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ABSTRACT

COMPARING ENVIRONMENTAL DNA AND TRADITIONAL MONITORING
APPROACHES TO ASSESS THE ABUNDANCE OF OUTMIGRATING COHO
SALMON IN CALIFORNIA COASTAL STREAMS.

Emerson Kanawi

Environmental DNA (eDNA) has the potential to dramatically increase the
information available to managers regarding species distribution and abundance.
Collection of reliable survey information on fish abundance is essential to monitor
population trends and restoration efforts for endangered and threatened species. In
Northern California, coho salmon are a federally listed species and a focus of ongoing
monitoring programs and restoration projects. | examined the feasibility of using eDNA
to supplement, or replace, traditional outmigrating juvenile coho salmon monitoring
approaches currently used at two existing coho salmon life-cycle monitoring stations.
Over the spring of 2018 and spring of 2019, I collected water samples, water quality, and
flow information during the coho salmon smolt migration season at cross-sections of two
creeks in Northern Humboldt County, California concurrently with daily downstream
migrant trapping. In addition, | compared differences in the amount of eDNA filtered from
water samples collected and filtered through multiple filter sizes and material. Extracted
DNA was amplified using gPCR and a species-specific assay. Results of model selection

using weekly and daily abundance estimates and Flow Corrected eDNA indicate high
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variability of eDNA concentration both within sites and between sites for each creek. The
best-fit models did not include Flow Corrected eDNA,; a measure of eDNA concentration
adjusted for stream flow. However, when using Flow Corrected eDNA values to generate
an additional measure of abundance, Area Under the Curve (AUC), the predictive ability
of the models increased significantly on both Prairie and Freshwater Creek. A linear
regression resulted in a significant positive relationship that explained 71% of the
variation between AUC and the downstream migrant coho salmon estimates on Prairie
Creek and 88% of the variation in Freshwater Creek in 2018. Additionally, there was a
significant relationship between AUC and the downstream migrant coho salmon estimates
in 2019 for only one of the filter sizes tested. These results imply that this approach shows
promise for elucidating relationships between eDNA and juvenile coho abundances, but
more research is necessary to determine what sampling methods, and analytical

approaches, to use in these small lotic systems.
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INTRODUCTION

Coho salmon (Oncorhynchus kisutch) populations inhabiting the west coast of
North America have been subjected to human-caused stressors through ecosystem changes
that have negatively affected salmon abundances over recent centuries. In northern
California, coho salmon are extremely valuable both ecologically and culturally and they
comprise a fundamental component of redwood forest ecosystems. Therefore, the
monitoring, conservation, and restoration of these fish populations is of paramount
importance to a properly functioning watershed. Unfortunately, coho salmon populations
within the Southern Oregon Northern California Coast (SONCC) Environmentally
Significant Unit (ESU) are listed as “threatened” under the Endangered Species Act (ESA)
(NMFS, 2014). Listing of coho salmon under the ESA mandates regulatory agencies to
develop recovery plans that assess potential barriers to population recovery and
recommends comprehensive management actions. Collection of reliable and timely survey
information on population abundance and distribution is essential to demonstrating the
success or failure of conservation efforts. In this thesis, | evaluate the potential of using
environmental DNA (eDNA), an emerging monitoring technique being used in ecological
research, to assess the abundance of juvenile coho salmon out-migrating from two
Northern California coastal watersheds.

There are several challenges in determining the abundance and distribution of fish
in lotic systems. Primarily, there is a need to be able to collect accurate scientific data

(Thomsen and Willerslev, 2015). To accomplish this, traditional fisheries methods rely on
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the capture, or observation, of fish with the use of several sampling types including nets,
traps, electrofishing, angling, hydroacoustics, and visual observation (Pope and Willis
1996, Bonar et al., 2009). However, these methods can provide incomplete and inadequate
information for a number of reasons including: 1) issues with low detection probabilities,
2) identification of similar species and sampling bias, and 3) the challenges of executing
fieldwork in riverine environments (Mackenzie and Royle, 2005; Bonar and Hubert,
2011). Often these methods are resource intensive and potentially harmful to fish
populations when handling species that are rare or endangered. Equipment, infrastructure,
and personnel are all expensive for resource managers. The funding it takes to operate
traditional fisheries sampling equipment limits the area scientists are able to study. Due to
the relative simplicity and lower costs of eDNA, there is potential to use it as a viable tool
to complement or even replace traditional sampling methods and provide managers and
conservation organizations with a rapidly deployable survey method to quantify the status
of target species.

Environmental DNA, commonly referred to as eDNA, is a term used to describe
genetic material that organisms are constantly shedding from their bodies into the
surrounding environment. This material comes in the form of urine, feces, mucus, and
sloughed epidermal cells. These short fragments of genetic sequences are released from
the organism and end up in detectable forms in soil, air, ice, plant surfaces, predator
stomachs, or in water (Walker et al., 2007, Andersen et al., 2012, Epp et al., 2012, Folloni
et al., 2012). The material can then be extracted, purified, and analyzed to reveal

information about the recent presence or absence of organisms (Schwartz et al., 2007,
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Dejean et al., 2012, Thomsen et al., 2012, Bohmann et al., 2014). The use of eDNA
analysis has led to a better ability to detect rare, cryptic, and difficult to capture organisms
when traditional monitoring approaches have been unsuccessful (Thomsen et al., 2012,
Laramie et al., 2015).

Monitoring of populations with eDNA could also provide a means for managers,
researchers, and conservation organizations to assess the success of habitat restoration
projects. These projects involve huge amounts of planning, cost, and time and are a
common mandate of recovery plans for listed species. With so many resources involved,
monitoring before, during, and after restoration is essential. Often, assessing the success of
restoration projects can be undermined by inadequate funding, access issues, and the lack
of available sampling infrastructure. Conservation groups and small community resource
agencies often lack the equipment, training, and time to effectively monitor restoration
projects for fish. Using eDNA, surveyors will be able to survey a larger area of complex
river and stream systems with fewer funds than would be necessary with traditional
sampling methods. This may allow these groups to better assess the watershed scale
effectiveness of restoration activities on aiding the recovery of salmon populations.
Providing organizations with an easily adopted sampling technique that requires no
infrastructure could increase the amount of information gleaned from restoration projects
and their benefits to target fish species.

