the public has glyphosate in their urine (van Bruggen et al., 2021). Glyphosate has even
been found in the urine of infants, indicating that it can be transported through breast milk
(Trasande et al., 2020). Glyphosate is efficiently dissolved in water, resulting in a low risk of
accumulation in tissues and rapid elimination in urine (CCME, 2012). However, studies have
found risk of accumulation in kidneys and liver, impacting function of the organs (Gao et al.,

2019; Van Eenennaam & Young, 2017).
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2.3.E Requlations

The study of GBHs is rife with controversy (McHenry, 2018). Independence of studies
has been called into question, with two substantial stakeholders financing the bulk of published
research (Klingelhofer et al., 2021). Monsanto/Bayer, who manufacturers the most widely used
GBHs, and the U.S. Department of Agriculture (USDA), who is one of the most widespread
users and supporters of the herbicides, are not only the top two publishers and financers of
research globally, their work also receives the most citations (Klingelhofer et al., 2021).
Additionally, in 2017, a document release exposed Monsanto/Bayer’s ghostwriting of published
papers and media, interference with peer review processes, and creation of a website defending
their products (McHenry, 2018).

International agencies are in disagreement about potential negative health consequences
of the use and consumption of GBHs (Benbrook, 2019). In 2016, both the U.S. EPA and the
European Union Environmental Protection Agency (EUPA) reviewed the safety of glyphosate,
finding that glyphosate was not carcinogenic at “doses relevant for human risk assessment”
(Benbrook, 2019). The following year, the World Health Organization’s International Agency
for Research on Cancer (IARC) issued a report stating that glyphosate is “probably carcinogenic
to humans”, citing DNA damage and oxidative stress (Benbrook, 2019). Differences between the
findings appear to have resulted from the selection, weighting, and circumstances of evaluated
studies (Benbrook, 2019). While the IARC relied on published and peer reviewed materials, the
U.S. EPA and EUPA depended on unpublished studies that are not accessible to the public
because of their proprietary nature (Benbrook, 2019). Additionally, the IARC weighted studies

that used GBH, glyphosate, and AMPA in regulatory consumption, elevated consumption, and
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application exposure studies, while the U.S. EPA and EUPA weighted data exclusively
concerning glyphosate consumption at regulatory levels (Benbrook, 2019).

The IARC’s findings are supported by literature suggesting that surfactants and other
adjuvants of GBH formulas are carcinogenic because they cause oxidative stress, DNA damage,
and are endocrine disruptors at low dosages (Martins-Gomes et al., 2022). Such surfactants, like
polyethoxylated tallowamine (POEA), are now illegal in the EU but are still legal and used in the
U.S. (Martins-Gomes et al., 2022). Roundup and VisionMax, both owned by Bayer and
commonly used in restoration, may be formulated with POEA and other toxic adjuvants
(ATSDR, 2020). POEA is less commonly used in restoration of the Coast Salish Prairies, with
non-ionic Nu-Film being the primary surfactant applied (Dennehy et al., 2011). With its non-
ionic property, Nu-Film is designed to not adsorb to soils and to efficiently dissipate from soils
(Miller, 2023). While the surfactant is less studied than others, consumption is not known to have

negative health effects (Keylndustries, 2023).

2.3.F Consumption Health Implications

There are issues with many of the commonly cited studies reporting the toxicity of
glyphosate. First, glyphosate is not consistently the only tested substance, as researchers will use
pre-formulated GBHs instead of glyphosate in their studies (Peillex & Pelletier, 2020). This
makes it difficult to compare studies because formulas of GBHSs differ by both brand and country
of origin (Ojelade et al., 2022). The practice also provokes confusion because it is not possible to
differentiate between toxicity of adjuvants in GBHs and glyphosate toxicity (Defarge et al.,
2016; Mesnage et al., 2019). Second, studies finding that glyphosate is toxic tend to use large
amounts of the herbicide, often NOAELSs for their lowest tested dose, rather than chronically

consumed dose estimates (Martins-Gomes et al., 2022). Studies referenced in this review are
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focused on mammal research using glyphosate and AMPA amounts within 10 mg/kg of U.S.
MRLs. Third, it was not until recently that AMPA was included in studies, meaning that
glyphosate residue quantities may have been higher than researchers were aware of (van
Bruggen et al., 2021).

As GBHs are heavily used across both farmed and natural landscapes, and glyphosate is a
now common component of the environment, studies concerning health implications have been
abundant (Martins-Gomes et al., 2022). Over decades of study, a near consensus has been
reached that glyphosate and AMPA themselves are not carcinogenic (Benbrook, 2019) or
endocrine disrupting at low doses (van Bruggen et al., 2021). However, the majority of studies
have not analyzed chronic low-dose exposure similar to that which the public experiences. Those
that do show correlations between glyphosate and AMPA consumption and various health issues
(Buchenauer et al., 2022; Requena-Mullor et al., 2021). There are also a growing number of
researchers investigating the impact of glyphosate and AMPA on the human intestinal tract and
microbiome (Del Castilo et al., 2022; Qiu et al., 2020).

Glyphosate kills plants through inhibiting the shikimate pathway, a pathway that exists
only in plants, fungi, and bacteria, leading regulators of glyphosate to believe that glyphosate’s
mechanism cannot systemically impact animals (Meshage & Antoniou, 2020). Since the pathway
exists in bacteria, the relatively recent recognition of the importance of the gut microbiome has
led to glyphosate’s indirect impact on animal health being called into question (van Bruggen et
al., 2021). Researchers have found that multiple bacteria present in the human gut microbiome
have the shikimate pathway and are impacted by glyphosate (Mesnage & Antoniou, 2020).
Moreover, studies have observed immediate and generational microbiome effects with chronic

MRL level consumption (Barnett et al., 2023; Buchenauer et al., 2022). While studies have, to
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date, not been done in vivo with humans, extrapolatory studies have suggested that the human
gut microbiome is impacted (Leino et al., 2021; Mesnage & Antoniou, 2020; Puigho et al.,
2022). Additionally, temporal correlations have been drawn between when glyphosate was
introduced into the environment and increases in neuropsychiatric conditions known to be
associated with microbiome dysbiosis (Vijay & Valdes, 2022).

Chronic dietary exposure to glyphosate has been found to significantly affect the gut
microbiome of rats in real-time and generationally (Buchenauer et al., 2022). Buchenauer et al.,
(2022) performed an experiment on three generations of rats consuming 0.5 mg/kg/day of
glyphosate 3 days a week — less than the US glyphosate MRL for many foods. Results showed
that the first generation of rats had significantly different microbiome bacteria proportions than
the control; the second generation had a suppressed immune system, showed signs of being
prone to asthma, had an increased amount of bacteria in the gut, and had fewer offspring; and the
third generation again had a different microbiome and suppressed immune system. The
microbiome of rats differed significantly by generation and from the controls (Buchenauer et al.,
2022).

In the Buchenauer et al. (2022) study, 6 species of bacteria and 1 entire genus was
significantly affected by glyphosate consumption. At least two of the species are capable of
metabolizing glyphosate into AMPA in in vitro studies (Mesnage & Antoniou, 2020). To explore
potential impacts on relevant bacteria species, Mesnage et al. (2020) computationally modelled
bacteria in the human gut microbiome with data from the Human Microbiome Project. They
found that nearly 70% of the bacteria found in the human gut microbiome has the shikimate
pathway and would theoretically be sensitive to glyphosate. However, in many of these, the

shikimate pathway is “transcriptionally inactive” (Mesnage & Antoniou, 2020). Leino et al.,
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(2021) estimated that 12-26% of bacteria in the active human intestinal tract may be capable of
being affected by glyphosate, while others have found this number as high as 54% (Puigbo et al.,
2022).

Glyphosate and AMPA consumption may also lead to metabolic dysfunction, a decrease
in working memory, and inhibited locomotor activity. A correlation study found a link between
glyphosate levels in urine and diabetes diagnosis, particularly in males over the age of 60 (Qi et
al., 2023). In vitro, mice who were fed chronic, below U.S. MRL doses of glyphosate had
children and grandchildren with signs of “higher fasting blood glucose, inability to efficiently
clear glucose, and impaired insulin response”, even though their offspring did not consume
glyphosate (Barnett et al., 2023). The same study observed decreases in working memory in
mice whose parent consumed glyphosate while pregnant and impaired locomotor function in
mice whose grandparent consumed glyphosate while pregnant (Barnett et al., 2023). The
researchers hypothesized that the results were due to a dysbiosis of gut bacteria, as dysbiosis can

lead to metabolic and behavioral irregularities (Barnett et al., 2023).

2.4 Conclusion:

With confirmed accumulation of glyphosate and AMPA in herbaceous perennials of
temperate climates, current literature supports the hypothesis that glyphosate and AMPA could
be accumulating in camas bulbs exposed to GBHs in Coast Salish Prairies. Furthermore, research
concerning glyphosate, AMPA, and the human gut microbiome exposes risks of consuming
MRL doses of glyphosate and AMPA. The potential of glyphosate and AMPA accumulating in
Camassia quamash bulbs calls for an in vivo analysis to present Indigenous peoples with

accurate information about consumption of this cultural keystone species and to provide
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restoration practitioners with data relevant to land management techniques on Coast Salish

Prairies.
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Chapter 3: Methods

To answer the question, “How does the legacy of glyphosate application to a Camassia
quamash habitat affect the concentration of glyphosate and AMPA in Camassia quamash
bulbs?”, I performed an in vivo field study. Bulbs from sites that had been treated with a GBH
(treated bulbs) and bulbs from sites that had not been treated with a GBH (control bulbs) were
tested for glyphosate and AMPA. To account for potential confounding variables, | also
collected soil samples and analyzed them for three factors that have been found to influence the
mobility of glyphosate and AMPA in soil: pH levels, clay content, and SOM (Gimsing,
Borggaard, Jacobsen, et al., 2004; Laitinen et al., 2009; Shushkova et al., 2009). | utilized the U.
S. Department of Agriculture Natural Resources Conservation Service’s Web Soil Survey to
determine each site’s soil drainage class, soil order, and soil taxonomy. I noted weather patterns
for the past 2 years, as cold winter temperatures can inhibit the bacterial breakdown of GBHSs in
soils and precipitation can leach GBHSs from soils (Gimsing, Borggaard, Jacobsen, et al., 2004;
von Wirén-Lehr et al., 1997). Additionally, | assessed GBH air-drift risk potential from

neighboring treatments.

