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Abstract art: 24 

 25 

Abstract: While environmental DNA (eDNA) is now being regularly used to detect rare 26 

and elusive species, detection in lotic environments comes with a caveat: the species 27 

being detected is likely some distance upstream from the point of sampling. Here we 28 

conduct a series of semi-natural stream experiments to test the sensitivity of new digital 29 

droplet PCR (ddPCR) to detect low concentrations of eDNA in a lotic systems, measure 30 

the residence time of eDNA compared to a conservative tracer, and we model the 31 

transport of eDNA in this system.  We found that while ddPCR improves our sensitivity 32 

of detection, the residence time and transport of eDNA does not follow the same 33 

dynamics as the conservative tracer and necessitates a more stochastic framework for 34 

modeling eDNA transport. There was no evidence for differences in the transport of 35 

eDNA due to substrate type. The relatively large amount of unexplained variability in 36 

eDNA transport reveals the need for uncovering mechanisms and processes by which 37 

eDNA is transported downstream leading to species detections, particularly when 38 
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inferences are to be made in natural systems where eDNA is being used for conservation 39 

management. 40 

 41 

Keywords: Digital droplet PCR, residence time, quantitative PCR, bass, bluegill 42 
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Introduction 43 

The use of environmental DNA (eDNA) in aquatic ecosystems for early detection of 44 

invasive species 
1,2

 or delimiting the distribution of threatened and endangered species 45 

3,4
has become a useful tool for conservation management and environmental science 

5-7
.  46 

In aquatic systems, organisms release a telltale species-specific genetic signature in the 47 

form of mucus, urine, blood, and feces 
8
, which results in the release of variably sized 48 

particles into the water column 
9,10

.  Species presence can then be assessed indirectly by 49 

collecting a water sample from which any number of genetic or genomic testing 50 

platforms can screen for the presence of species-specific DNA 
11-13

. If target eDNA is 51 

present, then it serves as an indication that the species is likely present 
14

. However, 52 

species detection and interpretation is more challenging in flowing waters, where eDNA 53 

can be transported downstream, while the target species is presumably located some 54 

distance upstream, making transport of eDNA from its source difficult to interpret and 55 

validate 
10,15

.  56 

 57 

Previously, eDNA has been used to identify nonpoint source pollution resulting from 58 

human and cow feces 
16

, while synthetic DNA has been used as a conservative tracer 
17

. 59 

From these studies and others 
18

, we know that eDNA is readily transported in lotic 60 

systems (i.e., flowing waters), but depending on environmental conditions, the eDNA can 61 

degrade at variable rates and will eventually become undetectable 
19-21

.  Furthermore, 62 

within channel and subsurface interactions may trap eDNA in substrate (e.g., sediment) 63 

interstices, and if lentic (i.e., standing water) systems are any indication, DNA then can 64 

bind to sediments upon contact 
22

. In the case of microbial DNA, transport and 65 
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interactions with sediments has been well characterized and studied 
23

, but eDNA from 66 

vertebrates poses additional challenges because the DNA is characterized by particles of 67 

variable size, either as free DNA, organelles, cells, and/or pieces of tissue 
9
. Each 68 

particle, differing in material origin and size, will have potentially different transport and 69 

degradation rates, as well as propensity for cohesion and/or buoyancy.   70 

 71 

For many applications of eDNA surveillance, especially those of pressing environmental 72 

concern, the targeted species are typically at low abundance in streams and rivers. For 73 

example, it has been challenging to detect the leading invasion edge 
2,24

 of Asian carp 74 

(Hypophthalmicthys molitrix and H. nobilis) into the Laurentian Great Lakes via the 75 

Chicago River 
25

, as well as to detect Rocky Mountain Tailed Frogs (Ascaphus montanus) 76 

and Idaho Giant Salamanders (Dicamptondon aterrimus) at low population densities in 77 

fast flowing mountain streams 
3
. Because the amount of eDNA in a system is positively 78 

correlated to the biomass of the target organism 
8,26,27

, it is expected that for the rarest of 79 

species, there are very low concentrations of eDNA available for detection 
28

, which can 80 

lead to false negative errors 
14

. One way around this problem is to ensure that any eDNA 81 

assay to detect the presence of rare species, particularly in flowing waters, is sensitive to 82 

detection at low eDNA concentrations 
29

.  83 

 84 

There is a pressing need to understand how eDNA from rare species is transported in 85 

streams and rivers, so that we may better determine how far upstream target organisms 86 

may actually be from a point of positive detection 
30

. Here, we evaluated the use of 87 

quantitative PCR (qPCR) and digital droplet PCR (ddPCR) for detection of low 88 
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concentrations of eDNA in flowing waters for two species of fish at low densities. 89 

