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Abstract

Environmental DNA (eDNA) detection has emerged as a powerful tool for monitoring aquatic organisms, but much
remains unknown about the dynamics of aquatic eDNA over a range of environmental conditions. DNA concentra-
tions in streams and rivers will depend not only on the equilibrium between DNA entering the water and DNA leav-
ing the system through degradation, but also on downstream transport. To improve understanding of the dynamics
of eDNA concentration in lotic systems, we introduced caged trout into two fishless headwater streams and took
eDNA samples at evenly spaced downstream intervals. This was repeated 18 times from mid-summer through
autumn, over flows ranging from approximately 1-96 L/s. We used quantitative PCR to relate DNA copy number to
distance from source. We found that regardless of flow, there were detectable levels of DNA at 239.5 m. The main
effect of flow on eDNA counts was in opposite directions in the two streams. At the lowest flows, eDNA counts were
highest close to the source and quickly trailed off over distance. At the highest flows, DNA counts were relatively
low both near and far from the source. Biomass was positively related to eDNA copy number in both streams. A com-
bination of cell settling, turbulence and dilution effects is probably responsible for our observations. Additionally,
during high leaf deposition periods, the presence of inhibitors resulted in no amplification for high copy number
samples in the absence of an inhibition-releasing strategy, demonstrating the necessity to carefully consider inhibi-
tion in eDNA analysis.
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Introduction

Detection of aquatic species using environmental DNA
(eDNA) techniques has the potential to revolutionize
surveys of aquatic systems. Such techniques use DNA
that has become separated from source organisms and
suspended in the water column to detect organisms that
reside in a water body (Jerde ef al. 2011). Initial investiga-
tions suggest that eDNA techniques have greater sensi-
tivity to detect rare species in lentic systems than most
monitoring methods (Ficetola et al. 2008). In several stud-
ies, eDNA approaches detected species that were not col-
lected using traditional surveys and intensive follow-up
surveys often confirmed the eDNA results (Jerde et al.
2011; Dejean et al. 2012; Pilliod et al. 2013). As a result,
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there has been a recent spike in the number of studies
that evaluate the use and limitations of eDNA.

To date, aquatic eDNA techniques have been used to
detect a wide variety of species, including mammals
such as cetaceans and mustelids (Foote et al. 2012; Thom-
sen et al. 2012a), amphibians (Ficetola et al. 2008; Gold-
berg et al. 2011; Thomsen et al. 2012a), reptiles (Piaggio
et al. 2014), insects (Thomsen et al. 2012a) and fish (Jerde
et al. 2011; Thomsen et al. 2012a,b; Takahara et al. 2013).
Thomsen et al. (2012a) used high-throughput sequencing
to detect the aquatic biota in ponds, as well as terrestrial
species living in close proximity to the water. Using
qPCR, detection rates in ponds with known species
occurrence ranged from 82% for insect species to 100%
for fish species (Thomsen et al. 2012a).

The high sensitivity of eDNA techniques for detecting
species in standing waters is becoming increasingly
clear, but studies in moving waters have had varied
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results. Although detection success of weather loach
(Misgurnus fossilis) in ponds with confirmed presence
was 100%, detection rates were only 54% in a continuous
225-km” running water system known to contain this
species (Thomsen et al. 2012a). These authors attributed
the lower detection rate to lower fish densities and
reduced exposure time between a given quantity of
water and an individual organism. Other studies have
successfully detected amphibian species in lotic systems
even at low densities, although detection probabilities
appeared to vary seasonally (Goldberg et al. 2011).
Pilliod et al. (2013) reported higher detection rates for
Idaho giant salamanders (Dicamptodon aterrimus) using
eDNA over standard kick net sampling. In a companion
study, however, Pilliod et al. (2014) detected DNA in
samples taken 5 m downstream from caged salaman-
ders, but not 50 m downstream.

Reliability of eDNA techniques in lotic systems has
important management implications (Darling & Mahon
2011). The management of imperilled species, as well as
control of invasive species at incipient stages of an inva-
sion or after attempts at eradication, require methods that
detect species when individuals are rare (Ando et al.
1998; Gu & Swihart 2004; Lodge et al. 2006). Use of eDNA
for species detection in streams therefore requires an
understanding of the dynamics of DNA in moving water.
To avoid errors about species presence, it is necessary to
know when a lack of detection is indicative of the absence
of the target species, as opposed to the behaviour of
eDNA under variable environmental conditions. For
example, dilution of DNA by high flows, increasing dis-
tance from the DNA source or the presence of PCR inhibi-
tors could reduce detectability. Many factors could alter
eDNA dynamics in unexpected ways as physical, chemi-
cal and biological processes in a stream change through
time. Understanding these dynamics will help managers
draw more informed conclusions from eDNA data. In
addition, several studies have noted a positive relation-
ship between organism density and eDNA copy number
(Takahara et al. 2012; Thomsen et al. 2012a; Pilliod et al.
2013), opening the possibility that these techniques may
eventually be used to infer abundance. An understanding
of the effects of the above environmental factors on eDNA
copy number is a necessary step towards applying these
techniques for abundance estimation.

In this study, we investigated the dynamics of eDNA
in small streams. Our primary objective was to assess the
influence and interaction of three factors: distance from a
DNA source, stream discharge and fish biomass in two
separate sites. Our secondary objective was to assess var-
iation in PCR inhibition during temporally repeated
sampling. To address these objectives, we designed an
experiment where we introduced caged brook trout
(Salvelinus fontinalis) into two otherwise fishless, high-
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gradient, headwater streams and then collected water
samples at evenly spaced intervals downstream from the
captive fish. We conducted nine sampling sessions in
each stream from midsummer to late fall. We analysed
the extracted DNA samples using quantitative PCR
(qPCR) and related the amount of target DNA to dis-
tance from the caged fish for each day of sampling. We
used brook trout because they are of high conservation
concern in north-eastern North America (Hudy et al.
2008). Furthermore, they have been introduced world-
wide and are the focus of eradication and control efforts
elsewhere (Dunham et al. 2002; Rieman et al. 2006).