3.1 Site Selection

When selecting sampling sites, my goal was to select sites that have had one broadcast
spray GBH treatment within the past 2 years, have a minimal risk of exposure to GBHs by air-
drift from neighboring treatments, and are of cultural priority to Indigenous peoples. |
determined history of GBH treatment and cultural priority through personal communications

with land-managers and a Tribal Nation. | assessed air-drift risk through a GIS analysis.
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3.1.A History of Glyphosate Treatment

I communicated with The Confederated Tribes of the Chehalis Reservation (Chehalis
Tribe), the Center for Natural Lands Management (CNLM), Washington Department of Fish and
Wildlife (WDFW), Ecostudies Institute, Lewis County, Thurston County, Washington
Department of Transportation, and Washington Department of Natural Resources (DNR) to

locate sites that had been treated with a GBH within the past 2 years.

3.1.B Cultural Priority:

| spoke with the Chehalis Tribe and other land managers to understand site cultural
significance. The Chehalis Tribe confirmed sites that are a priority to the Tribe and land
managers of non-Tribal sites shared if camas is currently traditionally harvested from the sites
they manage. All sites except two, Marion Prairie and Scatter Creek, are currently traditionally

harvested.

3.2 Glyphosate Air-drift Exposure Risk GIS Analysis

| performed a GIS air-drift risk analysis in ArcGIS Pro by assessing risk from three types
of locations where practitioners can treat with GBHs: commercial farms (Marrs et al., 1993),
commercial tree farms (WDNR, 2023b), and roadways (WSDOT, 2023). | was unable to access
complete records of GBH use on any of the three types, so | performed an analysis using all
commercial farm, commercial tree farm, and roadway sites within a specified area. Noxious
weeds may also be treated with GBHSs and their locations pose an air-drift risk. Those geolocated

and treated by Thurston County (Thurston County Noxious Weeds Department, 2023) and
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Washington State Department of Agriculture (WSDA, 2023) were along roadways and therefore
would be included in the roadway analysis. | excluded noxious weeds from my analysis.

The distance that glyphosate travels in the air during application is dependent on
application technique, application distance from ground, application equipment, and wind speed
during application (Kasner et al., 2021; Marrs et al., 1993). Without knowledge of any of these
variables at the time of potential neighboring application, | created a worst-case scenario risk
scale with 5 levels: (1) Very High, (2) High, (3) Medium, (4) Low, and (5) Very Low. Generally,
exposure by air-drift decreases as distance from application increases (Reddy et al., 2010; Yates
et al., 1978). For near ground spraying, typical of commercial farm and roadway applications
(Strandberg et al., 2021; WDNR, 2023b), the risk scale ranges from Om to 50m, with 0-5m being
“Very High” risk and 40-50m being “Very Low” risk. If a location was outside of the risk area, it
was designated “No Risk”. For aerial spraying, typical of commercial tree farms greater than 5
acres (WDNR, 2023a), the risk scale goes from Om to 100m (Reddy et al., 2010; WDNR,
2023b), with 0-10m being “Very High” risk. If a location was outside of the risk area, it was

designated “No Risk.”

3.2.A Drift Type 1: Commercial Farm Drift

| began by creating the feature class “Regional Polygon”, a rectangular area that
encompassed all sample sites. I clipped each layer to “Regional Polygon” to enable quicker,
more efficient analysis. | used the source 2021 WSDA Agricultural Land Use (WSDA, 2021) to
perform the commercial farm drift analysis. I clipped the “2021 WSDA Agricultural Land Use”
feature class to “Regional Polygon”. I then used the tool ‘Select Layer by Attribute’ and selected
all crops except for commercial tree farms. I used the tool ‘Euclidean Distance’ on the selected

features (Output Cell Size: 5; Distance Method: Planar; Raster Analysis: Maximum of Inputs;
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Cell Size Projection Method: Convert units). On the resulting raster, I used the tool ‘Reclassify’
to reclass it into 5 values: 1 = 0-5m, 2 = 5-10m, 3 = 10-20m, 4 = 20-30m, and 5 = 30-50m. I then
relabeled the values to assign risk levels where 1 = Very High, 2 = High, 3 = Medium, 4 = Low,

and 5 = Very Low (Figure 3-1).

COMMERCIAL FARM DRIFT ANALYSIS
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Figure 0-1: GIS workflow Drift Type 1: Commercial Farm Drift Analysis
3.2.B Drift Type 2- Commercial Tree Farm Drift

I began by creating the feature class “Regional Polygon”, a rectangular area that
encompassed all sample sites. I clipped each layer to “Regional Polygon™ to enable quicker,
more efficient analysis. | used the source 2021 WSDA Agricultural Land Use (WSDA, 2021) to
perform the commercial tree farm drift analysis. I clipped the “2021 WSDA Agricultural Land
Use” feature class to “Regional Polygon”. I then used the tool ‘Select Layer by Attribute’ and
selected features that belonged to Crop Group “tree farm” and were > 5 acres. [ used the tool
‘Euclidean Distance’ on the selected features (Output Cell Size: 5; Distance Method: Planar;
Raster Analysis: Maximum of Inputs; Cell Size Projection Method: Convert units). On the
resulting raster, [ used the tool ‘Reclassify’ to reclass it into 5 values: 1 = 0-10m, 2 = 10-20m, 3
= 20-30m, 4 = 30-50m, and 5 = 50-100m. | then relabeled the values to assign risk levels where

1 =Very High, 2 = High, 3 = Medium, 4 = Low, and 5 = Very Low. (Figure 3-2)
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COMMERCIAL TREE FARM DRIFT ANALYSIS
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Figure 0-2: GIS workflow Drift Type 2: Commercial Tree Farm Drift Analysis
3.2.C Drift Type 3: Roadway Drift

I began by creating the feature class “Regional Polygon”, a rectangular area that
encompassed all sample sites. I clipped each layer to “Regional Polygon™ to enable quicker,
more efficient analysis. | sourced transportation data from ESRI US Federal Data (ESRI, 2023)
to perform the roadway air-drift risk analysis. The data consisted of 3 relevant feature classes:
“Primary Roads”, “Secondary Roads” and “Local Roads”. I clipped each of the feature classes to
“Regional Polygon™ separately. I then used the tool ‘Euclidean Distance’ on each of the feature
classes (Output Cell Size: 5; Maximum Distance: 100; Distance Method: Planar; Raster
Analysis: Maximum of Inputs; Cell Size Projection Method: Convert units). On the resulting
rasters, [ used the tool ‘Reclassify’ to reclass them into 5 values: 1 = 0-5m, 2 = 5-10m, 3 = 10-
20m, 4 = 20-30m, and 5 = 30-50m. I then used the tool ‘Mosaic to Raster’ (Resampling Method
= Nearest) to combine all three rasters into one. Finally, I relabeled the values to assign risk

levels where 1 = Very High, 2 = High, 3 = Medium, 4 = Low, and 5 = Very Low. (Figure 3-3)
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ROADWAY DRIFT ANALYSIS
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Figure 0-3: GIS workflow Drift Type 3: Roadway Drift Analysis

3.2.D Data Visualization

I then visualized the three drift type rasters identically by risk level, resulting in the map that |

used to assess site suitability.
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3.3 Site Details:
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Figure 0-4: Map of all sample sites excluding the Chehalis Tribal sites at request of the Tribe

3.3.A Marion Prairie: Treated

Marion Prairie is managed by the Joint Base Lewis-McChord (JBLM) Sentinel
Landscape Partnership as part of the base’s artillery range (USFWS, 2023). The camas at Marion
Prairie is not currently harvested by Indigenous peoples. The sampled site was treated with a
GBH on 12/29/2021 with a formula of 2.5% glyphosate, 0.25% Nufilm. There is no record of
GBH application prior to 2017 (T. Atkinson, personal communication, May 31, 2023). |
collected samples from Marion Prairie on 6/5/2023, approximately 17 months after GBH
treatment.

The sample site sits at an elevation of approximately 330ft (USGS, 2019). According to

the USDA Natural Resources Conservation Service’s (NRCS’s) Web Soil Survey, the area’s soil
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is classified as Everett-Spanaway complex, 3-15% slopes with a drainage class of “somewhat
excessively drained”. The taxonomy of the soil is sandy-skeletal and the soil type is 5%

Histosols and 95% Inceptisols (NRCS, 2019).

3.3.B Scatter Creek Wildlife Area: Treated

Scatter Creek Wildlife Area (Scatter Creek) is managed by WDFW and has been in
active restoration for 17 years (WDFW, 2023b). The camas at Scatter Creek is not currently
harvested by Indigenous peoples. The sampled site was treated with a GBH on 1/4/2023 with a
formula of 2% Roundup Pro (0.96% glyphosate), 0.25% BroncMax, and 0.1% Hi-Lite dye (J.
Cook, personal communication, July 17, 2023). There is no prior record of GBH application at
the sample site (J. Cook, personal communication, July 17, 2023). | collected samples from
Scatter Creek on 6/6/2023, approximately 5 months after GBH treatment.

The sample site sits at an elevation of roughly 185ft (USGS, 2019). According to the
USDA NRCS’s Web Soil Survey, the area’s soil is classified as Spanaway-Nisqually complex,
2-10% slopes with a drainage class of “somewhat excessively drained”. The particle size of the
soil is sandy-skeletal and the soil type is 60% Andisols and 30% Inceptisols (NRCS, 2019).

The specific location that | sampled from had been control burned the fall prior to
sampling (Fall 2022) (J. Cook, personal communication, June 6, 2023). The site was barren with

exposed soil and patches of shaded and non-shaded camas.

3.3.C West Rocky: Treated

West Rocky is managed by Washington Department of Fish and Wildlife and has been in
active restoration for 17 years (WDFW, 2023c). The camas at West Rocky is currently harvested
by Indigenous peoples. The sampled site was treated with a GBH on 1/23/2023 with a formula of

2% Roundup Pro (0.96% glyphosate), 0.25% BroncMax, and 0.1% Hi-Lite dye (J. Cook,
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personal communication, July 17, 2023). There is no prior record of GBH application at the
sample site (J. Cook, personal communication, July 17, 2023). I collected samples from West
Rocky on 6/6/2023, approximately 4.5 months after GBH treatment.

The sample site sits at an elevation of roughly 220ft (USGS, 2019). According to the
USDA NRCS’s Web Soil Survey, the area’s soil is classified as Spanaway gravelly sandy loam,
0-3% slopes with a drainage class of “somewhat excessively drained”. The taxonomy of the soil
is sandy-skeletal and the soil type is 100% Andisols (NRCS, 2019). The specific location that I
sampled had the characteristic mounded landscape of the Coast Salish Prairies, mima mounds

(Washburn, 1988).