Previous studies have shown that ddPCR is more sensitive than qPCR in lentic 90 

environments 
31

, and lotic environments are likely more susceptible to detection failures 91 

due to continuous dilution of DNA 
29

. Using novel eDNA releases conducted in replicate 92 

streams at University of Notre Dame’s Linked Experimental Ecosystem Facility (ND-93 

LEEF), we examined how eDNA is retained and transported with varying stream 94 

substrate sizes and configurations. We then calculated eDNA uptake and residence time, 95 

inspired by traditional solute transport studies 
32

.   96 

 97 

Experimental 98 

 99 

Semi-natural Experimental Streams  100 

In order to study eDNA transport in a stream environment, and manipulate eDNA 101 

concentrations, flow rates, and stream substrate, we designed two experiments using 102 

replicated, semi-natural streams located at ND-LEEF at St. Patrick’s County Park, in St 103 

Joseph County, Indiana (41.757°N, 86.263°W). The experimental streams are 0.4 m wide 104 

and 50 m long and the stream flow is sourced from a low-nutrient groundwater well; 105 

stream flows can be adjusted up to a maximum of 22.5 L/sec but we executed our 106 

experiments at base flow conditions of ~2 L/sec. The four replicate streams are identical 107 

in all aspects except that substrate type/configuration varies in each: one contains only 108 

pea gravel (PG; 5-10 mm average diameter) while a second contains only cobble (COB; 5 109 

cm average diameter). The third and fourth streams vary in structural complexity: the 110 

third stream contains alternating 2m sections of pea gravel and cobble (ALT) while the 111 
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fourth is a random 50/50 mix of the two (MIX). These streams were allowed to naturally 112 

colonize with biofilm made up of algae and bacteria through the spring and summer of 113 

2013, prior to the execution of our experiments. 114 

 115 

Platform Comparison 116 

 In the first experiment, we assessed the detection sensitivity of two assay platforms, 117 

qPCR and ddPCR, during experimental addition of low density eDNA comprised of 118 

largemouth bass (Micropterus salmoides) and bluegill (Lepomis macrochirus) DNA. We 119 

also evaluated the change in DNA concentration of the release solution (see below) 120 

before the experiment with and without the conservative tracer, and after the experiment 121 

with the conservative tracer. 122 

 123 

To create the eDNA release solution in the platform comparison, we exposed 100 bluegill 124 

and 9 bass to lentic, aerated 340 liter mesocosms for 100 hours and then collected 15.14 125 

liters of water from the bluegill mesocosm and 3.79 liters of water from the bass 126 

mesocosm. We combined the water to make a mixture solution of bluegill and bass 127 

eDNA at a ratio of approximately 4:1. We hereafter refer to this as the release solution 128 

for the platform comparison. Within one hour from collection, we transported the mixed 129 

eDNA solution on ice to the streams at ND-LEEF.  130 

 131 

We quantified reach-scale transport and retention of eDNA using short-term solute 132 

addition experiments based on stream nutrient addition studies 
33

. Prior to the addition of 133 

eDNA, we collected two water samples every 10 m along the study reach as negative 134 
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controls (i.e., background samples with presumably no target eDNA, n=10). We refer to 135 

these evenly spaced sampling locations within a reach as a sampling stations hereafter. 136 

All sampling stations were separated by 10 m except the furthest down-stream stations 137 

which were separated by 8.5 m. Though the stream was fed by a groundwater-holding 138 

reservoir containing no fish of any species, we used background samples as a quality 139 

control check for non-target DNA concentrations. We then pumped the eDNA release 140 

solution (4:1 mix of bluegill to bass DNA) along with a conservative tracer (Cl
-
 as NaCl) 141 

to account for any possible dilution into the stream. We used a peristaltic pump to deliver 142 

the constantly-stirred, covered release solution at a rate of 40 ml/min into the top of the 143 

stream (COB), which increased the conservative tracer concentration by 5 mg Cl L
-1

. All 144 

concentration measurements were taken with Hydrolab MS5 Minisondes (Hach, 145 

Loveland, CO) collected at each sampling station. eDNA samples and conservative tracer 146 

concentration readings were collected concurrently. We placed three baffles at the head 147 

of the stream to ensure complete mixing of the release solution. When conservative tracer 148 

concentrations were uniform throughout the reach (i.e., had reached a plateau 149 

concentration at each sampling station), we collected three 250 mL replicate water 150 

samples at each of the five sampling stations (n=15 samples total). At the same time as 151 

plateau sampling, we also collected five 250 ml samples from the eDNA release solution. 152 