Materials and methods

Study sites

We conducted field tests in single reaches of two high-
gradient, first-order streams. Streams were selected
based on electrofishing and initial eDNA surveys that
failed to detect the presence of any fish. Both reaches are
upstream of natural waterfalls that preclude upstream
movement of fish, and both systems have brook trout
below these waterfalls. One reach (42°27'N, 72°41'W)
was on a tributary of the Avery Brook system in Con-
way, Massachusetts and the other (42°23'N, 72°25'W)
was on a tributary of the Amethyst Brook system in Pel-
ham, Massachusetts. Map-based stream gradients were
50 m/km for Amethyst and 74 m/km for Avery. Both
streams consist of riffles interspersed with occasional
pools flowing over cobble to pebble streambeds. Mixed
hardwood forest with a dense canopy surrounds both
systems. Though discharges overlapped for the two
streams, Amethyst tended to rise dramatically following
precipitation, resulting in a much greater range of flows.
The mean flow in Amethyst was higher than the highest
flow in Avery. Therefore, for purposes of clarity, we
hereafter refer to Avery as Small (SM) and Amethyst as
Large (LG) (Figure S1, Supporting information).

At each site, a small pool was selected as a location to
place a cage. The cage consisted of an aluminium frame
0.90 m long, 0.55 m wide and 0.48 m high with plastic
mesh attached to the frame. Sampling sites were set up
at intervals downstream from the cage by driving a sec-
tion of steel rebar into the streambed. This ensured that
samples were taken from the same locations over the
course of the study. However, the character of these sites
was subject to change with variation in flow. Because
sites were evenly spaced, some sites were located in pool
habitat, while others were located in riffles. The rebar
markers were positioned so that they were as near to the
centre of the stream as possible without having to wade
into the stream to access them. The first site was 27.5 m
downstream from the cage, with the remaining sites at
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26.5-m intervals downstream. This yielded a total of nine
sites from 27.5 to 239.5 m downstream from the cage.
We selected these distances after a pilot study suggested
that eDNA copy numbers were negligible at approxi-
mately 240 m in one of these sites (SM). In SM, several
small groundwater seeps entered from the side between
sampling sites two and five. There were no visible inputs
to the flow in LG.

Stream flow measurements

In LG, discharge was measured with a flowmeter using
the midsection method (Gore 2006) while conducting
eDNA sampling (see below). During low flows (<2.5 L/
s), discharge was also measured with a weir and the vol-
umetric method (Gore 2006). We placed a container of
known volume below a notch in the weir and measured
the time required to fill the container. Measurements
were taken approximately 10 m downstream of the final
sampling site about 30 min prior to the start of sample
collection.

In SM, a series of flow measurements were also taken
using these methods, but on separate dates from eDNA
sampling. These flows were related to those at a gauging
station located on a nearby river (USGS 01171500 Mill
River at Northampton, MA). We ran a linear regression
on these data using the gauging station flows as the inde-
pendent variable and the measured SM flows as the
dependent variable. We used the resulting equation
(N = 22; ¥ = 0.93) to infer SM flows at the time samples
were collected.

In LG, flows ranged from 1.07 to 96.00 L/s, with a
mean flow of 27.70 L/s. In SM, flows ranged from 1.36 to
9.52 L/s, with a mean flow of 5.48 L/s (Table 1). Mean
wetted width in SM at ten sample sites (see below) was
1.19 m at a flow of 3.22 L/s. Mean wetted width in LG at
ten sample sites was 3.35 m at a flow of 31.38 L/s.

Field sampling

We collected eDNA samples by passing 6 L of stream
water through a 1.5-micron glass fibre filter (GE Health-
care, Pittsburgh, PA) using a peristaltic pump (Geotech
Environmental Equipment, Inc., Denver, CO). All equip-
ment that contacted water or the filter, such as tubing, fil-
ter holders, and forceps, was sterilized with a 10-min
exposure to 10% bleach prior to sampling and trans-
ported to the study site in a sterilized cooler. After water
was filtered, we used sterile forceps to place filters into
15-mL conical tubes and immediately stored them on
dry ice until arrival at the laboratory, where they were
transferred to a —20 °C freezer until processing. In some
cases, filters became clogged prior to filtering 6 L. When
this happened, we placed the clogged filter into a 15-mL

Table 1 eDNA sampling session information with session num-
ber, stream, date of sampling, total biomass of caged fish and
stream flow

Session ~ Stream  Date Biomass (g)  Flow (L/s)
SM-1 SM 7/11/2012 90.1 1.36
SM-2 SM 8/14/2012 95.4 222
SM-3 SM 9/22/2012 68.2 437
SM-4 SM 10/3/2012 98.8 6.66
SM-5 SM 10/17/2012  108.7 5.80
SM-6 SM 10/27/2012 76.0 7.23
SM-7 SM 11/3/2012 74.7 9.52
SM-8 SM 11/10/2012 93.1 6.23
SM-9 SM 11/17/2012 73.9 5.94
LG-1 LG 8/23/2012 115.6 1.07
LG-2 LG 8/29/2012 104.3 1.15
LG-3 LG 9/15/2012 95.4 229
LG4 LG 9/29/2012 125.3 71.80
LG-5 LG 10/6/2012 119.0 12.00
LG-6 LG 10/13/2012  168.1 5.65
LG-7 LG 10/20/2012  141.6 96.00
LG-8 LG 11/7/2012 110.4 15.10
LG9 LG 12/1/2012 114.7 9.72

conical tube and used a fresh filter to filter the remaining
volume of water. We then placed this filter into a sepa-
rate 15-mL conical tube.

Each sampling session took 2 days. On day 1, we took
two samples, 1 m and about 170 m below the cage site,
to use as stream negative controls. After taking these
samples, we placed five brook trout into the cage. Trout
were collected from nearby streams by electrofishing and
the weight and length of each fish was recorded. Individ-
ual fish size ranged between 8.4 g and 38.7 g. Total bio-
mass per session ranged from 68.2 g to 168.1 g (Table 1).

Sampling during the second day of each session
began 24 h after the fish were placed into the cage.
We began sampling at the downstream-most site and
worked upstream, using a new filter holder for every
sample. We took samples using the peristaltic pump by
fastening the free end of the tubing to the rebar sample
marker with a steel clip. After completing each session,
we removed the fish from the cage and returned them to
their source stream after clipping the anal fin to ensure
that each fish was used only once.

