Received: 8 July 2020

Revised: 10 September 2020

'.) Check for updates

Accepted: 14 September 2020

DOI: 10.1002/edn3.150

ORIGINAL ARTICLE

Environmental DNA

WILEY

Op: 3
Dedicated to the study and use of environmental DNA for basic and applied sciences

Allometric scaling of eDNA production in stream-dwelling
brook trout (Salvelinus fontinalis) inferred from population size

structure

Matthew C. Yates®
Michael K. Young?

IUniversité du Québec a Montréal,
Montréal, QC, Canada

2National Genomics Center for Wildlife
and Fish Conservation, Rocky Mountain
Research Station, Missoula, MT, USA

Correspondence

Matthew C. Yates, Université du Québec
a Montréal, 141 Ave Président kennedy
Montreal, QC, H2X 1Y4.

Email: matthew.yates@outlook.com

Funding information
Fonds de Recherche du Québec - Nature et
Technologies

| Taylor M. Wilcox?
| Michael K. Schwartz? | Alison M. Derry?!

| Kevin S. McKelvey? |

Abstract

Environmental DNA (eDNA) concentration exhibits a positive correlation with organ-
ism abundance in nature, but modeling this relationship could be substantially im-
proved by incorporating the biology of eDNA production. A recent model (Molecular
Ecology, 10.1111/mec.15543) extended models of physiological allometric scaling to
eDNA production, hypothesizing that brook trout eDNA production scales nonlin-
early with mass as a power function with scaling coefficients <1 in lakes. To validate
this hypothesis, we reanalyzed previously published data (Biological Conservation,
10.1016/j.biocon.2015.12.023) that examined the correlation between eDNA con-
centration and brook trout abundance in streams. We found that allometrically

0‘3‘{’) best described patterns of eDNA con-

scaled mass (ASM) (e.g., > (individual mass
centration across streams (r? = 0.43). ASM exhibited substantially improved model
fit relative to biomass (r2 = 0.31, AAIC = 5.19), indicating that eDNA production did
not scale linearly with biomass. However, the explanatory power of ASM was com-
parable to density (r* = 0.40, AAIC = 1.25). Additionally, the optimal scaling coef-
ficient estimated from the data (0.36) was substantially lower than that found in the
previous study. Discrepancies between datasets could be attributable to ecological
differences between study habitats (streams vs. lakes) or due to the exclusion of
juveniles (i.e., individuals <75 mm) that can be abundant in stream environments.
Nevertheless, this study adds to the growing body of literature demonstrating that

individual eDNA production does not scale linearly with biomass.
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1 | INTRODUCTION

Inferring animal abundance from environmental DNA (eDNA) sampling
in aquatic ecosystems is a promising approach (Pilliod et al., 2013).
However, substantial unexplained variation in eDNA concentration
across environments persists, with observed eDNA concentration
in natural systems explaining, on average, approximately 50% of the
variation in organism abundance (Yates et al., 2019). To improve our
power to infer animal abundance from eDNA sampling, we need more
sophisticated models that incorporate an understanding of the origins
and fate of eDNA (Barnes & Turner, 2016).

The biology of eDNA production remains understudied in com-
parison with the significant consideration given to the role of degra-
dation and dispersion in eDNA persistence (e.g., Barnes et al., 2014;
Goldberg et al., 2018; Harrison et al., 2019; Strickler et al., 2015).
The production of eDNA is likely dominated by two major phys-
iological processes in aquatic organisms: shedding and excretion
(Stewart, 2019). Metabolic waste excretion rates scale allometrically
according to a power function of individual mass, with mean scaling
coefficient values between 0.57 and 0.68 (Vanni & Mclintyre, 2016).
Similarly, eDNA shedding is likely a function of organism surface
area, which also increases with body mass in fish according to a
power function with scaling coefficient values between 0.59 and
0.65, depending on the species (Shea et al., 2006). As a result, eDNA
production is also likely to scale nonlinearly with individual mass ap-
proximately according to the following function:

=l MP

where | = metabolic rate, |, = a normalization constant, M = or-
ganism body mass, and b = an allometric scaling coefficient (Brown
et al., 2004; Yates et al., 2020). In functional terms, a scaling coef-
ficient (b) value <1 predicts that larger individuals will have a lower
eDNA production rate per unit of mass. Traditional metrics of abun-
dance (density or biomass) represent extremes of a continuum of
values of b, with a value of O corresponding to density/unit area (i.e.,
S (individual biomass®)/area), and a value of 1 corresponding to bio-
mass/unit area (i.e., S (individual biomass?®)/area) (Post et al., 1999). At
a population level, eDNA concentration can therefore be modeled
using S(individual biomass®) as an alternative metric of abundance
(Yates et al., 2020).