The field crew of seven people ensured all plateau samples, including release solution, 153 

were concurrently collected within one minute. 154 

 155 

In addition to the plateau water samples, we also monitored the rising limb (i.e., when the 156 

pump was turned on) and falling limb (i.e., when pump turned off) of eDNA at the 157 
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furthest station from the release point, at 48.5 m downstream, collecting 250ml water 158 

samples every 5 min during the 45 min release. After the plateau samples were taken, we 159 

turned off the pump and collected 250 ml samples every 5 min for an additional 45 min 160 

and then at 60, 130, 180, and 240 min after the pump was turned off. Finally, after the 45 161 

min release, we collected 5 additional samples of eDNA release solution to assess if any 162 

DNA degradation had occurred during the release. 163 

 164 

Substrate Effects 165 

 In the second experiment, we conducted generally the same experiment described above 166 

in four streams with different substrates, though only bluegill DNA was used to increase 167 

the concentration of target eDNA released into the stream reach. No eDNA samples were 168 

collected in the rising limb when DNA was being introduced.  Samples in the falling limb 169 

(after the pump was turned off) occurred every five minutes for 100 minutes.  Based on 170 

the outcomes from the platform comparison (see discussion below), all samples were 171 

screened using only ddPCR. The stream reaches were sampled in random order and 172 

samples of the release solution were collected between experiments to test for 173 

degradation. The release solution was held in the same container, and we used a 174 

peristaltic pump to deliver the constantly-stirred, covered release solution at the head of 175 

each stream reach. The order of stream reach sampling was ALT, MIX, PG and COB. 176 

One background sample at each sampling station in each stream reach were collected 177 

before the eDNA release solution introduced into the system (n=20 total; five samples 178 

from each reach). 179 

 180 
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Between the platform comparison experiment (COB only) conducted on 30 July 2013 181 

and the substrate effects experiment (COB, MIX, ALT, and PG) conducted on 4 October 182 

2013, 66 days had passed to ensure degradation of the eDNA signal in the COB stream 183 

reach
19,20,21

.  No eDNA experiments were conducted in the MIX, ALT, or PG reaches 184 

prior to our experiments. The temperature for the groundwater fed semi-natural streams 185 

of the COB, MIX, ALT, and PG stream reaches ranged between 18-20°C,.  186 

 187 

Laboratory analyses:  188 

Upon collection, all water samples were immediately placed on ice in a bleach-sterilized 189 

cooler and filtered in the laboratory within four hours of collection. In the laboratory, we 190 

vacuum-filtered each water sample through 1.2-µm pore size Isopore™ polycarbonate 191 

membrane filters (EMD Millipore Corporation, Billerica, MA, USA) using sterile 300-192 

mL filter cups. We isolated eDNA from filters following the protocol described in 
34

. In 193 

brief, we combined the 1.2-micron polycarbonate membrane filter with 700 µL of CTAB 194 

Buffer and 20 µL of proteinase K, vortexed for 15 seconds, and incubated at 63ºC for 2 195 

hours. After incubation, 700 µL of a 24:1 chloroform: isoamyl alcohol solution was 196 

added to the solution and vortexed for 5 seconds, centrifuged at 15,000 RPM for 10 197 

minutes, and the supernatent was transferred to a new tube. Next, we added 500 µL of 198 

isopropanol and 250 µL of NaCl, inverted the sample gently to mix, and then incubated at 199 

-20ºC for ≥4 hours. Samples were then centrifuged at 15,000 RPM for 10 minutes to form 200 

a pellet, the supernatant was poured off, and washed twice with 150 µL 70% ethanol, 201 

gently pouring off ethanol to maintain the DNA precipitate as a pellet. The pellets were 202 
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then dried for 15 minutes at 45ºC in a vacuum centrifuge and resuspended in 200 µL TE 203 

buffer overnight at 4ºC in a refrigerator. 204 

 205 

After extraction, samples were screened for both bluegill and largemouth bass in separate 206 

assays. To screen for bluegill, we used primers previously developed 
35

 and for 207 

largemouth bass (M. salmoides) we developed species specific primers de novo from 208 

publicly available sequence data (Genbank; http://ncbi.nlm.nih.gov ).  To ensure 209 