The use of eDNA to assess the distribution and presence or absence of
macroscopic organisms is a relatively new application of the technique. In 2008, Ficetola

et al., published a paper demonstrating the utility of eDNA analysis in the assessment of
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distribution of a living species. Using custom designed, species-specific genetic primers,
mitochondrial sequences were amplified to detect the presence or absence of a frog (Rana
catesbeiana) in natural and laboratory experiments. The results showed agreement
between the presence or absence of the organism using traditional sampling techniques
and the amplification, or lack thereof, of DNA within collected water samples. This
technique showed a proof-of-concept and laid the foundation for continued work into the
practicality of eDNA monitoring. Since then, the procedure has been used to evaluate
distributions of target species and biodiversity in a wide variety of aquatic ecosystems.
Examples include lakes (Ficetola et al., 2008; Thomsen et al., 2012; Takahara et al.
2013), rivers (Minamoto et al., 2012; Fukumoto et al., 2015; Wilcox et al., 2016), and
marine systems (Foote et al., 2012; Thomsen et al., 2012). Presently, analysis of
environmental DNA has come to be relied on as a valid survey technique for determining
the presence and absence of organisms, and it has been found to be robust in the detection
of species even at low densities in lentic and lotic systems (Ficetola et al. 2008; Goldberg
et al. 2011). The next goal of many researchers has been to extend this process to estimate
the relative abundance of individuals within systems (Lacoursiére-Roussel et al., 2016,
Doi et al., 2017, Levi et al., 2018, Rice et al., 2018). Within aquatic mesocosms,
monitoring of eDNA concentrations has resulted in a general correlation between
abundance and eDNA concentrations (Doi et al., 2017, Lacoursiére-Roussel et al., 2016).
However, use of eDNA concentration to estimate relative abundance of organisms in
natural systems has been investigated in only a few cases (Pilliod et al., 2013, Klobucar et

al., 2017, Levi et al., 2018, Shelton et al., 2019).



246 Recently, studies have looked to determine if a relative abundance measurement
247  from concentrations of eDNA correlates with traditional measures of fish abundance. For
248  example, Levi et al. (2018), published work utilizing a cross-channel research weir to
249  enumerate migrating salmonids in conjunction with an eDNA monitoring program and
250 investigated correlations between migrating fish abundance and measured concentrations
251  of eDNA. Levi et al.’s study site is heavily managed and produces some of the most

252  reliable salmon census data in Alaska. The results of their study showed a tight tracking of
253  local eDNA signal and salmon that had been enumerated the previous day for both

254  upstream migrating adults and downstream migrating smolts. To better account for

255  changes in flow and its effects on eDNA concentrations, Levi et al. (2018), produced a
256  “Flow-Corrected eDNA” or “¢eDNA Flow Rate” by multiplying streamflow and eDNA
257  concentration and used this value to correlate with trap catches. The researchers found
258  statistically significant relationships between adult Sockeye Salmon, total Coho Salmon,
259  and Sockeye Salmon smolts and their respective flow-corrected eDNA rates. However,
260  other studies have found poor relationships between local eDNA concentrations and the
261 local abundance of targeted organisms (Rice et al., 2018, Lacoursiére-Roussel et al.,

262  2016).

263 Environmental DNA that is released by an organism is immediately subject to
264  degradation through biotic and abiotic mechanisms. Ultraviolet radiation, temperature,
265  time, water chemistry, and biotic interactions are all acting on the free-floating strands of
266  genetic material. Persistence of eDNA has only been minimally investigated (Dejean et

267 al., 2011, Merkes et al., 2014, Piaggio et al., 2014) with all of the focus on how long



268

269

270

271

272

273

274

275

276

277

278

279

280

281

282

283

284

285

material is detectable once released from an organism. However, detection probability
may also be affected by physical water quality parameters. Fluctuations through time in
temperature and dissolved oxygen may alter environmental DNA fate dynamics and its
detectability or relationship to abundance (Strickler et al., 2015). One way to measure the
detectability of eDNA is to monitor physical water quality parameters concurrently with
eDNA samples throughout the sampling season to observe if there is a correlation between
detectability and water quality.

My goal in this study was to use existing fish monitoring infrastructure in two
local Humboldt County watersheds to compare daily and weekly measurements of
abundance of out-migrating Coho Salmon with eDNA concentrations taken from water
samples at the trap site. | conducted two years of sampling, the first year on two separate
creeks using a single filter size and the second year | sampled a single creek with multiple
filter sizes. For the second year, | adjusted my sampling protocol to more narrowly focus
in on possible sources of error and inconsistency in the first year. Specifically, my
objectives for this project were to determine if eDNA concentration were correlated with:

1) daily, or weekly, out-migrating smolt abundance, and 2) water-quality parameters?
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MATERIALS AND METHODS

Sampling Sites

Two sampling sites in Northern California, Humboldt County were selected for an
eDNA monitoring program. Both sites were chosen based on on-going monitoring of
salmon populations within the watersheds via life-cycle monitoring stations (LCMS).
These LCMS utilize in-stream infrastructure (e.g. Passive Integrated Transponder (PIT)
antennas, weirs, down-stream migrant traps, and spawning ground surveys) to evaluate the
population dynamics of salmonids within the watershed. These LCMS provided historical
information on run-timing and size of the Coho salmon outmigration season and were
used to best determine beginning and end dates for eDNA sampling.