Sample sessions were conducted from 11 July 2012 to
1 December 2012 (Table 1). A minimum of 5 days
elapsed between sampling sessions to permit flushing of
DNA from the study reaches. We conducted 10 sessions
at each stream but had to discard one session from each.
We excluded one SM session during a low-water period
because flow became intermittent between the cage and
downstream sites. We excluded one LG session because
of observed DNA amplification in a stream negative
control.
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DNA extraction and gPCR

DNA extraction and PCR set up were done in a room set
aside for this purpose and kept separate from all PCR
machines and post-PCR products. We performed extrac-
tions using a commercially available kit (Powerwater,
MoBio Laboratories, Inc., Carlsbad, CA) designed specif-
ically for processing water-derived DNA samples. This
kit uses a silica column to capture DNA, while contami-
nants are washed through the column. All DNA was
eluted from the column using 100 uL of sterile TE pH 8.0
(Integrated DNA Technologies, Coralville, TA) and
placed at —70 °C until PCR processing. For samples that
required two filters (i.e. one became clogged), the two fil-
ters were processed separately until loading upon the
column, at which point they were loaded onto the same
column and processed as one sample for the remainder
of the protocol.

We designed a TagMan© MGB probe targeting a
region of the mitochondrial cytochrome b region. We
used information available through GenBank to maxi-
mize probe base-pair mismatches between brook trout
and closely related species (Wilcox et al. 2013). This
probe was used as the basis for a custom assay obtained
from Life Technologies (Carlsbad, CA). We used the
BRK1 assay described in Wilcox et al. (2013). Primer
sequences were F-5 CCATGAGGGCAAATATCC
TTCTGA and R-5 TCATTGTACAAGGGCACCTCCTA,
and the FAM-labelled probe sequence was 5 CTCC
TCTCTGCTGTACCC. The assay primers spanned a
90-base-pair segment of cytochrome b.

Initial TagMan qPCRs were run on a Stratagene
MX3005P gqPCR System (Agilent Technologies, Santa
Clara, CA) using 5 uL of nanopure H,O, 10 uL of 2x
TagMan Genotyping Master Mix (Life Technologies)
(hereafter ‘Genotyping Master Mix’), 1 uL of 20x cus-
tom TagMan gene expression assay containing the
primers and the probe (Life Technologies) and 4 uL of
extracted DNA. Upon observing evidence for PCR
inhibitors, all PCRs were rerun using the same condi-
tions with the exception that 10 uL of 2x TaqMan
Environmental Master Mix 2.0 (hereafter ‘Environmen-
tal Master Mix’) was used in place of Genotyping Mas-
ter Mix. Thermal conditions for qPCR were 95 °C for
10 min followed by 45 cycles of 95 °C for 15s and
60 °C for 60 s.

We included a standard curve consisting of the tar-
get sequence in a linearized and purified plasmid vector
on each qPCR plate. The standard curve consisted of 5-
fold serial dilutions of the vector in sterile TE from
156,000 copies per reaction to 10 copies per reaction, for
a total of seven dilutions. We used a Qubit 2.0 Fluorom-
eter (Invitrogen — Life Technologies, Carlsbad, CA) to
measure the stock concentration of the vector prior to
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dilution. Immediately on preparation, dilutions were
aliquoted into tubes containing a volume sufficient for
one standard curve, kept at —70 °C until use and
thawed and used once. Each PCR plate included sam-
ples from one session (including the negative controls),
a standard curve and a triplicated no-template control
(NTC) to test for contamination. Each individual sample
was run in triplicate, and the mean value was used for
subsequent analysis. For all qPCR reactions, standard
curve R? values were >0.99 and PCR efficiencies ranged
between 90.4% and 101.1%.

Test of PCR inhibition

We used ‘Ct shift’ between samples with the same num-
ber of known target DNA copies as a measure of the rela-
tive degree of inhibition (Flekna et al. 2007; Volkmann
et al. 2007). Ct is defined as the number of cycles
required for enough amplified PCR product to accumu-
late that it crosses a threshold recognized by the qPCR
instrumentation. Ct is inversely related to starting quan-
tity of target DNA in a reaction and is used to calculate
this quantity (Heid et al. 1996). Presence of PCR inhibi-
tors will shift (delay) the Ct for a given quantity of
template DNA.

To test for inhibition in the DNA samples, we spiked
aliquots of 18 stream negative controls (one triplicate for
each session) with 250 copies of the standard curve
sequence. We ran each of these on one qPCR plate using
the inhibition-prone Genotyping Master Mix. We also
included a triplicate sample that contained 250 copies of
the standard curve sequence spiked into TE instead of
stream negative control. We compared the Ct of each
spiked stream negative control with the Ct for the spiked
TE sample to measure inhibition-induced Ct shift for
each session. To calculate inhibition-induced Ct shift, we
subtracted the Ct for the TE sample from the Ct for each
stream negative control. Because the maximum number
of cycles was 45, if a sample had no amplification, we
assigned it a Ct of 45 for this test.

After observing strong inhibition-induced Ct shifts
for the Genotyping Master Mix (see ‘“Temporal dynam-
ics of inhibition’” in Results), we tested for inhibition
with the Environmental Master Mix following the same
procedure. These tests were run individually on the
same plates as the corresponding sample session, result-
ing in an equal number of spiked TE samples and
spiked stream negative controls. For the Environmental
Master Mix samples, we conducted a t-test of the mean
Ct values obtained from the spiked stream negative
controls and the mean Ct values obtained from the
spiked TE samples for each session and we report
the mean difference between these values (inhibition-
induced Ct shift).
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Statistical analysis

We conducted separate analyses for each stream using
mixed models to account for correlation within the
repeated measurements of each session (Pinheiro &
Bates 2000; Zuur et al. 2009). To account for these cor-
relations, we grouped observations by session, treating
individual sampling sessions as subjects, and included
random effects for the within-subject intercept and
slope (by distance) (Pinheiro & Bates 2000; Zuur et al.
2009). We analysed streams separately because of the
limited overlap in flow between sites. We used the
glmmADMB package (Bolker et al. 2012; Fournier et al.
2012) in R ver 3.0.0 (R Core Team 2013). We used
DNA copy number rounded to the next highest integer
as the response. To model these count data, and to
account for overdispersion, we used a negative bino-
mial distribution (Zuur et al. 2009). We included dis-
tance, biomass and flow as model predictors. We
divided distance by 100 to give the effect per 100 m
and flow and biomass by 10 to give the effect per
10-unit increments. All three of these explanatory
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variables were z-score-standardized by subtracting the
mean and dividing by one standard deviation (Gelman
& Hill 2007). To select the final fixed effects structure
of the model, we examined models with 1-3 two-way
interactions or only the main effects. We then ranked
the eight resulting models by AIC (Tables S1 and S2,
Supporting information) and selected the model with
the lowest AIC (Johnson & Omland 2004). Following
model fitting, we plotted fitted values against Pearson
residuals to ensure no patterns were present (Zuur
et al. 2009).