specificity, we included a number of outgroups to screen against to ensure no false 210 

positive detections (See Data Availability section). From available data, eight candidate 211 

primer sets were designed using Primer Hunter 
36

.  These were then tested and validated 212 

in the lab using DNA extracted from tissue of all target and non-target species. Of the 213 

eight primer sets, one primer set (Forward: 5’- TTGACTCCTTCCCCCTTCCT -3’; 214 

Reverse: 5’- GCAAGGTGAAGAGAGAAGATGGTTA -3’ and Probe: 5′-FAM- 215 

CGACATCGCAACTGCCTTCTCTTCAGT-3′) was confirmed to amplify largemouth 216 

bass and none of the other species.  217 

 218 

We assayed DNA extractions for bluegill eDNA with qPCR TaqMan® primers and probe 219 

35
 in the following 20µl mixes: 10µl of TaqMan® Environmental Master Mix 2.0 (Life 220 

Technologies), 1.8µl of each primer (10µM stock concentration), 0.25µl of the TaqMan® 221 

MGB probe (10µM stock concentration), 4µl of extracted DNA, and 2.15µl of sterile 222 

water.  The cycling parameters were as follows: a single step at 50
o
Celsius for 2 minutes, 223 

a single step at 95
o
Celsius for 10 minutes, and 55 cycles at 95

o
Celsius for 15 seconds 224 

followed by 60
o
Celsius for 1 minute. All samples had six qPCR technical replicates and 225 
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the mean concentration was used for analysis. All qPCR assays, including generation of 226 

standard curves, were run on a Mastercycler EP RealPlex real-time PCR system 227 

(Eppendorf) and analyzed with the accompanying RealPlex 2.2 software. 228 

 229 

We also screened samples using a relatively new quantitative platform, digital droplet 230 

PCR (ddPCR).  The ddPCR system (QX200 Droplet Digital PCR system BioRad Inc.) 231 

does not require standard curves to estimate target DNA copy number (concentration).  232 

Using the same primers and hydrolysis probes from qPCR for each species, respectively, 233 

target and non-target DNA is randomly allocated into discrete droplets using microfluidic 234 

methods. Then each sample, containing 10,000 to 20,000 nanodroplets, are thermally 235 

cycled.  Reaction components and cycling parameters followed previous work 
37

.  After 236 

cycling, the nanodroplets were screened via fluorescence through the ddPCR instrument 237 

for presence of target DNA fragments.  Positive and negative droplets are counted to 238 

provide absolute quantification of target DNA. All samples had one technical replicate 239 

used for analysis following ddPCR protocols
31,37

.  240 

 241 

Data Analyses:  242 

Platform Comparison: We also analyzed all samples collected from the release solution 243 

to account for any influence of NaCl on eDNA concentrations. We conducted one way 244 

ANOVAs to test for differences in mean eDNA concentration between pre-release eDNA 245 

with no NaCl added, pre-release eDNA solution with NaCl, and post-release solution 246 

with NaCl for both species (bluegill and largemouth bass) on both platforms (qPCR and 247 

ddPCR).  We then plotted paired estimates of eDNA concentration using ddPCR and 248 
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qPCR against each other with a one to one line for visualization, and conducted a paired 249 

t-test to evaluate performance of estimated eDNA concentration.   250 

 251 

Substrate effects: From the ensuing measured eDNA concentrations, we calculated 252 

eDNA uptake length which represents the average distance a particle will travel before 253 

being physically or biologically retained along a steam reach. We assumed an 254 

exponential decrease in concentration with distance, which is equivalent to a first order 255 

uptake process (i.e., dN/dx ~-N). As such, we fit the eDNA concentration data to the 256 

following relationship: ln Nx = ln N0 – ax, where N0 and Nx are eDNA concentrations at 257 

the addition site (0 m) and x m downstream from the addition site; a is the per meter 258 

uptake rate 
38

 and the uptake length Sw (m) equals a
-1

. We corrected eDNA concentrations 259 

for dilution using downstream changes in concentrations from the concurrent 260 

conservative tracer additions, but we note these were minimal in our short stream 261 

reaches. From the estimated Sw, we also calculated an uptake velocity as Vf (m min
-1