The first sampling site was located in Prairie Creek, a sub-basin of Redwood Creek
in Humboldt County, California (Figure 1). The Prairie Creek watershed encompasses an
area of 103 km?, provides 38 km of anadromous habitat, and lies almost entirely within the
boundaries of Redwood State and National Park. Prairie Creek produces the majority of
coho salmon within the Redwood Creek basin (Brown, 1988). Within the riparian zone of
the upper-basin, the overstory is composed of near-pristine old-growth coastal redwood
(Sequoia sempervirens), douglas-fir (Pseudotsuga menziesii), and sitka spruce (Picea
sitchensis), while the lower section of the creek has been subject to some human alteration
and is composed of mostly second-growth red alder (Alnus rubra), douglas fir, and coastal

redwood. Understory plants include redwood sorrel (Oxalis oregano), western white
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trillium (Trillium ovatum), red huckleberry (Vaccinium parvifolium), and wood fern
(Dryopteris spp.). Prairie Creek supports self-sustaining populations of 4 species of
salmonid fishes: chinook salmon (Oncorhynchus tshawtyscha), coho salmon
(Oncorhynchus kisutch), resident and anadromous steelhead trout (Oncorhynchus mykiss),
and resident and anadromous coastal cutthroat trout (Oncorhynchus clarki). Prairie Creek
was sampled for eDNA concentrations during only the 2018 season.

The second sampling site was located in Freshwater Creek (Figure 3). The
Freshwater Creek watershed empties into Humboldt Bay in Humboldt County, CA. The
watershed spans an area of 92 km? with approximately 14.5 km accessible to anadromous
fish in the mainstem (Ricker and Anderson, 2011). The terminal part of the basin (river
km 10 and below) is a low-gradient stream with considerable development on the first six
river kilometers, consisting of levees, agricultural land, and cattle pasture. The riparian
zone of the lower stretches of the creek is characterized by willow (Salix spp.), blackberry
(Rubus ursinus), and red alder. The upper basin contains well-developed forest community
structure of red alder, willow, as well as coastal redwood, douglas-fir, and salmonberry
(Rubus spectasbilis) (Moore and Ricker, 2012). Freshwater Creek supports self-sustaining
populations of four species of salmonid fishes: chinook salmon, coho salmon, resident and

anadromous steelhead trout, and resident and anadromous coastal cutthroat trout.

Fish Sampling

Spring smolt trapping of salmonids on Prairie Creek takes place immediately

upstream of the confluence of Prairie Creek and Redwood Creek (Figure 1). At Prairie
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Creek, a Rotary Screw Trap (RST) is operated by the California Cooperative Fish and
Wildlife Unit at Humboldt State University (HSU). At Freshwater Creek, a modified weir
box-trap design is used to capture downstream migrants along the lower mainstem of the
creek (Figures 2 and 3). Trap checks begin during early March as flows permit and
continue daily until migration is no longer observed in late spring. All fish in the trap are
enumerated and a subset are tagged and transported upstream for release and trap
efficiency estimates based on recaptures of marked fish. Length and weight measurements
are taken for a subset of coho salmon present in the trap, as well as other salmonids. Fish
sampling on Freshwater Creek is similar. Trap checks are carried out seven days a week
from early March through June. Coho salmon abundances are recorded and fish are
released downstream, or returned upstream for trap efficiency estimates based on
recaptures of marked fish. Producing these trap efficiency estimates allow the monitoring
programs to estimate weekly abundances of fish moving downstream.

These capture data were organized into strata and analyzed using the Darroch
(1961) stratified Petersen estimator to produce an estimated abundance. This analysis was
implemented using the program DARR (Bjorkstedt, 2005). The strata for these capture
data are commonly weeks for fisheries downstream migrant applications to account for
variations in capture efficiency, but other temporal scales can also be used. | used the
DARR program to generate both weekly and daily abundance estimates of Coho Salmon
using mark-recapture data. Daily estimates provide a higher resolution to test the
relationship between direct daily eDNA measurements and DARR estimates based on trap

catches and may better represent day to day variations. However, the weekly scale allows
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Figure 3: Site map of Freshwater Creek showing coho salmon lifecycle monitoring station

and approximate location of eDNA sampling site.
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Creek in Northern Humboldt County, CA.,

eDNA sampling

During the 2018 season, | collected water samples every other day for 15 weeks
beginning March 1, 2018 to coincide with RST sampling at Prairie Creek and trap
sampling on Freshwater Creek. I collected water samples for molecular analysis at
approximately the same time for each event (1000-1200); this was immediately after, or
during fish processing and measurements at the LCMSs. Water was collected from

multiple sample sites in a transect approximately 100 meters above the traps (Figure 4).
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Figure 5: 2018 Prairie Creek sampling locations. Immediately above Bald Hills Rd

Bridge.
Weir
. 2018 Sampling Site
@ 2018/2019 sampling Site

Figure 6: 2018 and 2019 Freshwater Creek sampling locations.

By sampling above the traps, | measured the change in concentrations over time
without interference from fish within the trap. At each location, I collected two replicates
taken per sampling event. | collected water in labeled 2-L WhirlPak bags and filtered
sample volumes of a maximum of 1.5-L. After 1.5-L we found filtering difficult due to
clogged filters. Sample bags were wiped with paper towels and 50% bleach solution to
eliminate surface contamination. Samples were transported on wet ice to Humboldt State
University where filtration was carried out within 2h of sampling to prevent degradation
of DNA. Field controls were used with each sampling event. Field controls are water
samples from a known eDNA-free environment that were present and processed in the
same conditions as all other samples to identify possible contamination issues during

sampling.
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384 During the 2019 season, water samples were collected at Freshwater Creek every
385  weekday for 15 weeks beginning March 1, 2019 to coincide with trap sampling. The 2019
386  sampling design was the same as 2018, with a few exceptions. Preliminary analysis did
387  not indicate there was a difference in sample location, so samples were collected in
388  duplicate from a single stream location immediately above the trap. Water was collected in
389 labeled 2-L WhirlPak bags and 1-L sample volumes were filtered. Difficulties were
390 encountered when filtering large volumes of water and therefore 1-L was used so each

391 sampling event would have the same volume of water filtered.

392
393 Filtration
394 Samples were filtered within lab facilities at Humboldt State University. Lab

395  benches were cleaned with 50% bleach solution before and after each filtration event.
396  During 2018, a Welch brand vacuum pump model WOB-L 2522B-01 was used to filter
397  water samples. Pump trials were run until 1.5-L of water had been filtered through a
398  3.0uM GE Healthcare Whatman® Polycarbonate Filters and the time recorded. Filters
399  were stored in 2mL tubes at -20° C until extraction.