Results

Flow, distance and biomass effects

All samples (N = 162) and nearly all individual triplicate
PCRs (469 of 487) across our 18 sessions had positive
detections of brook trout DNA when using the inhibi-
tion-resistant Environmental Master Mix (Fig. 1). All ses-
sions showed measureable amplification up to 239.5 m
from the cage, and there was considerable variation

SM-5 Fig. 1 Log;y (eDNA copy number + 1)
10/17 plotted against metres downstream of
5.80 caged fish for each session. Sessions in LG
are shown in the bottom two rows, while
sessions from SM are shown in the top
two rows. Sessions are arranged chrono-
logically within streams, starting from the
upper left. Date of session is in the upper
right corner of each panel and below this
is flow (L/s). Note the use of the logig
scale on the y-axis. The water collection
sites were located 27.5-239.5 m down-
stream from the cage.
LG-5
10/6
12.00
1 1 1
0 100 200
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among sessions in the eDNA signal as a function of dis-
tance (Figs 1 and 2). The mean count at 239.5 m was 88
DNA copies per PCR well (SD = 176).

For LG, the highest-ranked model included all main
effects as well as the distance*flow interaction (Table S1,
Supporting information). The main effects of distance,
flow and biomass were significant (Table 2). Distance
was negatively related to eDNA copy number (Table 2).
At intermediate values of all other main effects, biomass
had a larger effect than flow, but opposite in direction
(Table 2). The distance*flow two-way interaction was
also significant, indicating that these main effects are
dependent upon the levels of other main effects. For
example, near the cage, increasing flows resulted in
decreased eDNA copy numbers, but as distance
increased, increasing flows had little effect on eDNA
copy numbers. This supports the observation that as
flows increase, the effect of distance was reduced so that
sessions with higher flows have relatively similar eDNA
copy numbers at all distances (Figs 2 and 3a).
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For SM, the highest-ranked model included all main
effects as well as the distance*biomass interaction (Table
S2, Supporting information). The main effects of distance
and flow were significant (Table 3). Distance was
strongly negatively related to eDNA copy number
(Fig. 2; Table 3). In contrast to LG, the effect of flow was
positive in SM. The magnitude of this effect was approxi-
mately three times greater than the effect of biomass,
which was also positively related to eDNA copy number
(Table 3). The biomass*distance two-way interaction was
also significant, indicating that these main effects are
dependent upon the levels of other main effects.
For example, near the cage, increasing biomass resulted
in increased eDNA copy numbers, but as distance
increased, this effect diminished (Fig. 3b).

Temporal dynamics of inhibition

Results reported above reflect the use of an inhibi-
tion-reducing assay (Environmental Master Mix).
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Fig. 2 Log;o (eDNA copy number + 1) by distance for four levels of flow. Each broken line represents an individual session (N = 18)
where a session is 1 day of sampling resulting in nine evenly spaced sample locations downstream of caged brook trout. Each panel
may include sessions from both SM and LG, although the highest flows (>10 L/s) were only observed in LG. The dark line is a loess
smoother fit to the data within each panel. Panels are broken up into different flows as follows: a. very low flows (<4 L/s, N = 5 ses-
sions) b. low flows (4-7 L/s, N = 6 sessions) c. medium flows (710 L/s, N = 3 sessions) and d. high flows (>10 L/s, N = 4 sessions).
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Table 2 Parameter estimates for the fixed and random effects of
the AIC favoured model for LG. Distance was divided by 100 to
give the estimate per 100 m and represents the distance from
the cage. Flow was divided by 10 to give the estimate per 10-L
increase in flow. Biomass was divided by 10 to give the effect
per 10-g increments of biomass. These values were then z-score-
standardized. Due to the z-score standardization, main effects
are evaluated at the mean value of all other main effects

Random effects Variance SD
Intercept 0.287 0.536
Slope 0.065 0.254
Fixed

effects Estimate 95% Cllower 95% Clupper P-value

Intercept 3.671 3.291 4.052 <0.001
Distance  —0.442 —0.669 —-0.214 <0.001
Flow —0.558 —0.985 —0.130 0.011
Biomass 1.063 0.638 1.488 <0.001
Dist*flow 0.383 0.142 0.625 0.002

Inhibition-induced Ct shift strongly decreased for all ses-
sions with Environmental Master Mix (inhibition-reduc-
ing) compared with Genotyping Master Mix
(noninhibition-reducing; Fig. 4). Mean Ct values for the
spiked stream negative controls (M = 29.74, SD = 0.80)
were not significantly different than mean Ct values of
the spiked TE samples (M =29.89, SD = 0.78) when
using Environmental Master Mix (t(34) = 0.58, P = 0.57).
Mean Ct shift for the Environmental Master Mix runs

was negative (M = —0.15, SD = 0.26) and therefore was
negligible. Mean Ct shift was much greater for Genotyp-
ing Master Mix runs (M = 8.59, SD = 6.26). Some ses-
sions that were strongly inhibited with Genotyping
Master Mix had very high eDNA copy numbers when
examined with Environmental Master Mix (Fig. 5). Even
the least inhibited sample with Genotyping Master Mix
had increased eDNA quantities with Environmental
Master Mix (Fig. 5).

There was a strong seasonal component to inhibition.
Without the use of the inhibition-reducing assay, eDNA
became negligible to absent during autumn, coincident
with an increase in leaf litter (Fig. 4; Figure S2, Support-
ing information). SM had one sample and LG had five
samples with complete inhibition (Ct shift = 15.43). In
LG, there were two additional instances of complete
inhibition at other times (Figures S2 and S3, Supporting
information).

Discussion

The most compelling results from these experiments are
1) that we were able to detect DNA 100% of the time,
even at those locations that were furthest downstream,
and 2) that inhibition has the potential to completely
mask high eDNA copy numbers, a factor that has
received little attention in the animal eDNA literature,
but which can profoundly affect our understanding of
detectability. Indeed, we designed these experiments
based on preliminary sampling that was affected by
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Table 3 Parameter estimates for the fixed and random effects of
the AIC favoured model for SM. Distance was divided by 100 to
give the estimate per 100 m and represents the distance from
the cage. Flow was divided by 10 to give the estimate per 10-L
increase in flow. Biomass was divided by 10 to give the effect
per 10-g increments of biomass. These values were then z-score-
standardized. Due to the z-score standardization, main effects
are evaluated at the mean value of all other main effects