) = 262 

(Q/w)/Sw, where Q is stream discharge (in m
3
 min

-1
) and w is wetted channel width (in 263 

m)(Stream Solute Workshop 1990), representing the apparent velocity at which a solute 264 

or particle moves through the water column towards the bottom substrate, and allows for 265 

a direct comparison of the uptake metrics across stream reaches where discharges and 266 

widths may subtly vary. Discharge was estimated based on a mass balance of Cl
-
 in 267 

stream water, and width was measured at 20 transects along the study reach. We note that 268 

we found high variability in samples from the top station along the reach (at 10 m) which 269 

indicated incomplete solute mixing at this station, and is typical of short reach lengths 
32

, 270 

therefore we only used data from the 20, 30, 40, and 48.5 m stations in our analyses. To 271 
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compare stream reach retention metrics across the different substrate types, we performed 272 

an ANCOVA, comparing the slopes of the decline in eDNA along each stream reach. 273 

 274 

To examine trend in the falling limb of eDNA concentrations collected in time-series at 275 

the 48.5 m station, we applied a family of integrated autoregressive moving average 276 

models (ARIMA) of varying orders of complexity (Table 1), which followed generally 277 

accepted guidance 
39

. ARIMA modeling is a general statistical approach for analyzing 278 

data to account for serial correlation between successive observations, and for purpose of 279 

our application, identifying trends, such as lowered eDNA concentrations through time.  280 

All models were fit using maximum likelihood estimation, and Akaike’s Information 281 

Criterion corrected for small sample size (AICc) was used for model selection and 282 

Akaike weights are computed for interpretation of results 
40

. All evaluations were 283 

conducted in Mathematica 10.4 
41

. The choice of using a stochastic framework was 284 

motivated by inspection of the data, discussed in further detail below. 285 

 286 

Results 287 

Platform Comparison  288 

There was no evidence of eDNA degradation in the release solution with and without 289 

NaCl added and after the release had concluded (F-tests (2,12), p-value >0.05) both for 290 

bluegill or largemouth bass. In addition, comparison of eDNA concentrations estimated 291 

using ddPCR and qPCR were consistent with each other. As expected in the 4:1 mixed 292 

release solution, there was a significant difference in eDNA concentration for bluegill 293 

and largemouth bass (Figure 1, paired t-test, n=15, p-value <0.05), although again, 294 
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ddPCR and qPCR platforms gave similar results. As expected bluegill eDNA 295 

concentration was approximately 4 times greater than largemouth bass eDNA 296 

concentrations, and there was no indication that the addition of NaCl influenced the 297 

extraction of DNA.  298 

 299 

We collected a total of 63 samples where we could compare ddPCR and qPCR estimates 300 

of bluegill eDNA concentration, including 15 samples from of the release solution.  301 

Pooling all data, we found a positive correlation of 0.93 (p-value<0.05), suggesting that 302 

qPCR and ddPCR provided similar and comparable estimates of eDNA concentration 303 

(Figure 2A).  However, when we partitioned the data into release solution (n=15) and 304 

stream water samples (n=48), we found a notably different trend. Using only release 305 

solution samples, there was no longer a significant positive relationship (p-value=0.26), 306 

which was leveraged by a single outlier (Figure 2B).  In contrast, stream water samples 307 

with low-concentration eDNA remained significantly correlated (p-value<0.05), but there 308 

was a bias away from the 1:1 line (Figure 2C), indicating that qPCR estimated lower 309 

concentrations than ddPCR, a trend that has also been found in lentic eDNA studies 310 

27,28,31
. Finally, in the low-concentration stream water samples, the qPCR platform 311 

suggested there was no eDNA present in 12.5% of the samples (n=6) when ddPCR 312 

contained measurable amounts of eDNA. In contrast, ddPCR had only one instance of no 313 

detection (i.e., 0.02% of samples) when qPCR had measureable amounts of eDNA. 314 

Because of this increased sensitivity to detection, all results hereafter are presented using 315 

ddPCR estimates of eDNA concentration. 316 

 317 
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All background water samples taken before each release started contained no eDNA from 318 

either target species (n=10).  Largemouth bass dDNA was detected after 20 min of 319 

release time (Figure 3A), while bluegill dDNA was detectable 48.5 m downstream of the 320 

input 5 min after the release began (Figure 3B).  While the peristaltic pump was running, 321 

we almost always detected bluegill eDNA in water samples, except once at 40 min, and 322 

after the release was stopped, bluegill eDNA remained detectable up to 240 min 323 

afterwards in water samples.  In contrast, we found that largemouth bass eDNA was more 324 

stochastic, with only 8 positive detections across the sampling duration with the last 325 

positive detection at 55 min after we turned off the pump.  326 

 327 

Substrate Effects 328 

 In second experiment, we did not detect bluegill eDNA in any of the background water 329 

samples prior to the start of the release (n=20). We did detect differences in the bluegill 330 

eDNA release solution used at each stream reach (ANOVA, F test(3,6), p-value<0.05).  331 