3.3.D The Prairie at the Mouth of Black River: Control

The Prairie at the Mouth of Black River is a managed by the Chehalis Tribe (W. Thoms,
Chehalis Tribe, personal communication, June 6, 2023). In the Chehalis language, the ancestral
name for the prairie is sq“ay ‘ayiltq, translating to “it makes a lake” in English. The literal
interpretation of the ancestral name is “The Prairie at the Mouth of Black River” (W. Thoms,
Chehalis Tribe, personal communication, August 10, 2023). In charts and tables, The Prairie at
the Mouth of Black River may be shortened to PMBR. The camas at the prairie is harvested
annually by the Tribe. There is no record of GBH application at the site (W. Thoms, Chehalis
Tribe, personal communication, June 6, 2023). | collected samples from PMBR on 6/8/2023.

The sample site sits at an elevation of approximately 95ft (USGS, 2019). According to
the USDA NRCS’s Web Soil Survey, the area’s soil is classified as Daviscreek-Huttula complex,
0-10% slopes with a drainage class of “well drained”. The taxonomy of the soil is medial-
skeletal over sandy or sandy-skeletal and the soil type is 75% Andisols and 25% Inceptisols

(NRCS, 2019).
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3.3.E Glacial Heritage Preserve: Control

Glacial Heritage Preserve (Glacial Heritage) is owned by Thurston County and managed
by CNLM. It has been in active restoration since 1995. The camas at Glacial Heritage is
harvested annually by Indigenous peoples from multiple Tribal Nations in the region. There is no
record of GBH application since 2015 (S. Freed, personal communication, May 31, 2023). |
collected samples from Glacial Heritage on 5/31/2023.

The sample site sits at an elevation of approximately 150ft (USGS, 2019). According to
the USDA NRCS’s Web Soil Survey, the area’s soil is classified as Spanaway-Nisqually
Complex, 2-10% slopes with a drainage class of “somewhat excessively drained”. The taxonomy
of the soil is sandy-skeletal and the soil type is 60% Andisols and 30% Inceptisols (NRCS,

2019).

3.3.F Secena Prairie: Control

Secena Prairie is managed by the Chehalis Tribe and the camas at the prairie is harvested
annually by the Tribe (W. Thoms, Chehalis Tribe, personal communication, June 6, 2023). There
is no written record of GBH application, though there is an oral record that a pesticide was
sprayed on the area roughly 20 years ago (W. Thoms, Chehalis Tribe, personal communication,
June 6, 2023). | collected samples from Secena Prairie on 6/8/2023.

The sample site sits at an elevation of approximately 105ft (USGS, 2019). According to
the USDA NRCS’s Web Soil Survey, the area’s soil is classified as Grandmound gravelly sandy
loam, 0-15% slopes with a drainage class of “somewhat excessively drained”. The taxonomy of

the soil is sandy-skeletal and the soil type is 10% Andisols and 90% Inceptisols (NRCS, 2019).
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Table 0-1: Sample site treatment details, collection dates, and management

Site Treatment and Management

Site Type Treatment Treatment Date Collection Date Management

2.5% Glyphosate, 0.25% Nufilm

leilfuvant], 15 Blue die 12/29/2021 6/5/2023 Partnership

Marion Prairie Treated

2% RoundupPro (0.96%
glyphosate), 0.25% BroncMax

Scatter Creek Treated 1/4/2023 6/6/2023 WDFW
(water conditioning agent), 0.1% /41 /6/
Hi-Lite dye
2% RoundupPro (0.96%
lyphosate), 0.25% B M
WestRocky  Treteq  SWONOsAtel Q2SHBRONCMEX .o0yssy 6/6/2023 WDFW

(water conditioning agent), 0.1%
Hi-Lite dye

The Prairie at
the Mouth of Control - - 6/8/2023 Chehalis Tribe
the Black River

Glacial Heritage  Control - - 5/31/2023 CNLM

Secena Prairie Control - - 6/8/2023 Chehalis Tribe

Table 0-2:Sample site air-drift risk, location, and USDA NRCS'’s Web Soil Survey results (NRCS, 2019)

Site Location and Charcteristics

Site Type Air Drift Risk Soil Class Soil Drainage Class Particle Size ~ Composition Type Latitude Longitude Elevation
E tt-S S hat 5% Histosol
Marion Prairie  Treated Low A =ne A OMEWRL  sandy-skeletal o MIStOSOIS - 47.0491132°N 122.5269164°W 330 ft
complex, 3-15% slopes  excessively drained 95% Inceptisols
S -Ni Il S hat 60% Andisol
Glacial Heritage  Treated None PANSWEN CEanety OMEWRAL sandy-skeletal °ANCISOR 46 8311434°N 123.0228954°W 185 ft
complex, 2-10% slopes excessively drained 30% Inceptisols
S| I d S hat
West Rocky ~ Treated None  “Ponanay glaucly:sancy skiesiiiind Sandy-skeletal  100% Andisols  46.8888824°N 122.8815013°W 220 ft
loam, 0-3% slopes excessively drained
The Prairie at s Medial-skeletal 5
Daviscreek-Huttula ) 75% Andisols
the Mouth of Control None Well drained over sandy or - - 95 ft

complex, 0-10% slopes 25% Inceptisols

the Black River Sandy-skeletal

Spanaway-Nisqually Somewhat 60% Andisols

Glacial Heritage  Control None 4 : Sandy-skeletal 2 46.8650722°N 123.0486501°W 150 ft
complex, 2-10% slopes excessively drained 30% Inceptisols
Grand d Il S hat 10% Andisol
Secena Prairie Control Low rancmolnc efaverty émew a' Sandy-skeletal ° AN lsos - - 105 ft
sandy loam, 0-15% excessively drained 90% Inceptisols

*No location data for Chehalis Tribe sites at request of Tribe
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3.4 Experiment Design and Sampling

I designed an in vivo field study in which I selected 6 field sites, 3 treated and 3 control,
and | designated five 1m x 1m sample plots at each site. Plots were at least 100ft apart to
maintain independence. | collected 5 soil and camas bulb samples from each site (one
consolidates sample from each plot), amounting to 30 samples. | sent all bulbs to an off-site lab
to be tested for glyphosate and AMPA. To account for confounding variables that may impact
glyphosate and AMPA accumulation in camas bulbs, | tested soil samples for pH, clay content,
and SOM; recorded relevant soil data from USDA NRCS’s Web Soil Survey; and assessed
weather events since glyphosate treatment.

I sampled from May 31st through June 8th, just
as the camas flower was senescing and seed pods were
forming. I aligned collection dates with the timing of
the annual traditional gathering on Coast Salish
Prairies. Taking a composite sample of 8 camas bulbs,
I selected bulbs from a mix of plants with flowering

stalks, plants with smaller leaves and no flowering

/
P R il
) IFigure 0-5: Image of soil sampling
stalks to attempt to sample bulbs of a variety of ages. ‘Glacial Heritage Preserve

stalks, and plants with larger leaves and no flowering

at
The bulbs were harvested from 1.25-6.25cm below the soil surface with a traditional digging
stick made of elk antler and ocean spray (Holodiscus discolor), a welded steel digger, or a hand
trowel. | separated the vegetative portion of the plants from the bulbs and dispersed them in the

field. I then placed bulbs in labelled plastic bags and stored them in a cooler until they were

refrigerated later the same day.
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I extracted soil cores on the same day | harvested the bulbs. Core samples were 5¢cm wide
and 10cm deep. These dimensions encompass the depth to which camas bulbs in Coast Salish
Prairies typically inhabit the soil. I scraped
organic matter away from the top of the soil
before I took core samples with a hand trowel. |

stored soil cores in labelled plastic bags and

placed them in a cooler with ice packs until

Figure 0-6: Image of camas bulb sampling with a
traditional digging stick

refrigerated. ‘ ‘ S ‘
Figure 0-7: Image of camas bulb sampling within

Site Specific Sampling Procedures: sample plot

Sample sites at Glacial Heritage, Scatter Creek, and Marion Prairie were minimally
sloped, at the same elevation, and had similar plot conditions. At Secena Prairie and The Prairie
at the Mouth of Black River, the Chehalis Tribe sought to additionally test sampled bulbs for
heavy metals and other pesticide residues. At Secena Prairie, | chose sample plots based on areas

that might have been exposed to heavy metals, such as prior trash dump locations, resulting in
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Plot #1 being more shaded than others and
plot #2 having more gravel in the sampled
soil. At The Prairie at the Mouth of Black
River, | sought to take samples from multiple
patches of camas, resulting in differing
elevations of plots and the plots being 100-
1,000ft apart. The site sampled at West Rocky

had mima mounds that were 10ft tall. | chose

3 sample plots at the bases of the mounds and

) R -
2 on top of the mounds. Figure 0-8: Image of bulb samples immediately after
extraction at Marion Prairie

3.5 Processing Samples

3.5.A Camas Bulbs

I stored camas bulb samples in a Summit Under Counter Refrigerator for 1 — 7 days
before processing at The Evergreen State College Laboratory. While in the refrigerator, a portion
of the bulbs froze, becoming more translucent and softer than non-frozen bulbs (Figure 3-11).
The manager at AGQ Labs confirmed that that the freeze should not affect the glyphosate and
AMPA analysis (B. Jones, AGQ Labs, personal communication, June 3, 2023). Nonetheless, |
noted which bulbs showed signs of freeze.

The bulbs were 1-3 cm wide. | cut their stems where the bulb straightened and removed
the base, roots, and tunics to mimic traditional consumption (Turner & Kuhnlein, 1983) (Figures
3-9 and 3-10). I then rinsed bulbs with tap water to further remove any soil, air dried them for 24

hours (Figure 3-12), and weighed total sample weight on Radwag analytical scale (AS
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82/220.R2). Not all bulbs were intact after processing. Glacial Heritage Plot #1 and The Prairie
at the Mouth of Black River Plot #3 both had a camas bulb that was too contaminated with soil
to sample, resulting in 7 bulbs being tested for each plot.

I stored bulb samples in labelled plastic bags in the refrigerator for 2 days until they were
transported to AGQ Labs via USPS on 6/14/23. They arrived at the lab on 6/16/23 and the lab

immediately began processing them. The bulbs were W
g

12

smaller than the lab expected and, as a result, lab
technicians hand-ground each sample with dry-ice in

preparation for glyphosate and AMPA testing. The

impact the confidence interval of the results (B.
Jones, AGQ Labs, personal communication, June 23,

2023).

Figure 0-9: Camas bulbs pre-processing
AGQ Labs, Oxnard, California, is an | -

e B,

Accredited Laboratory in Environmental Standard
by The International Accreditation Service with 1ISO
17025, TNI, and GLP certificates (AGQ Labs,
2023). The lab used the Quick Method for the

Analysis of Highly Polar Pesticides in Food

s

Involving Extraction with Acidified Methanol and

‘ﬁi!

a

LC- or IC- MS/MS Measurement (Anastassiades et
) Figure 0-10: Camas bulbs post-processing
al., 2021), also known as the QuPPe method, with

liquid chromatography tandem mass spectrometry to a LOQ of 0.01 mg/kg. Developed in the
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European Union, the QuPPe method is the current gold standard for glyphosate and AMPA
analysis in food (EURL-SRM, 2023). Uncertainty levels were 24% for glyphosate and 23.8% for

AMPA (B. Jones, AGQ Labs, personal communication, July 7, 2023).