Random effects Variance SD
Intercept 0.211 0.460
Slope 0.030 0.174
95% CI 95% CI
Fixed effects Estimate lower upper P-value
Intercept 4.300 3.948 4.649 <0.001
Distance —1.025 —1.232 —0.818 <0.001
Flow 1.193 0.812 1.573 <0.001
Biomass 0.335 —0.046 0.717 0.085
Biomass*dist —0.512 —0.728 —0.295 <0.001
0 | + + o+ +

EJ\ + GE Mas Mix

- ‘

[

>

< o |

Z -—

() +

g

c

<}

O v +

E +

= +

< . b

OO'A a % 488 | ,an , ass a

A

20 40 60 80 100 120 140
Days from 7/1/12

Fig. 4 Ct shift between stream negative control DNA spiked
with 250 copies of the standard curve sequence and an equiva-
lent PCR reaction with TE in place of stream negative control.
GE Mas Mix refers to samples run using the initial, inhibition-
prone master mix. Env Mas Mix refers to samples run using the
inhibition releasing Environmental Master Mix. Grey bar repre-
sents the time period where leaf deposition was occurring,
determined by observation of fresh leaves (not yet turned
brown) present in the stream. Photographs taken during sam-
pling were used to delineate this period.

inhibition; it is clear that the downstream limits of detec-
tion occur further downstream than 239.5 m. Beyond
these findings, many of these results were unexpected.
We expected a decline with distance, and in several of
the lower-flow sessions, there were declines. However, at
the lowest flows, declines levelled out and copy numbers
at downstream locations were remarkably constant.
Additionally, at the highest flows in LG, eDNA copy
numbers were relatively consistent across samples
within a session, with patterns approaching flat lines.

© 2014 John Wiley & Sons Ltd

Further, flow appeared to have relatively little effect on
downstream eDNA copy numbers despite the potential
for dilution.

Though we observed an effect of flow, the direction of
this effect was opposite in the two streams. In LG, which
had a broader range of flows, flow had a negative effect
on eDNA copy number, whereas in SM flow was posi-
tively related to eDNA copy number. The general pattern
of eDNA counts across the two streams consists of a
large positive intercept with a steep negative slope at the
lowest flows. As flows increased, the slope increased
(became less negative), without a decrease in intercept.
As flows peaked, the slope approached zero and the
intercept declined. The two highest flows in SM
approached a flat line (Fig. 1), although DNA copy num-
bers (intercept) remained high. We predict that higher
flows in SM (outside the range of our observations)
would lead to a flattened slope and lower overall eDNA
copy numbers (reduced intercept), similar to patterns
observed in LG. Without observations at higher flows in
SM, this remains a conjecture. However, the combined
results from both streams suggest that a general interac-
tion occurs between flow and distance from source
(Fig. 2).

We suggest the primary mechanisms responsible for
these patterns involve cell settling and dilution. Use of a
1.5-micron filter probably sampled fine particulate
organic matter (FPOM) such as partial, whole and
clumped cells as the DNA source rather than molecular
or ‘free’ DNA (Kiffney et al. 2000). Settling and storage of
FPOM in the streambed might occur more quickly and
over shorter distances at lower flows, making the cells
unavailable for sample in the water column at greater
distances from the source (Minshall et al. 2000; Wipfli
et al. 2007). In SM, where all flows were under 10 L/s,
the positive relationship between eDNA copy number
and biomass was diminished at distances further from
the cage. Such settling of material at these low flows
could help to explain this observation. Studies indicate
that the majority of FPOM transport in streams does
occur during high flows (Bilby & Likens 1979; Kiffney
et al. 2000; Wipfli et al. 2007) and that transport of sus-
pended FPOM ceases once gravitational forces exceed
upward, turbulent forces (Webster et al. 1987). At the
same time, increased water volume at higher flows
would serve to dilute the high DNA counts observed
nearer the cage at low flows. The combination of these
processes, particularly the effects of turbulent forces and
dilution, may result in the observed flatter lines and low
intercepts at the highest flows in LG. Additionally, Cush-
ing et al. (1993) noted that FPOM might be resuspended
and exported after initial deposition in the streambed.
Potentially, this may occur more frequently under more
turbulent, higher flows (Fisher et al. 1983).
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Other potential explanations are worth considering.
One possible mechanism driving the observed patterns
is that more DNA is produced at higher flows, particu-
larly if fish are increasing contact with the cage. Though
we cannot rule out this possibility, increased DNA shed-
ding at higher flows seems unlikely. Under experimental
conditions, Asian carp (Hypophthalmichthys spp.) held in
higher flow tanks did not shed more than fish in slower
flow tanks (Katy Klymus, USGS Columbia Environmen-
tal Research Center, personal communication). Alterna-
tively, at low flows, PCR inhibition may increase with
distance from the eDNA source. However, the use of
Environmental Master Mix eliminated most, if not all,
inhibition from our samples. Another explanation for the
decline in eDNA copy numbers with distance from
source at low flows could be increased contributions of
groundwater or riparian seeps. At low flows, dilution
from groundwater seeps as DNA travels downstream
from the cage could create the pattern of rapid decline
with distance from cage. At higher flows, seeps would
have less effect on eDNA copy number because they
would be a minor proportion of the total water in the
stream. Under these conditions, the expected pattern
would then be lower maximum DNA counts and more
consistent counts across samples within a session, which
is consistent with the observed pattern. Further, we
observed seeps in SM, where this pattern was stronger,
but not in LG, although they could occur within the
stream channel. Finally, there could be a certain amount
of stream specificity of eDNA dynamics due to differ-
ences in shear stress, bed roughness and the area of tran-
sient storage zones available within the stream (Webster
et al. 1987; Eckman 1990; Cushing ef al. 1993; Minshall

Distance (m)

et al. 2000). Such characteristics could result in stream-
dependent variation in eDNA dynamics.

It is clear that eDNA detection represents a powerful
new tool for determining species presence in headwater
streams. However, the utility of eDNA for estimating
abundance or biomass in headwater streams remains
uncertain. We observed a positive relationship between
biomass and eDNA copy numbers in this study, which is
consistent with other studies (Takahara et al. 2012;
Thomsen et al. 2012a; Pilliod et al. 2013). However, the
observed interactions between distance and flow may be
confounding factors in attempts to infer abundance
based on eDNA sampling in moving water. These pat-
terns, combined with uncertainty surrounding distance
from source in field settings, will complicate biomass
estimation, at least at low flows. Manipulative experi-
ments that attempt to predict biomass from eDNA copy
numbers based upon distance from source and flow
would be a helpful next step to determine the feasibility
of using eDNA for these purposes in lotic systems.