The mean eDNA concentration (molecules/µL ± SE) in the release solution for PG = 332 

1335.5 (±384.5), followed by ALT= 297(±69.0), MIX = 230(±18.9), and COB = 333 

139.5(±30.5), even though the order of experimental release was ALT, MIX, PG, and 334 

COB, suggesting a pattern not solely due to physical degradation, but rather 335 

heterogeneity and non-uniform distribution of eDNA particles, which is consistent with 336 

previous work 
9
. 337 

 338 

We were able to quantify declines in the concentration of eDNA passing by each 339 

downstream sampling station (Figure 4), allowing us to calculate Sw and Vf of eDNA in 340 
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the three stream reaches with statistically significant downstream declines. The data from 341 

the 40 m station in the ALT stream reach were determined to be statistical outliers and 342 

were removed from regression analysis. The Sw for PG = 21m (R
2
 = 0.45, p = 0.06, 343 

Figure 4A), with a Vf  for PG = 0.128 mm/min. The Sw for MIX was somewhat longer 344 

(MIX = 27 m, R
2
 = 0.54, p = 0.02, Figure 4B), with a slightly lower Vf = 0.105 mm/min. 345 

We found the longest Sw in ALT = 86 m (R
2
 = 0.46, p = 0.096, Figure 4C), with a Vf of 346 

0.029 mm/min. We observed no significant decline in eDNA along the experimental 347 

reach in COB (Figure 4D), which was consistent with previous releases using 348 

experimental particles (labelled pollen, Shogren et al. unpublished data). Finally, there 349 

was no statistical difference in Sw between stream reach substrates (F-test (3,33)=1.074, 350 

p=0.37). 351 

 352 

We examined the pattern in eDNA detection at the most downstream sampling station (at 353 

48.5 m) to examine resuspension and persistence in eDNA within stream reach after each 354 

release had ended (Figure 5). There was no consistent ARIMA model across substrates 355 

(Table 1).  For COB and PG, a simple exponential smoothing with trend model 356 

(ARIMA[0,1,1]) was identified as the most parsimonious.  In contrast, a differenced first 357 

order auto-regressive model with lagged forecasting error, ARIMA[1,1,1] was selected 358 

for ALT substrate and a random walk model, ARIMA[0,1,0], was selected for MIX 359 

substrate. In all but the MIX substrate, the random walk model is the least plausible 360 

explanation for observed data as indicated by Akaike weights of 0.04, 0.032, and 0.004 361 

for COB, ALT, and PG substrates, repetitively. The most parsimoniously selected models 362 
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for COB, MIX, and PG are absent autoregressive terms indicating an apparent 363 

independence in eDNA concentrations through the time series.  364 

 365 

Discussion 366 

 367 

The use of environmental DNA for detection of vertebrates holds significant promise for 368 

aquatic conservation biology
42,43

.  Applications of eDNA surveillance of vertebrates in 369 

streams and rivers have had limited inference other than to acknowledge that an eDNA 370 

detection represents the likely presence of a species upstream from the uppermost 371 

positive detection 
2,3

.  In addition, eDNA-based tracking of species presence and absence 372 

in flowing waters will be influenced not only by the abundance and distribution of 373 

species, but also by the downstream transport of tissues, cells, organelles that represent 374 

the eDNA signal 
10,15

 as well as the concomitant retention and degradation of that eDNA 375 

material 
20,21

. Examining the patterns, processes, and controlling variables that influence 376 

eDNA transport will improve inferences about the presence of many imperiled and 377 

invasive species in lotic environments 
30

. 378 

 379 

Previous research has shown that species abundance and/or biomass is correlated with the 380 

amount of eDNA recovered in a sample 
28,35,44

, with rare species being more difficult to 381 

detect even with the increased sensitivity of the employed eDNA approach 
2
. In streams 382 

and rivers, detection is further complicated by continuous dilution of the eDNA signal 383 

with simultaneous displacement downstream 
15

. In these experiments, we released low 384 

concentrations of bluegill and largemouth bass eDNA (Figure 1) and found that even 385 
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with the more sensitive ddPCR assay 
31,37