400 During 2019, two filter types were used. Results from 2018 suggested that DNA
401  vyield may be low utilizing 3.0uM Polycarbonate filters, prompting the development of a
402  hypothesis that using a filter with smaller pore size would increase the DNA yield and
403  improve correlations with trap abundance. Therefore, one water sample was filtered

404  through a 3.0uM GE Healthcare Whatman® Mixed Cellulose Ester (MCE) filter and the
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other water sample was filtered through a 0.45uM GE Healthcare Whatman® Cellulose
Nitrate (CN) filter. Due to susceptibility of the 3.0.M Polycarbonate filters to splitting, |
used a one-gallon fluid evacuator hand pump to process water samples through these
filters. For the 0.45uM, | used a GE 4 horsepower vacuum pump.

In both years, filters were manipulated using sterile gloves and forceps. Filters
were taken from pump stations, rolled, and immediately stored in 2mL tubes at -20°C until

extraction.

eDNA molecular methods

The primary steps for eDNA analysis — water filtration, DNA extraction, and
gPCR — were all conducted in separate facilities dedicated to each activity to minimize
contamination. Extraction facilities were UV-irradiated and wiped down with RNAse
AWAY™ gpray prior to extraction procedures. DNA extractions were carried out using a
QIAGEN DNeasy Blood and Tissue Kit according to the manufacturer's directions except
as noted by Schmelzle and Kinziger (2016). Lysis solutions were prepared and incubated
in thermomixers for 24 hours at 56 °C before extraction. After incubation, 200uL of lysis
product was used in the extraction protocol. An elution volume of 100uL was used in the
final step of extraction. Extracted DNA was then stored in 1.5 mL cryo-vials at -20°C until
analysis.

Amplification of Coho Salmon eDNA was done using a TagMan™ Real-Time
PCR assay (Thermofisher, Waltham, MA) specifically designed to detect Coho Salmon. A

QuantStudio 3™ Real-Time PCR machine (Thermofisher, Waltham, MA) was used to
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amplify 96-well optical PCR plates containing field samples, negative and positive
controls, and serial dilutions. We used a primer and probe species-specific set developed
and applied to Coho Salmon in eDNA surveys by Pilliod and Laramie (2016), the
sequence is reported in Table 1. This assay targeted a fragment of the cytochrome b gene
and exhibited a high degree of specificity for coho salmon and did not exhibit positive hits
for closely related salmonid DNA (Figure 6). Reactions were carried out at a total volume
of 25uL using 2uL of extracted DNA. Each gPCR was run in triplicate, with negative and
positive controls included for all gPCR reactions. A positive control of extracted coho
tissue was used on all gPCR plates and a negative control of DNA free water. DNA
concentration was calculated using a 5-step 1:10 serial dilution of DNA extract from coho
tissue and the use of a NanoDrop™ Spectrophotometer to develop a standard curve

relationship between Ct values and DNA concentration (Figure 7).

Environmental Covariates

To describe the abiotic factors influencing the concentrations of eDNA in the
stream channel over time, physical water quality measurements were taken during each
sampling event using a YSI® multiparameter water quality meter. Temperature, dissolved
oxygen, and conductivity were recorded both on datasheets and internally inside the unit
during each sampling event. Temperature was recorded in degrees Celsius, dissolved
oxygen was recorded as mgeL?, and conductivity was recorded as microsiemensecm,
Water quality meter measurements were taken 30cm below the surface of the water, or

just off the creek bed when sampling in depths less than 30cm.
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Discharge measurements of Prairie Creek were recorded at a USGS gaging station
that is maintained on the mainstem and downloaded via the USGS web portal

(https://waterdata.usgs.gov/nwis/). Data were checked graphically for any potential

anomalies, and approximately 1 month of data was lost due to high winter flows and
equipment malfunction on Prairie Creek in 2018. Therefore, estimates of eDNA flow-rate
were not calculated for the period of missing data. Freshwater Creek has a previously
developed rating curve for relation to a USGS station on Little River, a neighboring
watershed. These measurements do not capture all possible flow scenarios due to the
location of the gaging stations relative to the sampling site; however, | assume that relative

flow is sufficient to model fish and eDNA movement.

Table 1: Coho salmon (O. kisutch) gPCR assay. Table shows region of target
amplification (Cytochrome B) and sequences for forward primer (F-primer), reverse

primer (R-primer), and probe.

Target Region Base F-Primer R-Primer Probe
Species pairs

0. Cytochrome 114 CCTTGGTGG GAACTAG GAA 6FAM-TGG

kisutch B CGG ATA GAT GGC GAA  AACACC
TACTTATCT GTAGATC CATTCA
TA T-MGBNFQ
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466  Figure 8: Standard curve plot relating g°PCR thermo-cycle value (CT value) to
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Statistical analysis

Correlation between eDNA and trap estimates

Management and manipulation of data was completed using Google Suite and R
Computing Software Version 3.6.1. Relationships between measurements of smolt
abundance and eDNA concentrations in the water were assessed using generalized linear
models with a negative binomial error distribution using the Stats package (R Core Team,
2019). Additionally, I calculated a metric of “eDNA Flow-Rate” following procedures
from Levi et al. (2018), whereby the Average-Daily-Flow (CFS) was multiplied by the
calculated eDNA concentration (ngeuL?) for that day. This calculation eliminated the
volume units and thus was a rate of DNA moving down the watershed (ngesec™).