Pilliod et al. (2014) noted that eDNA was undetectable
almost immediately upon removal of organisms (i.e. 1 h
after a target species was removed from a stream). Our
results were similar. In one case, we aborted a sample
after the cage became isolated from the downstream
sample sites because the stream became intermittent.
These remaining sites were completely cut off from the
cage (i.e. DNA source) at some point during the inter-
vening 24 h. We processed samples from the remaining
downstream sites (#2—#9) and found DNA in only two.
Both of these had only trace amounts of DNA (triplicate
mean of 1 copy or less), showing that most DNA was
flushed out of the study reach within 24 h of removal of
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the source. Studies have found that it takes eDNA sev-
eral days to degrade to undetectable levels (Dejean et al.
2011; Pilliod et al. 2014), so the bulk of this was likely
due to downstream transport or storage of DNA in the
stream bed.

Rarely will organisms be present in one localized
cluster within a stream, as was the case in our experi-
ment. Localized spatial clustering may occur at very
early stages of colonization or invasion, but organisms
are likely to be more evenly distributed in established
populations. We found that eDNA travels a long dis-
tance from the source, so it may be that in established
populations, eDNA concentrations are dictated by an
equilibrium between DNA originating from upstream
sources and DNA generated from localized sources.
Such a dynamic may mask the patterns we observed
with distance. Within the same stream, Pilliod et al.
(2013) found no relationship between eDNA concentra-
tions and the densities of Idaho giant salamanders
(Dicamptodon aterrimus) in the 50-m reach upstream.
They also found no significant difference in eDNA con-
centrations between samples separated by 450 m within
the same stream. This may be the result of equilibrium
processes or possibly flow was strong enough that
signals had flattened out.

Our results show that eDNA studies need to carefully
consider PCR inhibition to avoid detection errors.
Though all sessions had at least some inhibition, inhibi-
tion appeared to be more pronounced during autumn
when there were large quantities of leaf matter in the
streams. Plant matter is known to contain compounds
that inhibit PCR (Demeke & Adams 1992; John 1992;
Wilson 1997), so it is not surprising that leaf matter
might result in increased inhibition. Additionally, LG
had more samples with complete inhibition than SM,
and LG had the only samples outside of peak leaf fall
that had complete inhibition. The water in LG had a visi-
ble yellow to orange hue, while SM was nearly colour-
less. This suggests that LG may have a relatively higher
concentration of plant compounds that may help to
explain overall higher inhibition.

We found that inhibition could render undetectable
high eDNA Ievels in excess of 2,000 copies. Potentially,
dilution of extracted DNA is one method that can reduce
inhibition during the PCR process (Abu Al-Soud et al.
2000; Volkmann et al. 2004). However, dilution can also
result in a negative PCR result when copy numbers are
low yet detectable (Juen & Traugott 2006). PCR facilita-
tors such as BSA can reduce inhibition, but tend to target
specific classes of inhibitors (Strand et al. 2011). TagMan
Environmental Master Mix has been found to do a better
job of releasing inhibition over a wide range of environ-
mental conditions, removing close to 100% of inhibition
from water samples in some cases (Strand et al. 2011;
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Albers et al. 2013). This is consistent with the release of
inhibition in our samples observed using Environmental
Master Mix.

We conducted a test for inhibition by spiking samples
with known copy numbers of an external DNA
sequence. An alternative to this post hoc approach is to
include an internal positive control within each PCR
reaction (Hartman et al. 2005). The advantage of this
approach is that each individual PCR reaction can be
monitored independently for inhibition in one step. Dis-
advantages of this approach include the increased com-
plexity of assay design, which requires increased
optimization work (Courtney et al. 1999; Hoorfar et al.
2004). For multiplex reactions, it is also possible that
internal positive controls may inhibit the amplification of
the gene target as a result of resource competition (Volk-
mann et al. 2007). Most studies using eDNA to detect
aquatic animal species to date have not used internal
positive controls (but see Goldberg et al. 2011, 2013;
Pilliod et al. 2013, 2014).

Conclusion

Our results are consistent with other studies that indicate
eDNA detection is a powerful tool for assessing the pres-
ence of organisms in high-gradient streams (Pilliod et al.
2013). We successfully detected brook trout at relatively
low biomass (0.07 to 0.17 kg) in all samples and all dis-
tances, regardless of flow. This high rate of detection
occurred even after only 24 h following introduction of
caged fish into the streams. That we detected DNA at
239.5 m in all sessions suggests that DNA may travel
much further downstream, possibly on the order of kilo-
metres. The eDNA of lake-dwelling invertebrates has
been detected several kilometres downstream from the
source population in a lake outlet, supporting this con-
clusion (Deiner & Altermatt 2014). It remains to be seen
whether eDNA techniques will be reliable methods
for determining organism abundance in high-gradient
streams. We observed a positive relationship between
biomass and eDNA copy numbers. However, significant
interactions between distance, flow, and biomass, as well
as possible stream-specific effects, indicate that models
estimating abundance from eDNA concentrations will
need to account for these effects.

Acknowledgements

We thank Todd Dubreuil for constructing the cage used in this
study. Thanks to Keith Nislow and Jason Coombs at the USFS
Northern Research Station for providing logistical support.
Thanks to Kevin McGarigal, Jack Finn, Paul Sievert and Krzysz-
tof Sakrejda for help with statistical analysis. Thanks to all who
assisted with field work, including Matt Burak, Maili Page, Matt
Cembrola and Alina Arnheim. Thanks to Nicole Sanford at the



226 S.F. JANE ET AL.

Northampton, MA DPW, and Gabrielle Kurth at the Ambherst,
MA DPW, for allowing access to their properties. T.M.W. is sup-
ported by a NSF Graduate Research Fellowship (Grant #DGE-
1313190). This work was partially funded by the Rocky
Mountain Research Station, USDA Forest Service through Joint
Venture Agreement 11-JV-11221635-081. This work was also
partially supported by the National Institute of Food and
Agriculture, US Department of Agriculture, the Massachusetts
Agricultural Experiment Station and the Environmental Conser-
vation Department of the University of Massachusetts Amherst,
under project number MAS #14.

References

Abu Al-Soud W, Jonsson LJ, Radstrom P (2000) Identification and charac-
terization of immunoglobulin G in blood as a major inhibitor of diag-
nostic PCR. Journal of Clinical Microbiology, 38, 345-350.

Albers CN, Jensen A, Baelum J, Jacobsen CS (2013) Inhibition of DNA
polymerases used in q-PCR by structurally different soil-derived
humic substances. Geomicrobiology Journal, 30, 675-681.