, the eDNA signal could become intermittent or 386 

even undetectable at relatively short distances downstream (~50 m, Figure 3). These 387 

results are in contrast to consistent detection of invertebrate eDNA derived from large 388 

populations located up to 10km upstream in a larger river systems 
15

. While the ddPCR 389 

assay has been used previously in standing waters (i.e., lentic systems; 
28,31

, this study 390 

represents its first verification in lotic systems. Nevertheless, the same conclusion holds 391 

that at very low eDNA concentrations, which are likely common in natural systems (e.g. 392 

10
) and can be presumably attributable to rare species and/or dilution, there is an 393 

advantage to using ddPCR as demonstrated by measurable eDNA amounts where qPCR 394 

failed to detect (Figure 2).  395 

 396 

We successfully used a short-term addition approach, commonly used in stream solute 397 

studies 
32

, to quantify eDNA transport, and we quantified significant eDNA retention in 398 

small streams (Figure 4). These results fill a critical knowledge gap of how eDNA 399 

removal occurs along a stream reach. Possible mechanisms responsible for the pattern of 400 

eDNA removal from the water column in these small streams include particle settling and 401 

“trapping” in substrate interstices, “sticking” to stream biofilms colonizing substrate 402 

surfaces, and potential degradation of eDNA molecules by biofilm constituents such as 403 

heterotrophic microbes that would use these eDNA particles as a carbon source. We 404 

designed the short-term addition experiments to deliver low concentrations of eDNA into 405 

each stream reach, and the result was little statistical differentiation between the uptake 406 

lengths and velocities measured across the four stream reaches. Because we did not see 407 

differentiation in retention among stream reaches, we suspect that in these small, shallow 408 
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systems, the combination of high substrate interaction with the water column and 409 

significant biofilm development resulted in effective retention in all but the largest (i.e., 410 

COB) substrate type when measured over short reach lengths (<50 m). Additionally, finer 411 

substrates (i.e., PG) tended to be more effective at eDNA retention than coarser substrate 412 

(i.e., COB). Future studies, likely needing large concentrations of eDNA release solution, 413 

may reveal the properties of eDNA retention in larger streams and rivers. 414 

 415 

A key conclusion from this work is that eDNA is not transported conservatively in 416 

flowing waters, but rather is retained via interaction with benthic (i.e., bottom) substrates 417 

and surface/subsurface interactions as water moves downstream. In a previous study 
45

, 418 

we measured the movement of rhodamineWT dye in these same streams.  If eDNA 419 

behaved consistently as a conservative tracer, it is expected that the falling limb would 420 

begin to decay as a power law in time, reflecting retention and subsequent release from 421 

the substrate, with concentration decaying consistently up to some cutoff time after which 422 

all eDNA would be flushed from the system. The cut off times estimated for rhodamine 423 

in these stream reaches are 600 sec in COB, 1141 sec in MIX, 1406 sec in ALT, and 424 

2444 sec in PG, meaning that after this time no solute remains upstream 
45

. We note that 425 

all of these times are less than the time over which we measured the falling limb of the 426 

eDNA releases after termination. In fact, we measured durations of up to 100 min (i.e., 427 

6000 sec) which is more than twice the slowest time scale for conservative tracer 428 

transport in the slowest stream reach (PG) and 10 times longer than the quickest 429 

conservative transport (COB). Furthermore, we neither observed a monotonically 430 

decreasing concentration of eDNA over time nor a measurable cutoff point, as was found 431 
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with the dye tracer. Rather, the signal looks more stochastic in nature (Figure 5) with 432 

abrupt increases or decreases in eDNA concentration and no immediately discernible 433 

correlation in each time series. These results suggest that eDNA is not consistently being 434 

released from the substrate at some deterministic rate as might be found with a 435 

conservative tracer, but rather at some stochastic time varying rate. In addition, this may 436 

be consistent with the suggestion of intermittency governing transport, where turbulent 437 

events of sufficient energy occur intermittently to re-suspend eDNA back into the water 438 

column for further transport downstream. Intermittency is ubiquitous in turbulent and 439 

porous media flows (e.g., 
46

 and is known to cause intermittency in particle transport in 440 

streams 
47,48

; we suggest here that this hypothesis is deserving of further study.  441 

 442 

Given the stochastic nature of the time series data (Figure 5), a deterministic transport 443 

model, like that one applied by 
45

 to study conservative transport, is likely inappropriate 444 

for predictive eDNA transport, and here we applied four statistical models as a first 445 

attempt to interpret this more stochastic data. The simplest of the stochastic models 446 

considered, a pure random walk, which assumes that every change in concentration from 447 

one time period to the next is independent and identically distributed was soundly 448 

rejected in the three substrates (COB, ALT, and PG), but considered the most 449 

parsimonious for the mixed substrate.  In contrast, the most parsimonious model for 450 

alternating substrate was a differenced first order auto- regressive model with lagged 451 

forecasting error (ARIMA[1,1,1]), which represents the most complex model we 452 

considered.  The absence of a consensus model to explain the trend and variability in 453 

eDNA concentrations through time and across substrates is indicative of a more complex 454 
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dynamics underlying the resuspension and persistence of eDNA. The ARIMA models 455 

selected for COB, ALT, and PG suggests there is some indication of correlation effects 456 