Figure 0-12: Image of composite camas bulb bs that became
samples air drying after rinsing

3.5.B Soil Samples

| stored soil samples in a Summit Under Counter Refrigerator at The Evergreen State
College Laboratory for up to 7 days before I processed them. I first removed live organic matter,
consisting mostly of grass roots, from samples. To remove large rocks, | then sifted the soil
through a 2mm sieve. | spun the roots that did not filter through the sieve between my hands to
remove small organic matter and any remaining soil particles. I then ground the sieved soil with
a coffee grinder, either a Mr. Coffee 3-speed or a Hamilton Beach 80410, and sifted it through a
2mm sieve a second time. | air-dried the soil for 3-7 days on disposable plates until | analyzed
them for pH, clay content, and SOM.
PH Level Analysis

| tested soil pH levels using a 1:2 soil:water ratio method (KBS LTER, 2023). In 50mL

beakers, | weighed 15g of air-dried soil on a Radwag analytical scale (AS 82/220.R2). | then
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added 30mL of deionized water to each beaker and stirred the solution for 1 minute with a glass
rod. | lightly covered the mixed solutions and let to sit for 30 minutes. | used a Thermo Scientific
Orion Star A111 pH meter fitted with an Oakton Electrode (model 35805-06) and a Thermo
Scientific Star ATC Probe (Orion 927007MD) to measure pH levels. The machine was calibrated
with 4.0 £ 0.01, 7.0 £ 0.01, and 10.0 £ 0.01 at 20°C buffers prepared by The Evergreen State
College Science Support Center. | took 5 pH readings for each sample, thoroughly rinsing the
electrode and probe with deionized water and dabbing with non-lint wipes between each reading

(Figure 3-13). | averaged the results from each sample and calculated standard deviations and

standard errors in Microsoft Excel.

Figure 0-13: Image mid-pH sampling procedure

Clay Content Analysis
I measured percent clay content with the 2 Hour Hydrometer Method, using Oklahoma

State University’s Soil Texture Protocol (OSU Soil Fertility Lab, 2020). In the method, a 0.5%
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Sodium Hexametaphosphate (NaPOz)s dispersing solution is combined with a soil and deionized
water solution, mixed well, and allowed to sit. Hydrometer and temperature measurements are
then taken at intervals to determine particle size.

| performed the clay content analysis in 3 separate sessions, each with 10 samples
analyzed at once. | weighed 50 + 0.1g of air-dried soil on a Radwag analytical scale (AS
82/220.R2) in 250 mL volumetric beakers. | recorded the beaker weight and beaker and soil
weight. | then labelled beakers and placed them in a drying oven (Quincy Lab Inc Digital
Microprocessor; Model 30E lab oven) at 105°C for at least 4 hours to evaporate remaining
moisture in the soil. After 4 hours, | reweighed and recorded the beakers post-oven weight.

| added 25 mL of 0.5% (NaPOs)e solution to each beaker and then brought them to a total
volume of 200 mL with deionized water. I stirred the solution and soil with a glass rod for 45
seconds, rinsing the glass rod with deionized water between each sample. After 30 minutes, |
emptied the beakers into milkshake mixer cups and used a squirt bottle with deionized water to
ensure that the entire sample and solution was transferred into the mixer cup. | brought the cups
to 355mL and mixed them with a milkshake mixer (Waring Products Drink Mixer, Model 12
DM 19) for 10 minutes on medium speed.

| transferred the mixed solutions into a 1000 mL graduated sedimentation cylinder, using
a squirt bottle with deionized water to ensure all the solution was transferred to the cylinder. |
then added deionized water to the cylinder to a total volume of 1000 mL. | thoroughly mixed the
cylinder’s contents with a wooden plunger wrapped in Parafilm, plunging the contents 15 times
(Figure 3-15). | prepared blank solutions for each analysis session by adding 25 mL 0.5%
(NaPO3)e solution to a 1000 mL graduated cylinder, bringing the total volume to 1000 mL with

deionized water, and plunging the solution. | recorded Hydrometer (Bel Art hydrometer) and
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temperature (Celsius thermometer) readings 40 seconds and 2 hours after the plunges (Figure 3-
14). 1 then corrected the Hydrometer readings: for every degree above 20°C, | added 0.36 g L™ to
the hydrometer reading. | used Microsoft Excel to compute the following equations to find clay

content.

Post-oven WeightsoiL = Pre-oven Weightsoi — Pre-oven Weightrorar + Post-oven WeightroraL

2hr Hydrometer ReadingsampLe — Zhr Hydrometer Readingsrank

Clay Content = i
ay Conten Post-oven Weightsor

'

Figure 0-14: Image of clay content analysis of Figure 0-15: Example of wooden
Glacial Heritage and Scatter Creek soil samples plunger wrapped in Parafilm for clay
content analysis

Clay Content Analysis Discrepancies:

There were discrepancies throughout the clay content analysis. Two samples, The Prairie at the
Mouth of Black River Plot #2 and Glacial Heritage Plot #1 did not have an adequate amount of
soil to measure the entire 50g of soil. The Prairie at the Mouth of Black River Plot #2 soil

analyzed weighed 34.61g and the Glacial Heritage Plot #1 soil analyzed weighed 42.369 before

being heated in the lab oven.
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Additionally, some sample was lost during plunging of the 1000 mL cylinders. The tools
that I used, wooden plungers wrapped in Parafilm, occasionally got soil matter beneath the
Parafilm during plunging (Figures 3-16 and 3-17). The matter appeared to mostly be silt and
sand. West Rocky #1 was particularly susceptible to this, as the Parafilm broke. Other solutions
spilled during plunging. I spilled roughly 1/5 of The Prairie at the Mouth of Black River Plot #1
during plunging and less than 1/10 of The Prairie at the Mouth of Black River Plot #2, West
Rocky Plot #4, and Marion Prairie Plot #3 slopped over the edge of the cylinder while plunging.

For the first two analysis sessions in which | analyzed Secena Prairie, The Prairie at the
Mouth of Black River, West Rocky, and Glacial Heritage samples, all graduated cylinders with
samples were 1000 mL cylinders while the graduated cylinder used for the blank was a 1250 mL
cylinder. For the third analysis session in which Marion Prairie and Scatter Creek samples were
analyzed, all graduated cylinders were 1000 mL cylinders. During the third analysis, | created an
additional blank with the 1250 mL cylinder to compare measurements to the blank in the 1000
mL cylinder. Both measurements were the same when temperature was accounted for and |
continued to the calculation portion of my analysis with the assumption that the first two analysis

sessions had correct measurements for the blanks.

Figure 0-16: Wooden plunger Figure 0-17: Wooden plunger
wrapped in Parafilm pre-plunging wrapped in Parafilm post-plunging
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Soil Organic Matter Content Analysis

| analyzed the organic matter content of soil samples using a Loss-on-Ignition (LOI)
protocols from University of California Davis faculty, Missouri State University, and Ozarks
Environmental and Water Resources Institute (Missouri State University & OEWRI, 2019;
Pasternack, 2023). | measured 5 = 0.06g of air-dried soil into ceramic crucibles using a Radwag
analytical scale (AS 82/220.R2), recording the sample weight and total weight (sample +
crucible). | then placed the samples in a drying oven (Quincy Lab Inc Digital Microprocessor:
Model 30E Lab Oven) at 105°C for at least 4 hours to remove any moisture and immediately re-
weighed the samples upon removal, recording the total weight.

| transferred the samples to a muffle furnace (LindBerg/BlueM Box Furnace: M#
BF51894C-1) and heated them at 500°C for 8 hours. After the 8 hours, I allowed the crucibles to
cool minimally and then placed them into desiccators to cool completely. Once cooled, | re-
weighed the crucibles. The difference between the post-oven sample weight and the post-furnace
sample weight equaled the amount organic matter in the soil. | used the following equations in
Microsoft Excel to compute the percentage of organic matter in the soil.

Post-oven Weightson. = Pre-oven Weightsorr. — (Pre-oven Weightrorar
— Post-oven Weightrorar)

Post-furnace Weightsoi = Post-oven Weightsoi. — (Post-oven Weightroratr
— Post-furnace Weightrorar)

Post-oven Weightsoi. — Post-furnace Weightsom

b CSOM : x 100
creen Post-oven Weightsor

Soil Organic Matter Content Analysis Discrepancies:
| spilled a small amount of The Prairie at the Mouth of Black River Plot #5 sample when

transferring it from the drying oven to the muffle furnace. | was unable to weigh the spilled
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amount. The sample’s calculated SOM was in the range of the other The Prairie at the Mouth of

Black River samples’ calculated SOMs.

3.6 Weather Data

| obtained temperature and precipitation data collected at the Olympia Airport, elevation
210ft (USGS, 2019), from NOAA’s NOWData platform (Figure 3-18) (NOAA, 2023). |
downloaded monthly data for each month from October 2021 through early June 2023.

For precipitation, | recorded maximum precipitation in one event, maximum precipitation

event date, and total precipitation

wen | @ccumulation (NOAA, 2023). 1
) Prairie
mpi Lace: - . .
SN (s Q also recorded any precipitation
anomalies, such as days with over
¥ s
veim 3 inches of accumulation and
Thurston -
Glacial West Rock - - . .
reiape () L A Raiier periods of constant precipitation,
Smith
Tenino Ruth Prairi
L Sarakay Rraltle and calculated the percentage of
Chehalis MLJund
Reservation Prairie - -
days in a month with a trace
0 15 3 6 gM“eS @

Figure 0-18: Map showing the location of the Olympia Airport amount or higher of precipitation.

weather station and locations of sample sites
For temperature, |

downloaded maximum and minimum temperature events, maximum and minimum temperature
event dates, average maximum and minimum temperature, and average daily temperature
(NOAA, 2023). | also recorded temperature anomalies, such as multiple days in a row with daily
averages below freezing and extended periods with low temperatures below freezing, and

calculated the percentage of days in a month with average daily temperatures above 41°F.
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3.7 Statistical Analysis:

| recorded data in Microsoft Excel and used the program to compute averages, standard
deviations, and standard errors as well as to produce tables and charts. | computed average,
standard deviation, and standard error of plot results for total camas bulb weight, soil pH level,
soil clay content, and SOM to find results per site. | also calculated the averages, standard
deviations, and standard errors of the 4 variables for all sites, treated sites, and untreated sites.