To test the hypothesis that weekly and daily smolt estimates within a trap could be
modeled as a function of Flow Corrected eDNA, | generated candidate models for each
creek in each year. The first analysis used methods developed in Levi et al., 2018 and used
a negative binomial error structure to account for the count nature of the smolt abundance
data while helping to correct for possible overdispersion. Covariates were examined for
collinearity and I only included a single covariate from any pair with a correlation greater
than 0.7. I built models with two different smolt estimate responses for each creek in each
year: 1) daily DARR estimates, and 2) weekly DARR estimate. | did not include any
interactions in the global model because | did not have any a priori hypotheses for why
there should be an interaction between any covariates nor did I find any evidence for an

interaction in my preliminary data exploration. All potential combinations of temperature
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and Flow Corrected eDNA in the global model were fit and the most appropriate model
was selected using the model with the lowest AIC (Burnham & Anderson, 2004). Variable
values were averaged for the entire week for the weekly model and daily averages were
used for daily DARR estimate models. Results are displayed in response plots showing the
relationship between DARR estimates and significant predictors.

The second analysis took the Flow Corrected eDNA values and the weekly DARR
estimates from the first analysis to estimate a total weekly abundance using Area Under
the Curve (AUC) (Pochardt et al., 2019). AUC is the area under the curve between the
time-series of Flow Corrected eDNA and sample date. The AUC values for each week
were calculated using the DescTools package (Signorell, 2019). This function uses
trapezoidal interpolation to integrate the area under the curve and estimate any missing x-
values. The values of Flow Corrected eDNA were averaged across all sampling locations
within each creek in 2018. In 2019, | had only one sampling location, but separate values
were calculated for each filter type. Once the AUC values were calculated, these values
were regressed against the weekly DARR estimates. The only predictor used in the model
was AUC of the Flow Corrected eDNA. To determine whether AUC was a reasonable
predictor of the weekly DARR estimates, | compared the AIC of this model to that of the

null model.

Effects of water quality of eDNA flow rate

Environmental DNA movement downstream is likely affected by water quality.

To investigate these factors, data collected with a YSI® multi-parameter water quality
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meter were included in the models to determine any significant effects of temperature,
conductivity, and dissolved oxygen on eDNA concentration. Water quality parameters
may increase or decrease eDNA detectability. For example, temperature increases may
lead to higher rates of eDNA degradation. However, temperature also increases metabolic
activity and the increased rates of eDNA degradation may be attenuated by the increased
sloughing of eDNA from organisms. To test the hypothesis that changing environmental
covariates over the migration season have effects on the concentration of eDNA, | used
water quality data collected across the migration season. Measurements were collected at
every sampling location during each sampling event. Values used for analysis were the
average measurements of all sampling locations for each sampling event. The variables
were then, as in the prior analysis, tested for collinearity. | then built candidate models to
determine the relationship between water quality measurements and Flow Corrected

eDNA values.
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RESULTS

During the 2018 outmigration season, Prairie Creek displayed a seasonal increase
in temperature (Figure 8). In 2018, a partial loss of flow data on Prairie Creek occurred
due to equipment malfunction and therefore concentrations were not calculated from
approximately mid-March to early April (Figure 8). The migration of smolts primarily
occurred from late May through early June (Figure 8), thus, I do not believe this loss of
data greatly affected my ability to see how eDNA concentration were able to predict Coho
Salmon abundances.

A total of 164 eDNA samples were collected from Prairie Creek from March 1-
June 27 2018. Concentrations of environmental DNA ranged from 5.27x107° ngeuL™ -
4.89x103 ngeuL. Weekly estimates of Coho Salmon ranged from 22-7655 individuals
and daily estimates measurements 28-1221. Furthermore, no significant differences were

found between sampling sites within the creek (p-value=0.251).
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On Freshwater Creek in 2018, a total of 70 samples were collected from April 21-
June 27. Concentrations of eDNA ranged from 2.20x10™* ng-uL* - 7.10x103 ng-uL™.
Weekly estimates of Coho Salmon in the trap ranged from 5-2815 individuals and daily
estimates ranged between 0 and 616. | found that patterns from Prairie Creek were similar
in Freshwater Creek in 2018, with the greatest numbers of smolts estimated during May,
and the single highest abundance of coho salmon occurring in early May (Figure 9).
Sampling sites in the creek were not statistically significantly different from each other (p-

value=0.296, F=1.107, df=1).
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During 2019, a total of 108 samples were collected, filtered, and analyzed from
Freshwater Creek on the left bank, beginning March 13 and ending on June 26.
Concentrations of eDNA ranged from 2.45x107° ng-uL* - 8.65x10™* ng-uL across the two
different filter types (i.e., 0.45 uM and 3.0 puM). During the 2019 sampling season, the
trends of water quality and trap catches in Freshwater Creek were similar to those in 2018;
however, a late season storm at the end of May lead to an increase in dissolved oxygen
saturation, a decrease in temperature, and an increase in conductivity. Daily estimates of
coho salmon ranged from 0-662 individuals and weekly estimates range from 0-2377
(Figure 10). Concentrations from samples of different filter pore sizes did not yield a
significant difference when assessed using a Student’s t-test (F-value=3.177, df=1,

p=0.0778) (Figure 11).
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Figure 11: Top to bottom: Temperature measurements on Freshwater Creek in 2019.
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estimates by day (dashed line) and week (solid line). Mean daily flow measurements.
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Freshwater Creek between 0.45u and 3.0u filter types.

Model Performance — eDNA and Weekly and Daily trap estimates

The colinearity analysis found that all the water quality parameters (i.e.,
temperature, conductivity, and dissolved oxygen) were highly correlated (r=0.75), thus, |
selected temperature as my representative water quality parameter. For each creek, in each
year, we fit models with all additive combinations of model covariates but without
interactions, which left the following global model equations:

WeeklyDARR= o + B1FIoOwDNA i + BoTemperature i +¢

DailyDARR= o + B1FIowDNA + B>Temperature +¢
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Where By is the model estimate parameter, WeeklyDARR and DailyDARR is the Coho
Salmon weekly or daily estimate, FlIowDNA is the flow corrected eDNA measurement
from the water sample, Temperature is the mean weekly or daily temperature, i is the
sampling event, and ¢ is the residual error. Models for each creek in each year were
developed using DARR estimates that were generated weekly and daily.