Ando A, Camm J, Polasky S, Solow A (1998) Species distributions, land
values, and efficient conservation. Science, 279, 2126-2128.

Bilby RE, Likens GE (1979) Effect of hydrologic fluctuations on the trans-
port of fine particulate organic carbon in a small stream. Limnology and
Oceanography, 24, 69-75.

Bolker B, Skaug H, Magnusson A, Nielsen A (2012) Getting started with
the glmmADMB package. Available from: (http://glmmadmb.r-forge.
r-project.org/), (Accessed 12/10/2013).

Courtney BC, Smith MM, Henchal EA (1999) Development of internal
controls for probe-based nucleic acid diagnostic assays. Analytical Bio-
chemistry, 270, 249-256.

Cushing CE, Minshall GW, Newbold JD (1993) Transport dynamics of
fine particulate organic matter in two Idaho streams. Limnology and
Oceanography, 38, 1101-1115.

Darling JA, Mahon AR (2011) From molecules to management: adopting
DNA-based methods for monitoring biological invasions in aquatic
environments. Environmental Research, 111, 978-988.

Deiner K, Altermatt F (2014) Transport distance of invertebrate environ-
mental DNA in a natural river. PLoS ONE, 9, e88786.

Dejean T, Valentini A, Duparc A ef al. (2011) Persistence of environmen-
tal DNA in freshwater ecosystems. PLoS ONE, 6, €23398.

Dejean T, Valentini A, Miquel C, Taberlet P, Bellemain E, Miaud C (2012)
Improved detection of an alien invasive species through environmen-
tal DNA barcoding: the example of the American bullfrog Lithobates
catesbeianus. Journal of Applied Ecology, 49, 953-959.

Demeke T, Adams RP (1992) The effects of plant polysaccharides and
buffer additives on PCR. BioTechnigues, 12, 332-334.

Dunham JB, Adams SB, Schroeter RE, Novinger DC (2002) Alien inva-
sions in aquatic ecosystems: toward an understanding of brook
trout invasions and potential impacts on inland cutthroat trout in
western North America. Reviews in Fish Biology and Fisheries, 12,
373-391.

Eckman JE (1990) A model of passive settlement by planktonic larvae
onto bottoms of differing roughness. Limnology and Oceanography, 35,
887-901.

Ficetola GF, Miaud C, Pompanon F, Taberlet P (2008) Species detection
using environmental DNA from water samples. Biology Letters, 4, 423—
425.

Fisher JS, Sill BL, Clark DF (1983) Organic detritus particles: initiation of
motion criteria on sand and gravel beds. Water Resources Research, 19,
1627-1631.

Flekna G, Schneeweiss W, Smulders FJ]M, Wagner M, Hein I (2007) Real-
time PCR method with statistical analysis to compare the potential of
DNA isolation methods to remove PCR inhibitors from samples for
diagnostic PCR. Molecular and Cellular Probes, 21, 282-287.

Foote AD, Thomsen PF, Sveegaard S et al. (2012) Investigating the poten-
tial use of environmental DNA (eDNA) for genetic monitoring of mar-
ine mammals. PLoS ONE, 7, e41781.

Fournier DA, Skaug HJ, Ancheta ] ef al. (2012) AD Model Builder: using
automatic differentiation for statistical inference of highly parameter-
ized complex nonlinear models. Optimization Methods and Software, 27,
233-249.

Gelman G, Hill J (2007) Data Analysis Using Regression and Multilevel/[Hier-
archical Models. Cambridge University Press, New York.

Goldberg CS, Pilliod DS, Arkle RS, Waits LP (2011) Molecular detection
of vertebrates in stream water: a demonstration using Rocky Mountain
tailed frogs and Idaho giant salamanders. PLoS ONE, 6, €22746.

Goldberg CS, Sepulveda A, Ray A, Baumgardt J, Waits LP (2013) Envi-
ronmental DNA as a new method for early detection of New Zealand
mudsnails (Potamopyrgus antipodarum). Freshwater Science, 32, 792-800.

Gore JA (2006) Discharge measurements and streamflow analysis. In:
Methods in Stream Ecology (eds Hauer FR, Lamberti & GA ), 2nd edn,
pp. 51-77. Elsevier, Burlington, MA.

Gu W, Swihart R (2004) Absent or undetected? Effects of non-detection of
species occurrence on wildlife-habitat models. Biological Conservation,
116, 195-203.

Hartman LJ, Coyne SR, Norwood DA (2005) Development of a novel
internal positive control for Taqman® based assays. Molecular and
Cellular Probes, 19, 51-59.

Heid CA, Stevens ], Livak K], Williams PM (1996) Real time quantitative
PCR. Genome Research, 6, 986-994.

Hoorfar J, Malorny B, Abdulmawjood A, Cook N, Wagner M, Fach P
(2004) Practical considerations in design of internal amplification con-
trols for diagnostic PCR assays. Journal of Clinical Microbiology, 42,
1863-1868.

Hudy M, Thieling TM, Gillespie N, Smith EP (2008) Distribution, status,
and land use characteristics of subwatersheds within the native range
of brook trout in the Eastern United States. North American Journal of
Fisheries Management, 28, 1069-1085.

Jerde CL, Mahon AR, Chadderton WL, Lodge DM (2011) “Sight-unseen”
detection of rare aquatic species using environmental DNA. Conserva-
tion Letters, 4, 150-157.

John ME (1992) An efficient method for isolation of RNA and DNA from
plants containing polyphenolics. Nucleic Acids Research, 20, 2381.

Johnson JB, Omland KS (2004) Model selection in ecology and evolution.
TRENDS in ecology and evolution, 19, 101-108.

Juen A, Traugott M (2006) Amplification facilitators and multiplex PCR:
tools to overcome PCR-inhibition in DNA-gut-content analysis of soil-
living invertebrates. Soil Biology & Biochemistry, 38, 1872-1879.

Kiffney PM, Richardson JS, Feller MC (2000) Fluvial and epilithic organic
matter dynamics in headwater streams of southwestern British Colum-
bia, Canada. Archiv fiir Hydrobiologia, 149, 109-129.

Lodge DM, Moyle PB, Mack RN et al. (2006) Biological invasions: recom-
mendations for U.S. policy and management. Ecological Applications,
16, 2035-2054.

Minshall GW, Thomas SA, Newbold JD, Monaghan MT, Cushing CE
(2000) Physical factors influencing fine organic particle transport and
deposition in streams. Journal of the North American Benthological Soci-
ety, 19, 1-16.