To determine if there were statistically significant differences between site variables, |
used RStudio to perform an analysis of variance (ANOVA) and post hoc Tukey Honestly
Significant Difference (Tukey HSD) analysis on the 30 samples. | observed the histograms of
each variable and ran Shapiro Wilks Tests at a 95% confidence interval to assess normality. All
variables were close to normally distributed (p-values < 0.55), and I did not transform my data. I
then ran ANOVA for each variable, with the sample site as the independent variable.

Using a 90% confidence interval, the ANOVA tests showed significant differences
between sites for all 4 variables (p-values < 0.10). | then performed post hoc Tukey HSD
analyses on each variable to determine which sites differed in camas bulb weight, soil pH level,

soil clay content, and/or SOM.
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Chapter 4: Results

Here, 1 will elaborate on camas and soil specific results, comparison of sample site

factors, and glyphosate and AMPA accumulation results.

4.1 Camas Bulb Weight Results

Eight camas bulbs were collected from each sample plot. Bulbs weighed the least at
Marion Prairie and the most at The Prairie at the Mouth of Black River (Figure 4-1). On average,
camas bulb samples weighed 261.62 + 20.07g (Table 4-1). Bulbs from sites treated with a GBH
averaged 258.33 + 111.22¢g and bulbs from untreated sites averaged 264.90 + 117.34g (Table 4-
1; Appendix D). There were significant differences between bulb weights at sites. Marion Prairie
and West Rocky (p =0.0262); Marion Prairie and The Prairie at the Mouth of Black River (p =
0.0057); West Rocky and Glacial Heritage (p = 0.0159); and Glacial Heritage and The Prairie at
the Mouth of Black River (p = 0.0033) bulb weights were significantly different from each other

(Table 4-2).
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Figure 0-1: Camas bulb mean weight by site

4.2 Soil Results

4.2.A Soil PH Level

All sample plots had acidic pH levels below a pH of 6 (Figure 4-2; Appendix A). The pH
averaged 5.13 + 0.04 across all prairie sites. Average levels were lowest at Scatter Creek and
highest at Secena Prairie. Soil pH averaged 5.11 + 0.06 across treated sites and 5.14 + 0.05
across untreated sites (Table 4-1). Scatter Creek and Marion Prairie (p = 0.026); Scatter Creek
and West Rocky (p = 0.0058); and Scatter Creek and Secena Prairie (p = 0.0025) soil

significantly differed in pH levels (Table 4-2).
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Figure 0-2: PH level and mean by site

4.2.B Soil Clay Content

The percentage of clay in the prairie soil measured less than 8% in each sample plot
(Figure 4-3; Appendix B). Clay content averaged 2.96 + 0.44% across all prairie sites (Table 4-
1). It ranged from 0% (Scatter Creek plots #1, #3, #4, #5; Marion Prairie plot #2; Glacial
Heritage Preserve plots #1 and #3) to 6.94% (Secena Prairie plot #3) (Appendix B). Clay content
averaged 2.64 + 0.69% at treated sites and 3.28 + 0.48% at untreated sites (Table 4-1). Clay
content significantly differed between soils at Scatter Creek and West Rocky (p = 0.0075) (Table

4-2).
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Figure 0-3: Clay content and mean by site

4.2.C Soil Organic Matter Content

Across all sample sites, SOM averaged 27.09 + 1.42% (Table 4-1). It ranged from
14.98% (Secena Prairie plot #2) to 45.18% (The Prairie at the Mouth of Black River plot #3)
across all plots (Appendix C). The Prairie at the Mouth of Black River had the highest average
SOM while West Rocky had the lowest (Figure 4-4). SOM averaged 23.64% + 1.46% at treated
sites and 30.55 + 2.21% at untreated (Table 4-1). SOM was highly variable between sites, with
significant differences between Marion Prairie and Scatter Creek (p = 0.0008); Marion Prairie
and West Rocky (p = 0.0169); Marion Prairie and The Prairie at the Mouth of Black River (p =
0.0377); Scatter Creek and Glacial Heritage (p = 0.0513); Scatter Creek and The Prairie at the

Mouth of Black River (p = 0.0005); West Rocky and Glacial Heritage (p = 0.0008); West Rocky
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and The Prairie at the Mouth of Black River (p = 0); Glacial Heritage and Secena Prairie (p =

0.0104); and The Prairie at the Mouth of Black River and Secena Prairie (p = 0.0001) (Table 4-

2).
Soil Organic Matter Content
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Figure 0-4: SOM and mean by site
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Table 0-1: Camas bulb weight and soil characteristic results for all sites

Site Characteristics Results

Type Site Camas Bulb Weight (g) Soil pH Soil Clay Content (%) Soil Organic Matter (%)
Treated Marion Prairie 1.40+0.24 5.22 +£0.07 2.34+1.08 28.68+2.17
Scatter Creek 2,28 +£0.30 4,83 +0.08 0.27 £0.27 23.61+1.13
West Rocky 3.02+0.98 5.29+0.11 5.31+0.76 18.62+1.9
Average 2.23+0.98 5.11 £ 0.06 2.64 £0.69 23.64+1.46

The Prairie at the Mouth

Control  of the Black River 3.33+0.03 5.02 +£0.08 3.7+0.86 37.74+2.72
Glacial Heritage 1.30+£0.08 5.12 £ 0.05 24+1.21 32.27+1.73
Secena Prairie 2.10+£0.44 5.33+£0.08 3.73+£0.95 21.63+£1.95
Average 2.28+1.04 5.15+£0.05 3.28+0.48 30.55+2.21
All Sites  Average 2.25+0.19 5.13+0.04 2.96+0.44 27.09+1.42

Table 0-2: Statistically significant differences between site camas weight and soil characteristic results

Sample Site Differences

. Soil Organic

Camas Bulb y Soil Clay
. . . Soil pH Matter

Site 1 Site 2 Weight Content
p-value Content

p-value p-value
p-value
Marion* Scatter Creek* 0.4667 0.0260 0.5976 0.0008
Marion* West Rocky* 0.0262 0.9868 0.2299 0.0169
Scatter Creek* West Rocky* 0.6342 0.0058 0.0075 0.5007
Marion* Glacial Heritage 1.0000 0.9415 1.0000 0.7950
Marion* PMBR 0.0057 0.5214 0.8941 0.0377
Marion* Secena 0.5660 0.9156 0.8848 0.1615
Scatter Creek* Glacial Heritage 0.3463 0.1687 0.5725 0.0513
Scatter Creek* PMBR 0.2714 0.5757 0.1190 0.0005
Scatter Creek* Secena 1.0000 0.0025 0.1135 0.9798
West Rocky* Glacial Heritage 0.0159 0.6412 0.2461 0.0008
West Rocky* PMBR 0.9855 0.2039 0.8070 0.0000
West Rocky* Secena 0.5332 0.9992 0.8191 0.8886
Glacial Heritage PMBR 0.0033 0.9581 0.9086 0.4005
Glacial Heritage Secena 0.4354 0.4272 0.9000 0.0104
PMBR Secena 0.2061 0.1053 1.0000 0.0001

*Treated sites
Bold: Adjusted p-values indicating signficant difference at 90% confidence (p < 0.1)
interval
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4.2.D Web Soil Survey Findings

The soil characteristic results found in this study were comparable with the USDA’s
NRCS’s Web Soil Survey (Table 4-3) and other soil analyses in the prairies (Reynolds et al.,
2015). For most sites, pH results were slightly lower than the Web Soil Survey’s findings but,
with typical pH analysis error levels being £ 0.5 (Cole-Parmer, 2021), my results were within the
range of error for all sites. Not all soil series listed in the Web Soil Survey had clay content data,
namely Spanaway and Spanaway-Nisqually complex (Scatter Creek, West Rocky, and Glacial
Heritage sites). For sites that did have Web Soil Survey clay content data (Marion Prairie,
PMBR, and Secena Prairie), my results aligned with the survey’s findings. SOM was not listed in
the Web Soil Survey, but the high SOM of my results agrees with other prairie studies analyzing
the top 10cm of soil (Lowther, 2022; Reynolds et al., 2015).

Table 0-3: Soil characteristic results and Web Soil Survey data

Site Characteristic and Results

Typical Clay Clay Content

Site Type Soil Class Soil Drainage Class Particle Size  Composition Type Typical pH H Result SOM Result (%
¥R B i o AR Content (%) g Result (%) %)
. e Everett-Spanaway Somewhat 5% Histosols Everett: 5.3-5.4 Everett: 2-10%
Marion Prairie Treated 9 : Sandy-skeletal _ 5.22+0.07 2.34+1.08 28.6812.17
complex excessively drained 95% Inceptisols Spanaway: 5.4 Spanaway: --
S| -Nit Il S hat 60% Andisol. S| 1 5.4 S e
Scatter Creek Tremiad; el Laduaty R Sandy-skeletal i fonader 4834008 027£027  23.61:113
complex excessively drained 30% Inceptisols Nisqually: 5.6 Nisqually: --
Spanaway gravelly Somewhat ’
West Rocky Treated % < Sandy-skeletal 100% Andisols 5.4 5.29+0.11 5.31+0.76 18.62+1.9
sandy loam excessively drained
Medial-skeletal
The Prairie at the o eqlasre e " 3 Daviscreek: 10-
Daviscreek-Huttula . over sandy, 75% Andisols Daviscreek: 5.3
Mouth of the Control Well drained ! 20% 5.02+0.08 3.7+0.86 37.74+£2.72
. complex Sandy-skeletal, 25% Inceptisols Huttula: 5.3
Black River Huttula: 5-18%
Loamy-skeletal
Glacial Herit: S| -Ni 11} S hat 60% Andisol: S| :5.4 S -
aclal Heritage Control panaway:Nisquaty e sandy-skeletal geigndicals banaway panaway 5124005 24+121  3227+173
Preserve complex excessively drained 30% Inceptisols Nisqually: 5.6 Nisqually: --
5 Grandmound Somewhat 10% Andisols
Secena Prairie Control . . Sandy-skeletal ) 5.3 <15% 5.331+0.08 3.73+0.95 21.63+1.95
gravelly sandy loam excessively drained 90% Inceptisols

4.3 Weather Results

There were below freezing temperature events at Olympia Airport throughout December
2021 — April 2022 and October 2022 — April 2023 with occasional daily averages below freezing

in February 2022, November 2022, December 2022, and February 2023 (Appendix E). A
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temperature of less than 41°F correlates to Coast Salish Prairie soil temperatures that are too low
for microbial activity (Reynolds et al., 2015). Temperatures were consistently above 41°F
March-October, 2022, and April-June 2023. While there were months in which less than 40% of
days were about 41°F, average monthly temperatures did not dip below 35°F (Figure 4-5).