With the exception of daily DARR estimates on Freshwater Creek in 2019, all of
the models tested selected temperature as a significant predictor variable for determining
drivers of coho smolt abundances over the migration season. In all significant cases, Flow
Corrected eDNA measurements were consistently shown to have a negative relationship
with temperature. For Prairie Creek in 2018, the model selection process resulted in
temperature as the only selected predictor variable when using the weekly DARR
estimates, and the null model resulting in the best-fit model when using the daily DARR
estimates (Table 2 and 3, Figure 12). On Freshwater Creek in 2018, the model selection
process resulted in mean daily temperature being selected as the only significant variable,
with a negative relationship with weekly and daily abundance estimates (Table 4 and 5,
Figure 13). In 2019 on Freshwater Creek, AIC model selection process resulted in Flow
Corrected eDNA Rate and temperature being included in the best-fit model when
predicting weekly abundance estimates of coho; however, with daily abundance estimates,
only Flow Corrected eDNA was selected. The relationships for both daily and weekly

DARR estimates were negative (Table 6 and 7, Figures 14 and 15).
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604  Table 2: Table displaying Daily DARR estimate model parameters and values for Prairie

605 Creek 2018.

Intercept FlowDNA = Temperature df  logLik AlCc Delta Weight
7.52 -0.43(0.12) 3 -800.375 1607 0 0.669
752  -0.088(0.16)  -0.48(0.16) 4 -800.278 1609 1.99 0.247
7.56 2 -804.047 1612.2 5.21 0.049
7.55 0.20(0.12) 3 -803.348 1613 5.95 0.034

606

607  Table 3: Table displaying Weekly DARR estimate model parameters and values for

608 Prairie Creek 2018.

Intercept  FlowDNA  Temperature df logLik AlCc Delta Weight
5.92 2 -596.707 1197.6 0 0.379
5.92 -0.104(0.07) 3 -595.791 1197.9 0.31 0.325
5.92 0.075(0.07) 3 -596.345 1199 1.42 0.187
591  -0.016(0.10) -0.11(0.10) 4 -595.781 1200 2.49 0.109

609
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Prairie Creek 2018
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Figure 13: Response plot of Temperature and Weekly DARR estimates on Prairie Creek in
2018. Daily DARR estimate model resulted in the null model selected as the best-fit and is

therefore not included.



614  Table 4: Table displaying Weekly DARR estimate model parameters and values for

615  Freshwater Creek in 2018.
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Intercept  FIowDNA = Temperature df  logLik AlCc Delta Weight
6.57 -1.03(0.10) 3 -502.841 1012.1 0 0.686
6.57 0.10(0.13) -0.97(0.13) 4 -502.49 1013.6 1.56 0.314
6.77 0.75(0.12) 3  -520.715 1047.8 35.75 0
6.91 2 -529.716 1063.6 51.56 0

616

617  Table 5: Table displaying Daily DARR estimate model parameters and values for

618  Freshwater Creek in 2018.

Intercept FlIowDNA  Temperature df logLik AlCc Delta Weight
4.48 -1.23(0.12) 3 -367.482 7413 0 0.562
4.47 0.19(0.16) -1.11(0.16) 4 | -366.598 741.8 0.5 0.438
473  1.02(0.15) 3 -382.407 771.2 29.85 0
4.96 2 -392.199 788.6 47.24 0

619
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Figure 14: Response plot of Flow Corrected eDNA and Daily DARR estimates (left, open

boxes, dashed line) and Weekly DARR estimates (right, solid circles, solid line) and

Freshwater Creek in 2018.



624  Table 6: Table displaying Weekly DARR esimtate model parameters and values for

625  Freshwater Creek in 2019.

34

Intercept FlowDNA = Temperature logLik AlCc Delta Weight
6.78  -0.27(0.13) -0.34(0.13) -621.604 1251.7 0 0.905
6.80 -0.20(0.12) -625.751 1257.8 6.08 0.043
6.81  -0.14(0.12) -626.144 1258.6 6.86 0.029
6.82 -627.502 1259.2 7.42 0.022

626

627  Table 7: Table displaying Daily DARR estimate model parameters and values for

628  Freshwater Creek in 2019.

Intercept FlowDNA = Temperature df logLik AlCc Delta Weight
4.76 -0.66(0.15) 3 -461.245 928.8 0 0.73
4.76 -0.67(0.17)  -0.08(0.16) 4 -461.136 930.8 2 0.269
4.93 2  -469.435 943 14.22 0.001
4.93 0.10(0.16) 3 -469.295 944.9 16.1 0

629
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boxes, dashed line) and Weekly DARR estimates (right, solid circles, solid line) on

Freshwater Creek in 2019.
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Freshwater Creek 2019
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Figure 16: Response plot of Temperature and Weekly DARR estimates on Freshwater

Creek in 20109.

Model Performance — Area Under Curve eDNA and Weekly trap estimates

Model results indicate a significant predictive relationship between Area
Under the Curve of Flow Corrected eDNA (AUC) and Weekly DARR estimates. In 2018
on Prairie Creek, the AUC variable was calculated using the average Flow Corrected
eDNA concentrations across all sampling sites. The linear regression resulted in a
significant positive relationship that explained 71% of the variation between AUC and the
weekly DARR estimate on Prairie Creek (estimate= 4564, se= 568, p<0.0001) (Figure 16).
In 2018 on Freshwater Creek, the AUC calculations again resulted in a significant,

positive relationship of AUC and Weekly DARR estimates that explained 88% of the
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variation in the data (estimate= 65111, se= 15686, p<0.01) (Figure 16). On Freshwater
Creek in 2019, a separate model was developed for each filter pore size. Freshwater Creek
in 2019 generated differences between filter types. The 3.0 micron filter model explained
34% of the variaton in the data (estimate= 43, se= 16, p=0.0173), while the 0.45 micron
filter model was not strong a strong predictor of Weekly DARR estimates of coho salmon

smolts (estimate= 5832, se= 10649, p=0.59) (Figure 17).
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Figure 17: Left: Data and linear model of AUC Flow Corrected eDNA values and Weekly
DARR estimates on Prairie Creek (r-squared=0.71). Right: Data and model of AUC Flow
Corrected eDNA and Weekly DARR estimates on Freshwater Creek in 2018 (r-

squared=0.88).
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Figure 18: Left: Data and linear model of AUC Flow Corrected eDNA and Weekly DARR
estimates with a 0.45u filter (r-squared=0.02). Right: Data and linear model of AUC Flow
Corrected eDNA and Weekly DARR estimates with 0.45u filter (r-squared=0.34)

Freshwater 2019.
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Effects of water quality of eDNA flow rate

Candidate models included dissolved oxygen content, water temperature, water
conductivity, and flow. However, correlation plots revealed high degrees of correlation
between environmental variables over the season. Therefore, for the purposes of this
analysis, only temperature was reported as the final result. Generalized linear model
structure was used from the Stats package in R (R Core Team, 2019). The equation for
the model is as follows:

FlowDNA= Bo + Bi1Temperature +¢
Where By is the model parameter estimate, Temperature is the YSI measured water
temperature, i is the sampling event, and ¢ is the residual error.