(i.e., the next jump in concentration can depend on the current state of the system as well 457 

as the magnitude of the previous jump) 
46

. Therefore we consider models that can capture 458 

such features, such as the ARIMA models used here, as a starting point for further 459 

refinement to untangle the complexities of environmental influences on variably sized 460 

eDNA particles.   461 

 462 

The nature of eDNA transport is complex and complicated, having both some level of 463 

apparently unpredictable behavior in the amount of eDNA recovered temporally 464 

downstream of the release and unexplained variability in retention across various 465 

substrates.  While the approach we have taken here is a step further towards realistic field 466 

conditions compared to more controlled mesocosm studies 
20

, it also represents a level of 467 

experimental control greater than most real-world field conditions
2
 and further highlights 468 

the potential difficulty in inferring species presence from positive and negative eDNA 469 

detection under field conditions 
29

.  However, untangling the mechanisms that give rise to 470 

differential eDNA retention and transport, along with hydrological modeling of flow and 471 

ecology of eDNA 
49

 will allow for improved conservation and management of species 472 

5,14
. 473 

 474 
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 662 

Figure captions: 663 

 664 

Figure 1: Concentrations of bass and bluegill eDNA (molecules/microliter) 15 samples 665 

collected from the release solution.  Paired t-test resulted in statistically significant 666 

differences between the two concentrations (p<0.01). 667 

 668 

Figure 2: Correlation plots between ddPCR estimates and qPCR estimates of bluegill 669 

eDNA of all observations (A), release solutions with high concentrations of eDNA (B), 670 

and observed concentrations of eDNA from experimental stream collections (C).  The 1:1 671 

line indicates concurrent estimates of concentrations between ddPCR and qPCR.   672 

 673 

Figure 3: Time series for the rising (black) and falling (red) limb of the experiment of 674 

bass (A) and bluegill (B) eDNA. eDNA for the bass was much lower in the release 675 

solution and does not appear in most of the samples collected from the rising and falling 676 

limbs of the experiment. All results are from the ddPCR platform. 677 

 678 

Figure 4: Natural log of eDNA by distance for four stream reaches, A) Pea Gravel B) 679 

50/50 Mix C) Alternating and D) Cobble. The solid line within each panel is a regression 680 

fit to the data (N = 12 in panels A, B, and D; N = 9 in panel C) representing estimated 681 

uptake rate. Solid points represent the mean natural log transformed eDNA concentration 682 

(N=3) for each station corrected for dilution, and SEM bars shown. Data from the 10m 683 

stations was not used due to high variability and low mixing. 684 

 685 

Figure 5: Time series of falling limb eDNA concentrations across cobble (A), pea-gravel 686 

(B), alternating (C), and mixed (D) substrates.  eDNA persisted in the stream reaches 687 

longer than observed time for all four substrates.  688 

 689 

 690 

  691 
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Figure 1 692 
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Figure 2 696 
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Figure 3698 
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Figure 5 703 
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Table 1: Stochastic models of falling limb eDNA conctrations (∆AICc = 0 denotes best model).   

 

Model Description 

Substrate Type 

Cobble Alternating Mix Pea 

∆AICc wi ∆AICc wi ∆AICc wi ∆AICc wi 

ARIMA 

[0,1,1] 

Simple exponential 

smoothing with 

trend 

0
 

0.53 0.37 0.37 2.13 0.20 0
 

0.45 

ARIMA 

[1,1,1] 

Differenced first 

order auto- 

regressive model 

with lagged 

forecasting error 

1.78 0.22 0
 

0.45 4.97 0.05 0.97 0.28 

ARIMA 

[1,1,0] 

Differenced first 

order auto-

regressive model 

1.9 0.21 2.3 0.14 2.42 0.17 1.07 0.27 
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ARIMA 

[0,1,0] 

Random walk 

5.14 0.04 5.32 0.032 0 0.58 9.59 0.004 
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