October 2021 — February 2022, June 2022, and November — December 2022 had
precipitation events with greater than 1”” accumulation (Appendix F). In 17 months between
treatment and sampling at Marion Prairie (12/29/2021 — 6/5/2021), 69.1 inches of precipitation
accumulated; in 5 months between treatment and sampling at Scatter Creek (1/4/2023 —
6/6/2023), 17.5 inches of precipitation accumulated; and in the 4.5 months between treatment
and sampling at West Rocky (1/23/2023 — 6/6/2023) 13.99 inches of precipitation accumulated
(Figure 4-6; Appendix F). Additionally, 2 months after Marion Prairie treatment, there was a two
day precipitation event resulting in 4.45 inches of accumulation and daily precipitation for 16
days during and after Scatter Creek treatment (Appendix F).

Weather events that may have influenced leaching potential at treated sites are as follows.
Marion Prairie was treated on 12/29/2021 and there was a large volume precipitation event
recorded at the Olympia Airport 8 days later, on 1/6/2022, where 4 inches of rain fell (NOAA,
2023). In the time from GBH application to bulb harvest at Marion Prairie, 69.1 inches of
precipitation was recorded at the airport’s weather station (NOAA, 2023). Scatter Creek, treated
on 1/4/2023, was treated amid a period of constant precipitation. From 1/4/2023 — 1/18/2023, 3

inches of precipitation was recorded, varying from 0.01 to 0.51 inches per day (NOAA, 2023).
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4.4 Glyphosate Air-Drift Risk Analysis Results

With the exception of Marion Prairie, all sites had “no risk” of exposure to glyphosate by

air-drift. Samples at Marion Prairie were located within 50-100 feet of a road and had a “low

risk” of glyphosate exposure by air-drift. (Figures 4-7 — 4-11)
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Figure 0-7: Map of glyphosate air-drift risk results
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4.5 Glyphosate and AMPA Results

AGQ Labs did not find detectable glyphosate in camas bulb samples. The lab’s limit of
quantification (LOQ) for glyphosate was 0.01mg/kg and their uncertainty level was 24%.
Therefore, <0.01 + 0.0024 mg/kg of glyphosate was found in each sample (Appendix D). AGQ
Labs did not find detectable AMPA in bulb samples. The lab’s LOQ for AMPA was 0.01 and
their uncertainty level was 23.8%. Therefore, <0.01 + 0.00238 mg/kg of AMPA was found in

each sample (Appendix D).
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Chapter 5: Discussion

Introduction

| hypothesized that both glyphosate and AMPA would be found in camas bulbs. Though
previous research supports my hypothesis (Botten et al., 2021; Edge et al., 2021; Wood, 2019), |
did not find detectable concentrations of either compound in the bulbs. Even with significant
differences between site soil characteristics and camas bulb size, glyphosate and AMPA test
outcomes were consistent across sites. This study’s results are specific to Coast Salish Prairie
ecosystems, as their soils, climate, and weather patterns differ from other areas in which
Camassia quamash grows (Beckwith, 2004; Floberg et al., 2004). Furthermore, uptake of
glyphosate and AMPA varies between plants (Botten et al., 2021; Wood, 2019), and the lack of
concentrations in camas should not be extrapolated to other plants.

In this section, | will address differences in site GBH application and formulas as well as
disparities in laboratory analysis between comparative studies. | will then discuss how soil
factors, climate and weather patterns, and the specific biology of camas may have impacted

results. Finally, I will lay out the implications of the study and further research areas to consider.

5.1 GBH Formula and Application

Sites were treated with two different GBH formulas: one that was 2.5% glyphosate with
0.25% NuFilm as a surfactant (Marion Prairie) and two that were 0.96% glyphosate (2%
Roundup Pro) with 0.25% BroncMax as a water conditioning agent (Scatter Creek and West
Rocky). Marion Prairie’s treatment (2.5% glyphosate) is more in line with typical restoration
practitioner use of 1.5-3% glyphosate (Newton et al., 2008; Stanley et al., 2011). Scatter Creek

and West Rocky’s lower concentration treatments were 2.6x less than Marion Prairie’s.
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Accordingly, it cannot be inferred that a 2.5% glyphosate treatment would result in undetectable
glyphosate and AMPA in camas bulbs after 4.5 months, as in West Rocky’s bulbs.

Other research analyzing glyphosate and AMPA in temperate perennial plants is sparse,
but those that have studied this used a higher glyphosate concentration than Marion Prairie: 4.3-
4.5% (Botten et al., 2021; Edge et al., 2021; Newton et al., 1994; Wood, 2019). Additionally, the
studies used aerial spray application (Botten et al., 2021; Edge et al., 2021; Newton et al., 1994;
Wood, 2019) rather than the on-the-ground broadcast spray application in this study. Researchers
that aerial sprayed GBHs at 4.3-4.5% glyphosate found glyphosate and AMPA in perennial plant
foliage up to 12 years post-treatment (Botten et al., 2021). Most measured glyphosate and
AMPA concentrations over one year and all found glyphosate and/or AMPA in herbaceous and
shrub perennials at the end of their research period (Edge et al., 2021; Newton et al., 1994, 2008;
Wood, 2019). The amount of glyphosate used in the studies, roughly 1.7x the glyphosate used at
Marion Prairie and 4.5x the glyphosate used at Scatter Creek and West Rocky, along with the
application technique, may explain the discrepancy between the findings.

Surfactants, a component of most GBH formulas, increase the effectiveness of the
herbicide by enhancing its ability to stick to plants and be absorbed (Dennehy et al., 2011). In
this case, 0.25% NuFilm was used as a surfactant at Marion Prairie and an unknown surfactant
was used at Scatter Creek and West Rocky. The GBH used at the latter two sites was Roundup
Pro, made by Bayer, and the exact formula of the GBH is proprietary (Bayer, 2023a). Without
knowledge of surfactants used, it is not known how they impacted the results. However, the
surfactant used may not be an issue. A study in a western Oregon forest found that one aerial
spray of simply glyphosate and water with no surfactant resulted in 0.162 mg/kg of glyphosate in

sword fern leaves 120 days and 346 days post-treatment (Newton et al., 1994). The authors also
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found that the soil contained glyphosate at 120 days (0.15 mg/kg), 180 days (0.15 mg/kg), and
346 days (0.08 mg/kg) after treatment (Newton et al., 1994). The results suggest that, even
without a surfactant, glyphosate can remain in herbaceous tissues and available to plant root

uptake a year post-application.

5.2 Glyphosate and AMPA Analysis

Glyphosate and AMPA testing procedures differed between the study presented here and
previous studies. AGQ Labs, the lab that analyzed camas bulb samples for this research, used LC
MS/MS and the QuPPe method (AGQ Labs USA, 2023), the current gold standard for
glyphosate and AMPA detection used by the FDA and other regulatory agencies (USDA &
AMS, 2022). With an LOQ of 0.01 mg/kg, AGQ Labs had the lowest LOQ of all studies that
analyzed perennial plants but not the lowest minimum detection limit (Botten et al., 2021; Edge
etal., 2021; Feng & Thompson, 1990; Newton et al., 1994, 2008; Wood, 2019). However, the
minimum detection limit was not noted in the findings of all studies. Of the three studies in
which researchers analyzed roots of herbaceous perennials, two used different laboratory
detection methods than | did. Botten et al. (2021) detected glyphosate and AMPA in roots with
high performance liquid chromatography mass spectrometry (HPLC-MS), as did Wood (2019)
with high performance liquid chromatography with inductively coupled plasma mass
spectrometry (HPLC-ICPMS). Considering the differences in laboratory analysis methods and
the high quality of the method used in this research, glyphosate and AMPA detectability should

not have been affected, and these results can be compared to other researchers’ findings.
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5.3 Soil Characteristics.

A statistical analysis yielded results showing significant differences between site soil
conditions (Table 4-2), especially amongst treated sites. Marion Prairie had higher SOM content
than West Rocky and Scatter Creek; Scatter Creek had lower pH levels than Marion Prairie and
West Rocky; and West Rocky had higher clay content than Scatter Creek. The site differences
between Scatter Creek and West Rocky have the potential to be most consequential because the
two were treated at similar times with the same GBH formula not be of consequence, as low pH
(Laitinen et al., 2009; Miles & Moye, 1988) and weather patterns likely have a greater impact on
glyphosate and AMPA mobility than clay content.

Glyphosate is immobilized in soils with lower pH, higher clay content, and higher SOM
(Gimsing, Borggaard, & Bang, 2004; Laitinen et al., 2009; Ojelade et al., 2022; Shushkova et al.,
2009), and my lab analysis results identified that the prairie soils have low pH, low clay content,
and high SOM. With two of three immobilization factors being met, there is potential for both
glyphosate and AMPA to be bioavailable to camas (Neumann et al., 2006; Viti et al., 2019). A
one-year study in a Canadian forest with loamy sand/sandy loam soils low in clay content (0%)
with pH levels from 4.7-7 found detectable glyphosate and AMPA (> 0.02 mg/kg) in all 4
perennial plant species roots tested 1-year post-treatment (Wood, 2019). However, in this study,
it is possible that the low pH and high SOM lead to such high sorption of glyphosate and AMPA
to soil particles that the compounds were unavailable for plant uptake (Miles & Moye, 1988).

Not all soil factors that influence the mobility, adsorption, and leaching of glyphosate and
AMPA were tested for in this study. Phosphorous and glyphosate compete when adsorbing to
soil particles and high amounts of organic and inorganic phosphorous in soil may increase the

mobility of glyphosate (Gémez Ortiz et al., 2017; Miles & Moye, 1988). Cation exchange
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capacity, iron, aluminum ions, and mineral content can also play important roles in glyphosate
mobility and plant uptake (Gémez Ortiz et al., 2017; Okada et al., 2016). Thus, there may be
more soil characteristics influencing availability of glyphosate and AMPA in soil than studied

here.

5.4 Climate and Weather

The Coast Salish Prairie climate, with its mild, rainy winter, may intensify the leaching of
glyphosate and AMPA into the soil water column (Laitinen et al., 2009; Rasmussen et al., 2015).
This may drastically decrease the amount of glyphosate in soil and, the less glyphosate in soil,
the less likely that plants with absorb it through their roots (Neumann et al., 2006). Another way
that glyphosate dissipates from soil is through mineralization into AMPA and other metabolites
by bacteria (Rivas-Garcia et al., 2022). Bacteria are most active in soils with a non-saturated
moisture level during mild air temperature events (Bento et al., 2016; Reynolds et al., 2015).
Coast Salish Prairie summers may be too warm and dry for bacteria to actively mineralize
glyphosate (Bento et al., 2016; Newton et al., 1994), but, with the well-drained soils of the
prairies rarely reaching saturation levels during rainy periods, it is possible that the
mineralization of glyphosate into AMPA is quite rapid in winter months (Bento et al., 2016;
Reynolds et al., 2015).