Temperature was found to have a statistically significant negative relationship with
the concentrations of Flow Corrected eDNA for all creeks in both years. This effect was
seen on Freshwater Creek in 2018 (estimate=-0.0029, r-squared=0.27, p<0.001), Prairie
Creek in 2018 (estimate=-0.699, r-squared=0.29, p<0.001), and Freshwater Creek in 2019

(estimate=-0.0023, r-squared=0.27, p=0.001075).
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DISCUSSION

The predictive relationship between Flow Corrected eDNA and coho salmon
downstream migrant abundance depended on the sampling and analytical methods I used
to quantify the abundance of eDNA. | did not observe a strong predictive relationship
when using Flow Corrected eDNA values alone to predict weekly or daily DARR
estimates of juvenile salmon abundance, as was done by Levi et al. 2018. For these
models, the most parsimonious model for both Prairie and Freshwater Creeks nearly
always included mean daily temperature, but not Flow Corrected eDNA. The relationship
with water temperature was negative, suggesting that the persistence of eDNA declined as
water temperature increased. However, after calculating Area Under the Curve values for
Flow Corrected eDNA and using a simple linear model to assess the relationship with
weekly DARR estimates of abundance, | found significant predictive relationships on
Prairie and Freshwater Creek in 2018, and for 3.0 micron filters on Freshwater Creek in
2019. These results imply that this approach shows promise for elucidating relationships
between eDNA and juvenile salmon abundances, but more research is necessary to
determine under what conditions it is appropriate to use these methods in lotic systems.

Area Under the Curve calculations are aggregate summaries of the contribution of
each weeks Flow Corrected eDNA measurements across the sampling seasons. For this
study, using AUC allowed the eDNA variation across sampling dates to be condensed into
weekly measurements. These weekly measurements can then be compared to the weekly

DARR abundance estimates. This process is in contrast to using the raw calculated
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measurement of Flow Corrected eDNA for the trapping week. The differences in the
detectability and concentrations of eDNA and the relationship with DARR estimates
frequently used by resource managers across creeks and years need to be considered
further. On Freshwater Creek in 2019, different filter types yielded differences in the
strength of the relationship. One noticeable issue with the 0.45 micron filters is the fact
that it’s much more difficult to filter large volumes of water. This study encountered
several issues with filters clogging, potentially reducing the quality of the sample. Other
eDNA studies have used a wide range of volumes of water in their research and this study
is inline with the notion that water quality must be considered when deciding standard
sample volumes. Additionally, the drop in the predictive nature of the relationship in 2019
may be due to a change in the sampling methodology. In 2019, the sampling scheme was
altered from using duplicate samples across multiple sampling locations to two samples,
each filtered through a different filter size, from a single site. This change in methodology
was made in response to the initial analysis that showed no statistical difference between
flow corrected eDNA concentrations from different sampling locations. However, using a
single sample and sampling location for Freshwater Creek in 2019 did not capture the
variation in eDNA concentrations within a sampling site and across the width of the creek.
This may be the reason for the decrease in predictive ability of the AUC model on
Freshwater Creek in 2019. If this project were to be undertaken again, |1 would ensure that
all samples are collected in duplicate and | would take samples from multiple locations
across the stream channel. In fact, when using only a single replicate from a single

sampling location on Freshwater Creek in 2018, the model r-squared was only 0.43, which
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was comparable to linear regression for 2019. Similarly, the regressions fit for individual
sample sites in Prairie Creek in 2018 each had a lower r-squared value than that for the
model fit after data from all sites were combined. Another question that should be tested
based on the change in methodology between 2018 and 2019 is whether the filter material
(Polycarbonate vs. mixed cellulose) affects the results. The information gained from this
study is important to resource managers and this study attempts to provide more insight
regarding the dynamics of eDNA in lotic systems. This study adds to the growing
knowledge base of information eDNA and its utility in ecological research.

Previous environmental DNA studies have had conflicting results regarding the
ability to predict species abundances based on eDNA concentrations (Levi et al., 2018,
Rice et al., 2018, Doi et al., 2017, Lacoursiére-Roussel et al., 2016). Studies that involved
the use of laboratory experiments or mesocosms (Doi et al., 2017, Lacoursiere-Roussel et
al., 2016) were able to establish significant predictive relationships using eDNA
concentrations to quantify fish abundance. Mesocosms and laboratory study allow
researchers to determine abundance absolutely under standard environmental conditions.
Maintaining near-static conditions may allow the detection of eDNA concentration with a
high-level of confidence. Additionally, Levi et al. (2018) was able to predict relative run
size over the season based on near daily or daily eDNA concentration measurements. In
that study, researchers used a weir that was able to capture the entirety of the stream
channel, allowing them the ability to enumerate water flow and migrating salmon
abundances precisely. This was not the case with our study. Issues involving the ability of

the trap to enumerate fish restricted our ability to accurately determine the absolute
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number of fish moving through the system. Spring rainstorms cause increased volumes of
water to move downstream, disrupting the ability of downstream migrant traps to capture
fish efficiently and in some cases, causing all trapping to cease until high flows recede.
Water flow data for Prairie Creek was available from a United States Geological Survey
(USGS) gage operated multiple kilometers upstream of our sampling site. This flow
measurement did not include tributaries that entered into mainstem Prairie Creek, above
our sampling site but below the gage. For flow measurements at Freshwater Creek, no
gage exists within the watershed. Therefore, it was necessary to use a relative flow value
adopted from a nearby creek where flow data is taken.