Piaggio AJ, Engeman RM, Hopken MW et al. (2014) Detecting an elusive
invasive species: a diagnostic PCR to detect Burmese python in Florida
waters and an assessment of persistence of environmental DNA.
Molecular Ecology Resources, 14, 374-380.

Pilliod DS, Goldberg CS, Arkle RS, Waits LP (2013) Estimating occupancy
and abundance of stream amphibians using environmental DNA from
filtered water samples. Canadian Journal of Fisheries and Aquatic Sciences,
70, 1123-1130.

Pilliod DS, Goldberg CS, Arkle RS, Waits LP (2014) Factors influencing
detection of eDNA from a stream-dwelling amphibian. Molecular Ecol-
0gy Resources, 14, 109-116.

Pinheiro JC, Bates DM (2000) Mixed-Effects Models in S and S-PLUS.
Springer, New York.

© 2014 John Wiley & Sons Ltd



EDNA DYNAMICS IN HEADWATER STREAMS 227

R Core Team (2013) R: A Language and Environment for Statistical Comput-
ing. R foundation for statistical computing, Vienna, Austria. http://
www.R-project.org/.

Rieman BE, Peterson JT, Myers DL (2006) Have brook trout (Salvelinus
fontinalis) displaced bull trout (Salvelinus confluentus) along longitudi-
nal gradients in central Idaho streams? Canadian Journal of Fisheries and
Aquatic Sciences, 63, 63-78.

Strand DA, Holst-Jensen A, Viljugrein H ef al. (2011) Detection and quan-
tification of the crayfish plague agent in natural waters: direct monitor-
ing approach for aquatic environments. Diseases of Aquatic Organisms,
95, 9-17.

Takahara T, Minamoto T, Yamanaka H, Doi H, Kawabata Z (2012) Esti-
mation of fish biomass using environmental DNA. PLoS ONE, 7,
€35868.

Takahara T, Minamoto T, Doi H (2013) Using environmental DNA to esti-
mate the distribution of an invasive fish species in ponds. PLoS ONE,
8, e56584.

Thomsen PF, Kielgast J, Iversen LL ef al. (2012a) Monitoring endangered
freshwater biodiversity using environmental DNA. Molecular Ecology,
21, 2565-2573.

Thomsen PF, Kielgast J, Iversen LL, Moller PR, Rasmussen M, Willerslev
E (2012b) Detection of a diverse marine fish fauna using environmental
DNA from seawater samples. PLoS ONE, 7, e41732.

Volkmann H, Schwartz T, Bischoff P, Kirchen S, Obst U (2004) Detection
of clinically relevant antibiotic-resistance genes in municipal wastewa-
ter using real-time PCR (TaqMan). Journal of Microbiological Methods,
56, 277-286.

Volkmann H, Schwartz T, Kirchen S, Stofer C, Obst U (2007) Evaluation
of inhibition and cross-reaction effects on real-time PCR applied to the
total DNA of wastewater samples for the quantification of bacterial
antibiotic resistance genes and taxon-specific targets. Molecular and Cel-
lular Probes, 21, 125-133.

Webster JR, Benfield EF, Golladay SW et al. (1987) Experimental studies
of physical factors affecting seston transport in streams. Limnology and
Oceanography, 32, 848-863.

Wilcox TM, McKelvey KS, Young MK et al. (2013) Robust detection of
rare species using environmental DNA: the importance of primer spec-
ificity. PLoS ONE, 8, €59520.

Wilson IG (1997) Inhibition and facilitation of nucleic acid amplification.
Applied and Environmental Microbiology, 63, 3741-3751.

Wipfli MS, Richardson ]S, Naiman R] (2007) Ecological linkages between
headwaters and downstream ecosystems: transport of organic matter,
invertebrates, and wood down headwater channels. Journal of the
American Water Resources Association, 43, 72-85.

Zuur AF, Ieno EN, Walker NJ, Saveliev AA, Smith GM (2009) Mixed
Effects Models and Extensions in Ecology with R. Springer, New York.

This study is the result of S.F.]."'s MSc thesis work under
the direction of A.RW. S.F.J. conducted field work and
sample collection, molecular laboratory work, and data
analysis. S.F.J.,, ARW., TMW,, KSM., MKY. MKS,
and W.H.L. all contributed to the study design. All
authors contributed to writing the manuscript.

© 2014 John Wiley & Sons Ltd

Data Accessibility

Raw data collected from the study sites, including qPCR
copy number per PCR reaction for each 6 L water sample
at each measured distance are available at DRYAD:
doi:10.5061/dryad.7j3g5. This data includes biomass per
session, mean raw DNA copy number per PCR reaction
per sample, flow per session, and session dates. Ct shifts
for spiked negative stream controls can be found in Fig. 4.

Supporting Information

Additional Supporting Information may be found in the online
version of this article:

Fig. S1 Photographs of the two study sites. The top two photos
are from the same location in LG during low flow (left) and high
flow (right). The bottom two photos are from the same location
in SM during low flow (left) and high flow (right). Note that the
LG photos were taken at a weir used for measuring flow and are
about 10 m below the study reach.

Fig. S2 Results using the inhibition-prone Genotyping Master
Mix. Logyo transformed (eDNA copy number + 1) by distance
for each sample. The date, as month/day, for each sample is in
the upper right corner of each panel. Flow in L/s appears below
the date. The lower two rows are LG samples and the upper two
rows are SM samples. Within a stream, panels appear in the
order of sampling date, from upper left to lower right. The
Large X sample was not included in further analysis because
there was amplification in one of the negative controls when run
using Environmental Master Mix.

Fig. S3 Inhibition-induced Ct shift plotted against sessions in
chronological order on the x-axis. Inhibition-induced Ct shift is
a measure of the delay in Ct as a result of inhibition and is a rel-
ative measure of inhibition. Greater shifts in Ct indicate stronger
inhibition. The largest Ct shift (15.43) indicates complete inhibi-
tion that resulted in no amplification of DNA.

Table S1 The lower table shows the structure of the competing
fixed effects models for LG. Dis = Distance, Fl = Flow, Bi = Bio-
mass. An X below the variable in the column indicates that it
was included in the model. The upper table shows the AIC and
AAIC for each model with models listed from lowest to highest
AIC.

Table S2 The lower table shows the structure of the competing
fixed effects models for SM. Dis = Distance, Fl = Flow, Bi = Bio-
mass. An X below the variable in the column indicates that it
was included in the model. The upper table shows the AIC and
AAIC for each model with models listed from lowest to highest
AIC.