There is a high potential for the leaching of glyphosate at sampled sites. Leaching is more
apt to occur in well drained soils and all treated sites are classified as “somewhat excessively
drained” by the USDA’s NRCS’s Web Soil Survey (NRCS, 2019). Furthermore, in sandy soils,
modelling shows the extent of glyphosate leaching depends on volume of rainfall rather than

intensity (Rasmussen et al., 2015). With the sites being treated during the consistently rainy
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winter months of the prairies, it is possible than the high volume of precipitation led to the
efficient leaching of glyphosate and AMPA.. Even if glyphosate and AMPA were leached deeper
into the soil rather than completely out of the site, camas of the Coast Salish Prairies may not be
able to access the compounds, as the plants generally inhabit the top 10cm of soil (Beckwith,
2004; Personal observation).

Temperature may also have influenced dissipation from soil, as mineralization of
glyphosate into AMPA and other metabolites may correlate to soil respiration rates driven by
temperature (Gimsing, Borggaard, Jacobsen, et al., 2004; Newton et al., 2008; von Wirén-Lehr et
al., 1997). When glyphosate is mineralized, it is no longer available to plants, but its metabolites
may be. A study in a Coast Salish Prairie found that respiration was lowest when soil
temperatures dipped below 50°F in the wet winter, corresponding with average monthly air
temperatures below 41°F (Reynolds et al., 2015). Respiration was also low when soil
temperatures were above 80°F in the dry summer, corresponding with average monthly air
temperatures of 63°F and higher. If glyphosate mineralization does correlate to soil respiration
rates (Bento et al., 2016), then extrapolating on Reynolds et al. (2015), there were 7-9 peak
months where glyphosate could efficiently be mineralized at Marion Prairie and 2-3 peak
mineralization months at Scatter Creek and West Rocky.

However, the Olympia Airport’s weather station takes data on location and site specific
temperature and precipitation will vary from what the weather station recorded (WRCC, 2023).
As the crow flies, Marion Prairie is 26.8 km (16.7 miles) away from the airport, Scatter Creek is
17.9km (11.2 miles) away, and West Rocky is 9km (5.6 miles) away (Figure 3-18). While the

Olympia Airport weather station’s data indicate general precipitation and temperature conditions
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for the surrounding area, specific site data can vary widely (WRCC, 2023). Therefore, accurately

predicting leaching and mineralization potential is reliant on approximate weather data.

5.5 Camas Biology

A plant’s life strategy has a significant impact on glyphosate and AMPA’s presence in its
tissues, with herbaceous perennials both accumulating more of the compounds and retaining
them longer than similarly treated shrubs (Botten et al., 2021; Wood, 2019). Botten et al. (2021)
and Wood (2019) hypothesized that herbaceous plants’ concentrated storing of carbohydrates
and nutrients in roots for much of the year results in elevated levels of AMPA and glyphosate in
the plants, particularly in their roots. Though camas is also an herbaceous perennial, its life
strategy is different than other plants that have been studied. With a bulb rather than a branching
root structure, camas stores large amounts of carbohydrates in a concentrated area that is
relatively small compared to its above ground structure (Beckwith, 2004; Maclay, 1928).
Although surprising because of camas’s significant carbohydrate storage capabilities, the
difference in life strategy may impact the extent to which camas retains glyphosate and AMPA.

In studies that have found persistent glyphosate and AMPA in herbaceous perennials,
foliage was directly exposed to a GBH (Botten et al., 2021; Edge et al., 2021; Wood, 2019). The
timing of GBH treatment in this study may have limited camas’s exposure to the herbicide. Sites
were treated with a GBH in the winter while camas was dormant, and with no above ground
vegetative structure at the time, camas was not directly exposed to the herbicide. Glyphosate and
AMPA are most efficiently translocated through plants in the same manner that sugars are during
photosynthesis, from leaves to root (Preston & Wakelin, 2008; Wyrill & Burnside, 1976). The

lack of direct exposure to the GBH may have played a role in the camas findings in this study.
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Off-target and dormant plants can uptake glyphosate and AMPA from soil contaminated by
treated plant root exudates and dropped foliage (Neumann et al., 2006; Viti et al., 2019), but
camas does not appear to have done so in this case.

It is also possible that camas is resistant to glyphosate, as some plants quickly metabolize
glyphosate into AMPA and others isolate it in specific tissues (Duke, 2011; Preston & Wakelin,
2008; Wakelin et al., 2004). Plants that are resistant still tend to have a detectable amount of
AMPA in their tissues and a minimal observable adverse reaction to the GBH (Duke, 2011;
Mueller et al., 2003). Neither of these characteristics were seen in this study, as AMPA was not
detected in any camas bulbs and bulb weight was not significantly different between treated and
untreated sites (Table 4-2). Resistance to glyphosate can differ between species in the same plant
family (Tahmasebi et al., 2018) and the potential of Camassia quamash being resistant should

not be inferred to sister species.

5.6 Implications

Based on the results of this study, Camassia quamash of the Coast Salish Prairies are free
from detectable glyphosate and AMPA 4.5 months after one GBH treatment of < 0.96%
glyphosate and 17 months after one GBH treatment of < 2.5% glyphosate when the GBH is
applied during winter months and the camas plant is not directly sprayed. The implications are
specific to soils low in pH, very low in clay content, and high in SOM that are “somewhat
excessively drained” and primarily Andisols or Inceptisols. Results are also climate-dependent,
with the study area’s warm, dry summers and cool, wet winters potentially influencing
glyphosate and AMPA leaching and glyphosate mineralization. Furthermore, results should not

be extrapolated beyond Camassia quamash to sister species or other plants.
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5.7 Areas of Further Research

The implications of this study are encouraging for the prospect of traditional consumption
of Camassia quamash bulbs from Coast Salish Prairies undergoing restoration. However, the
findings are limited in scope and further research is needed, particularly in areas concerning
GBH formula and application. Due to the specific soil conditions and climate of the study sites,
research beyond Coast Salish Prairies is necessary to understand safety of camas consumption in
other regions. Furthermore, land managers commonly use herbicides other than glyphosate that
have not yet been studied and may be accumulating in camas bulbs.

Two of the study sites were treated with Roundup Pro to a concentration of 0.96%
glyphosate. This is less than the typical amount used in restoration, which aligns more with the
2.5% glyphosate application at Marion Prairie (Stanley et al., 2011). Camas at the Roundup Pro
treated sites (Scatter Creek and West Rocky) were tested 4.5 months or more after application,
while Marion Prairie was tested 17 months after application. Though glyphosate and AMPA
were not found in camas at any of the sites, it is important to understand the concentration of
glyphosate used before assuming that a site’s camas is not contaminated. Additionally, since
Roundup Pro’s formula is not publicly available, further research is needed to understand if there
are differences between glyphosate and AMPA from Roundup Pro application vs. glyphosate
and Nufilm application.

GBH application technique and repeat treatments are other areas of research to be
explored. In this study, each site was treated with a single broadcast application, but spot
spraying is not uncommon (S. Freed, personal communication, May 31, 2023). Spot spraying

could lead to elevated levels of glyphosate in soils if more of a formula is applied to a
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concentrated area than would be applied during broadcast application. Similarly, if GBH
treatments are repeated in an area, glyphosate and AMPA could build up in soil and be
bioavailable to plants.

The “somewhat excessively drained” soils of the Coast Salish Prairies coupled with a
climate of consistent winter rains and GBH application during the rainy season may have led to
the efficient leaching of the herbicide and its metabolites from the soil. It is possible that this
trifecta is essential to the lack of detectable glyphosate and AMPA in sampled camas bulbs.
Therefore, research in other regions where camas grows is necessary. The soil of the Coast
Salish Prairies are uniquely low in pH and clay content, especially compared to other camas
habitats (Beckwith, 2004; Floberg et al., 2004; NRCS, 2019), and Andisols and Inceptisols soil
orders may have contributed to findings as well.

Winters with consistent rains and mild temperatures are unique to the camas prairies on
the west side of the Cascade Range (Floberg et al., 2004) and, with the timing of GBH
application, glyphosate and AMPA may have been quickly leached out of the camas’s reach by
the rain. Thus, camas will need to be tested in habitats with different soil and climate
characteristics to establish if camas can absorb glyphosate and AMPA through its roots. Timing
of GBH application will also need to be studied to assess how leaching, mineralization, and
camas foliage exposure impacts accumulation. Furthermore, if leaching is significant, local
groundwater, ponds, and streams should be tested for glyphosate, AMPA, and any adjuvants
used.

Because glyphosate is a non-selective herbicide (Martins-Gomes et al., 2022), it may not
be a land manager’s best choice for the restoration work needed (Stanley et al., 2008; Tunnell et

al., 2006). Selective, pre-emergent, post-emergent, forb-specific, and grass-specific herbicides
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are being used as well, sometimes more frequently than GBHSs (personal communication:
Sanders, JBLM). Imazypyr, triclopyr, clethodim, indaziflam, and diquat dirpomide are five such
herbicides that need further research.

Camas is also exposed to other toxins outside of herbicides. An un-published component
of this study found lead in camas bulbs at both of the Chehalis Tribe sites. At Secena Prairie, two
camas plot samples contained lead (0.044 + 0.004 mg/kg and 0.036 + 0.003 mg/kg) and at The
Prairie at the Mouth of Black River, one sample contained lead (0.016 + 0.001 mg/kg). Samples
that tested positive for lead at Secena Prairie were taken from areas that had been exposed to
trash dumping, while the samples at The Prairie at the Mouth of Black River may have been
exposed to lead bullets from hunting or shooting practice. The lead results call for further
research to establish safe traditional harvest areas, especially within hunting areas, and to weigh
ecological restoration priorities for a site.

Finally, Camassia quamash is one of many culturally significant species that are being
exposed to herbicides and other toxins (Archuleta et al., 2020; Botten et al., 2021; Wood, 2019).
It is necessary to test these and other potentially hazardous compounds in other species of
cultural significance to support Tribes and Indigenous peoples, providing knowledge so that they

can make informed decisions when harvesting and consuming first foods.
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Chapter 6: Conclusion

The results presented in this research indicate that there is no risk of ingesting glyphosate
or AMPA when consuming Camassia quamash in Coast Salish Prairies surrounding Olympia,
WA, 4.5 months following a 0.96% glyphosate treatment and 17 months following at 2.5%
glyphosate treatment. The implications are that, when considering human health and Camassia
quamash consumption, restoration practitioners may continue to treat sites with GBHs in the
tested amounts under specific soil, treatment timing, and weather conditions. When the
conditions are met, Indigenous peoples can gather and consume bulbs without risk of glyphosate
or AMPA health repercussions. However, a condition of these results is that bulbs were tested
after a singular GBH treatment. Multiple treatments occurring within the timespan sampled in
this study may result in accumulation of glyphosate and AMPA in bulbs.