If this project were to be undertaken again, it may be advantageous to sample
within the trap box, immediately upstream of the trap, and at the sampling location used in
this site. This would provide a way to better understand the correlations between eDNA
and absolute number of fish in this particular case. Additionally, looking to other research
suggests alternative sampling regimes. Other studies that found positive correlations
between fish abundance and eDNA concentrations (e.g., Shelton at el. 2019, Levi 2018)
tested different water systems with a different species, and a different sampling design.
Shelton (2019) did their eDNA and fish sampling within an estuary and at several
different locations, providing several sampling sites within the populations range.
Sampling multiple sites in a downstream transect may provide information of the
movement of eDNA. In Levi et al. (2018), their predictive model worked well for a
salmon species with a concise life-history, but did not work as well when attempting to

model coho salmon abundance. Coho salmon are a species with multiple life stages in the
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creek during any given time. In the spring when my experiment was run, smolts were
outmigrating, however, individuals born that year were also present in the creek.
Additionally, adult carcasses left over from the winter may still have been present in the
creek and releasing eDNA. High flow events can redistribute these individuals and change
their relation to the sampling site and may contribute to eDNA signal and detectability
over the season. Designing future studies that can offer answers to these complicated
factors may help to provide more utility in monitoring abundances using eDNA.

Using environmental DNA to correlate with fish abundance via a traditional
monitoring approach such as downstream migrant trapping presents a suite of challenges
that may make observing a predictive relationship difficult. One possible difficulty is
gaining reliable estimates of eDNA concentration using gPCR. While gPCR has been
found to be highly sensitive to detection of eDNA, there is evidence that this molecular
technique is not as reliable as other detection platforms (Nathan et al., 2014). Within
sample variability and across sample variability represents error in the molecular
technique, but may also be representative of the localization of the eDNA signal. Dejean
etal., 2011 found there was rapid deterioration in the detectability of an eDNA signal in
lotic systems when moving downstream from the source of genetic material. The
persistence of genetic material within the water column is not yet well understood and the
influencing factors on the environmental fate of DNA in field settings warrants further
investigation. Increased temperatures create a higher metabolic demand in fish and may
increase the output of genetic material through the release of mucus and other bodily

fluids. However, increased temperature due to UV radiation may be attenuating eDNA
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concentrations at the same time, leading to lower concentrations of detectable genetic
material (Strickler et al., 2015). This falls in line with the results | found. The temperature
increase over the migration season may have had an effect on the ability to detect accurate
eDNA concentrations. The questions surrounding the dynamics of eDNA once released
from organisms into the environment warrant further investigation if this method is to be
used in lieu of, or in addition to, traditional monitoring approaches.

The traditional monitoring approach of trapping downstream migrants relies on the
ability to capture fish, throughout the migration season, under variable weather conditions
and flows. The population estimates for this technique are derived from mark recapture
programs necessary to estimate a weekly trap efficiency and weekly abundance estimate.
The counts taken each day at the trap are a function of the number of fish passing the
downstream migrant traps and the capture probability. Thus, because there is error
associated with fish capture probability, correlating eDNA concentrations with only a
subset of individuals found within the trap each day may not yield relationships. This may
be due to the ability of fish to move freely between the eDNA sampling location and the
trap. Fish may be moving throughout the study location and releasing eDNA but not being
captured in the trap. Other factors, including flow, compound this possibility. Changes in
flow throughout the migration season and in relation to sampling events may cause
dilution of eDNA concentrations and alter fish movement behavior.

The most comparable studies (Levi et al., 2018, Tillotson et al., 2018) both discuss
the need for well-characterized study sites when assessing salmon abundances from eDNA

concentrations. Our characterization of study sites was limited to pre-existing
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infrastructure and data collection protocols that were ongoing. Expanding the scope of
data collected by monitoring programs interested in adopting eDNA sampling protocols
may be necessary to provide sufficient information to correlate with eDNA
concentrations.

Although infrastructure and data collection may contribute to the differences in the
results from this study to previous research, another factor present is the scale of the
watershed and scale of fish abundance. The number of fish in a river, the size of the
watershed, and therefore the concentration of eDNA, likely contribute to the ability to
accurately quantify the amount of eDNA in the water. Studies such as Levi et al. 2018 and
Pochardt et al. 2019 both used systems that contain hundreds of thousands or millions of
fish in contrast to the systems in this study that had numbers of fish at least an order of
magnitude lower. There may be a threshold of abundance that needs to be surpassed
before a linear relationship between Flow Corrected eDNA and abundance can be
observed. In systems where fish abundances are threatened or endangered, the
environmental DNA may be too dilute, or too rare, to show variations great enough for a
significant relationship with abundance measurements. In these situations, relating species
abundances to eDNA concentrations may require alternative analytical approaches, such
as the AUC analysis presented in this thesis. Continuing to conduct studies that look at
different size watersheds and different concentrations of fish will help to solidify these
questions and help managers know what survey methods and analytical approaches using

eDNA monitoring are the most appropriate.
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The use of environmental DNA in fisheries has been rapidly expanding over the
past decades. Each year, new research papers reveal insights into how this molecular
technique can provide new and interesting information on the distribution, occupancy, and
abundance of species of concern. While environmental DNA can provide information not
easily gained with traditional monitoring approaches, it is necessary to understand its
limitations in the field. This study used environmental DNA concentrations taken over 2
seasons of outmigrating Coho Salmon smolts in conjunction with two downstream
migrant traps to attempt to build a relationship relating eDNA concentrations to predict
abundance. Results from this study were varied and highlight the need for continued
research into the field. The dynamics of eDNA within the water column are not well
understood and our evidence, when related to what other researchers have found, reveals
the need for high-quality site characterization when attempting to determine abundance

via highly transient eDNA concentrations moving downstream.
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