To my knowledge, this study is the first to research glyphosate and AMPA concentrations
in Camassia quamash bulbs and the first to research glyphosate and AMPA accumulation in a
Coast Salish Prairie perennial plant. It provides baseline information for continued research.
Camassia quamash has a range that spans 850,000 square miles and countless individual prairies
(Gould, 1942). Further research is essential to understanding if Camassia quamash is at risk of
glyphosate and AMPA accumulation under other climatic, soil, and treatment conditions. As
these results cannot be extrapolated to other Camassia species, other species such as Camassia
leichtlinii (great camas), must be analyzed. Additionally, to establish safety protocols for
consuming exposed plants, testing of other edible and medicinal perennial plants on Coast Salish
Prairies is necessary. Suggested species are Lomatium sp. (biscuitroot), Balsamorhiza sp.
(balsamroots), Fritillaria sp. (checker lily), Quercus sp. (oaks), salix sp. (willows), Allium sp.

(wild onions), Trifolium wormskioldii (springbank clover), and Fragaria sp. (wild strawberries).
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Correlations between amounts of glyphosate and AMPA in soil and accumulation in
perennial plants have not thus far been made. Considering the potential that glyphosate and
AMPA leached from well-drained soils leading to a lack of glyphosate and AMPA in Camassia
quamash bulbs, testing soils for glyphosate and AMPA could provide further knowledge on
whether glyphosate and AMPA remain in soil at all. If not, it is possible that plants that are
dormant during application, with no foliage exposed, are at a low risk of glyphosate and AMPA
accumulation.

To deduce if other herbicides that are now frequently used on Coast Salish Prairies are
accumulating in perennial plants, more sampling and analysis of different herbicides is needed.
Health impacts of herbicides with active ingredients triclopyr, clethodim, indaziflam, and diquat
dibromide are less studied than GBHs, but implications of consumption may come to light. There
is also a legacy of using now banned or restricted herbicides on prairies, such as 2,4-D, which
was banned locally for its detrimental human and ecological health impacts. As camas plants live
for an indefinite period of time (Maclay, 1928), there is a potential that plants were exposed to
and accumulated the compound.

The baseline information presented in this study adds to the minimal literature regarding
herbicide accumulation in culturally significant edible and medicinal plants of temperate, dry-
land ecosystems (Botten et al., 2021; Edge et al., 2021; Wood, 2019). It is an area of study worth
continuing so that the reciprocal relationship between Indigenous peoples, ecosystems, and
plants may continue to thrive and all three may benefit. The use of herbicides as a component of
land tending and restoration practices, coupled with Traditional Ecological Knowledge, Western

Ecological Knowledge, and modern technology are all necessary to sustain ecosystems in this era
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of globalization, where no end to opportunistic, non-native species is in sight (Willamette

Partnership, 2020).
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Appendix A: Complete pH lab results

Appendix:

PH Lab Results

. Standard | Standard
Site Plot | Run1 Run2 Run3 Run4 Runb5 | Average - -
Deviation Error
Marion 1 5.43 5.37 536 543 5.43 5.40 0.0358 | 0.0160
Prairie 2 5 504 5.02 495 495 4.99 0.0409 | 0.0183
3 5:2 5.18 5.19 5.19 5.2 519 0.0084 | 0.0037
4 5.27 5.28 5.25 5.23 5.28 5.26 0.0217 | 0.0097
5 5.23 5.31 5.22 5.29 5.21 5.25 0.0449 | 0.0201
Seatieninel 1 485 4.92 4.9 493 4.92 4.90 0.0321 | 0.0144
2 5.14 5.13 5.12 5.13 5.13 5.13 0.0071 | 0.0032
3 469 4.69 4.68 4.7 4.68 4.69 0.0084 | 0.0037
4 471 4.71 4.7 4.67 4.68 4.69 0.0182 | 0.0081
5 471 474 475 474 478 4.74 0.0251 | 0.0112
West Borky 1 5.59 5.52 5.5 5.49 5.48 5.52 0.0439 | 0.0196
2 5.05 505 499 497 498 5.01 0.0390 | 0.0174
3 5.32 534 5.29 5.27 5.33 5.31 0.0292 | 0.0130
4 5:55 556 5,54 551 5.53 5.54 0.0192 | 0.0086
5 5.11 5.14 5.13 5.12 541 5.12 0.0130 | 0.0058
Glacial 1 5.05 5.11 508 5.06 5.06 5.07 0.0239 | 0.0107
Heritage 2 5.22 5.19 5.17 5.08 5.13 5.16 0.0545 | 0.0244
3 493 494 493 495 494 4.94 0.0084 | 0.0037
4 5:19 5.17 5.22 5.25 5.25 5.22 0.0358 | 0.0160
5 5.21 5.22 5.22 5.2 59 5.21 0.0130 | 0.0058
1 5.07 5.09 5.11 5.09 5.1 5.09 0.0148 | 0.0066
The Prairieat 2 472 472 471 472 4.72 4.72 0.0045 | 0.0020
the Mouthof 3 4.99 5.03 5.02 5.02 5.03 5.02 0.0164 | 0.0073
Black River 4 5.23 5.2 5.18 5.18 5.19 5.20 0.0207 | 0.0093
5 5.05 506 5.06 5.07 5.08 5.06 0.0114 | 0.0051
Secena 1 5:57 5.55 5.55 5.55 5.53 5i55 0.0141 | 0.0063
Prairie 2 519 5.17 5.19 5.14 5.16 517 0.0212 | 0.0095
3 5.4 5.43 5.37 5.4 5.38 5.40 0.0230 | 0.0103
4 5.37 5.39 5.42 5.39 5.4 5.39 0.0182 | 0.0081
5 5:1 5.13 5:15 5:1 55 5.13 0.0251 | 0.0112

101



Complete clay content lab results
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Appendix F: Complete results

Complete Site Results

i Average Camas Glyphosate 5 Soil Clay Soil Organic
Site Plot Type Bulb Weight (g) (me/ke) AMPA (mg/kg) Soil pH Level ontent o
Marion 1 Treated 1.97 <0.01+£0.0024 <0.01+0.00238 5.41 2.12% 24.45%
Prairie 2 1.39 <0.01+£0.0024 <0.01+0.00238 4.98 0.00% 32.91%
3 0.67 <0.01+0.0024 <0.01 +0.00238 5.19 6.38% 26.50%
4 1.86 <0.01+0.0024 <0.01+0.00238 5.26 2.16% 34.83%
5 141 <0.01+0.0024 <0.01+0.00238 5.24 1.06% 24.74%
Total 7.00
Average 1.40 5:22 2.34% 28.68%
St Error 0.24 0.07 1.08% 2.17%
St Deviation 0.53 0.15 2.43% 4.84%
Scatter 1 Treated 1.76 <0.01+0.0024 <0.01+0.00238 4.91 0.00% 22.73%
Creek 2 2.68 <0.01+0.0024 <0.01+0.00238 5:13 1.36% 23.67%
3 1.43 <0.01+0.0024 <0.01+0.00238 4.69 0.00% 27.92%
4 2:57 <0.01+0.0024 <0.01+0.00238 4.69 0.00% 21.95%
5 2.95 <0.01+£0.0024 <0.01+0.00238 4.75 0.00% 21.78%
Total 11.38
Average 2.28 4.83 0.27% 23.61%
St Error 0.29 0.08 0.27% 1.13%
St Deviation 0.65 0.19 0.61% 2.52%
West 1 Treated 2.63 <0.01+0.0024 <0.01 +0.00238 5.50 4.95% 17.31%
Rocky 2 4.25 <0.01+0.0024 <0.01+0.00238 4.99 6.82% 13.63%
3 2.65 <0.01+0.0024 <0.01+0.00238 5.30 7.08% 18.44%
4 4.08 <0.01+0.0024 <0.01+0.00238 5:53 4.80% 18.40%
5 1.50 <0.01+£0.0024 <0.01+0.00238 5.12 2.88% 25.34%
Total 15.10
Average 3.02 5:29 5.31% 18.62%
St Error 0.51 0.11 0.76% 1.90%
D 1.14 0.23 1.71% 4.24%
. 1 1.18 <0.01+0.0024 <0.01+0.00238 5.07 0.00% 37.27%
Glacial Control
Heritage 2 1.49 <0.01+0.0024 <0.01+0.00238 5.13 6.50% 26.42%
3 1.18 <0.01+£0.0024 <0.01+0.00238 4.94 0.00% 33.13%
4 1.15 <0.01+0.0024 <0.01+0.00238 5:23 3.30% 32.61%
5 1.48 <0.01+0.0024 <0.01+0.00238 5.20 2.18% 31.93%
Total 6.47
Average 1.29 542 2.40% 32.27%
St Error 0.08 0.05 1.21% 1.73%
St Deviation 0.17 0.12 2.70% 3.88%
- 1 3.12 <0.01+0.0024 <0.01 +0.00238 5.10 6.43% 32.35%
The Prairie Control
. 2 3.84 <0.01+0.0024 <0.01+0.00238 4.72 1.61% 42.76%
Mouth of 3 3.52 <0.01+0.0024 <0.01+0.00238 5.02 4.51% 45.18%
Black River 4 3.89 <0.01+0.0024 <0.01+0.00238 5.9 3.73% 31.67%
5 2.28 <0.01+£0.0024 <0.01+0.00238 5.07 2.21% 36.75%
Total 16.66
Average 3.33 5.02 3.70% 37.74%
St Error 0.30 0.08 0.86% 2.72%
St Deviation 0.66 0.18 1.92% 6.07%
Secena 1 Gontrol 1.87 <0.01+0.0024 <0.01+0.00238 5.55 3.20% 27.11%
Prairie 2 1.80 <0.01+0.0024 <0.01+0.00238 5.17 4.23% 14.98%
3 1.02 <0.01+0.0024 <0.01+0.00238 5.39 6.94% 21.22%
4 3.59 <0.01+0.0024 <0.01+0.00238 5.40 3.21% 22.62%
5 2.70 <0.01+0.0024 <0.01+0.00238 5.3 1.06% 22.23%
Total 10.99
Average 2.20 5:33 3.73% 21.63%
St Error 0.44 0.08 0.95% 1.95%
St Deviation 0.98 0.17 2.14% 4.35%
All Sites Average 2.25 5.13 2.96% 27.09%
St Error 1.03 0.04 0.44% 1.42%
St Deviation 0.19 0.24 2.43% 7.78%
Treated Average 2.61 5:11 2.64% 23.64%
Sites St Deviation 4.39 0.25 2.68% 5.67%
St Error 1.13 0.06 0.69% 1.46%
Control Average 2:27, 5:i15 3.28% 30.55%
Sites St Deviation 4.01 0.18 1.86% 8.56%
St Error 1.04 0.05 0.48% 2.21%
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