Using brook trout (Salvelinus fontinalis) populations that inhabit
lakes in the Rocky Mountains, Canada, Yates et al. (2020) observed
that a scaling coefficient of 0.72 best explained patterns of eDNA
particle concentration. This was the first study to formally propose
and evaluate this hypothesis, and further studies are necessary to
examine the extent to which this pattern can be extrapolated to
other species, locations, or habitats. Consequently, we conducted
a similar analysis on brook trout inhabiting stream systems in west-
ern Montana, USA, using data from Wilcox et al. (2016). We applied
these data to test the prediction that incorporating allometric scal-
ing coefficients (i.e., S(individual biomass?), or “allometrically scaled

mass” (ASM)) would substantially improve models of abundance and

eDNA particle concentration relative to traditional metrics of abun-
dance (density and biomass).

2 | MATERIALS AND METHODS

2.1 | Collection of brook trout density, biomass, and
aqueous eDNA

Wilcox et al. (2016) sampled 49 sites distributed across 16 streams
in the Blackfoot River and Shields River watersheds in Montana,
USA, located in the Middle Rockies ecoregion (elevation between
1,200 and 2,100 m) between July and September 2013. At each site,
5 L of water was filtered at the bottom and top of each sampled
stream reach (mean reach length = 108 m); for these calculations,
we used estimated eDNA copy numbers from the downstream site.
For further details regarding eDNA sample collection, see Wilcox
et al. (2016). After eDNA sample collection, stream discharge was
also estimated at the downstream site for each reach (midstream
method; Hauer and Lambert (2007)), except for three sites where
estimates were obtained from nearby streams. For Deep and Buck
creek, stream discharge was estimated from the average discharge
at three transects. After eDNA sampling, each stream reach was
sampled using a backpack electrofisher to quantify the abundance
of brook trout 275 mm total length. Abundance at 15 sites was es-
timated using removal methods in which two or three passes were
conducted (Otis et al., 1978). At 34 sites, abundance was estimated
from a single pass based on capture efficiencies estimated from the
multi-pass sites (see Wilcox et al. (2016) Appendix A for details).
Total length and weight were estimated for all brook trout captured,
except at eight sites at which weight was estimated from length-
weight regressions obtained from the same stream or a nearby
stream in the same basin.

Brook trout eDNA concentration from environmental sam-
ples was quantified using a species-specific qPCR assay (Wilcox
etal., 2013). For details on sample extraction, gPCR components and
sample preparation, cycling conditions, and standard curve prepara-
tion, see (Wilcox et al., 2013,2016). Final eDNA concentrations de-
rived from qPCR were converted to a flow-corrected estimate (sensu
Levi et al., 2019) by multiplying estimated sample eDNA concentra-
tion (copies/L) by discharge rate (L/s):

eDNAflowrate <@> =eDNA conc. (%) x Discharge <§>

which produces an estimate of the eDNA flow rate (copies/s) at a sam-
pling location.
2.2 | Allometrically scaled mass

Allometrically scaled mass was calculated according to the following

formula:
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FIGURE 1 Brook trout mass distributions (g) obtained from electrofishing surveys conducted on 27 stream reach study sites in Wilcox

et al. (2016)
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where ZIN:;" mass,,, is the sum of the masses captured during
electrofishing surveys, b is the value of the allometric scaling co-
efficient, Ncap is the number of fish captured during electrofishing
surveys, and N is the estimated abundance of brook trout 275 mm
per stream reach. This function assumes that the size structure of
captured fish is representative of the population inhabiting a stream
reach. The number of fish caught per reach varied substantially
(0-133 individuals). The primary focus of this study is to estimate
the effect of population size structure on total eDNA production—
sites where no fish were captured from electrofishing efforts were
therefore excluded from the analysis because no population size
structure could be estimated (12 sites total). Similarly, sites where
three or fewer fish were caught were also excluded from the anal-
ysis due to sample size (8 sites total), as the calculation of ASM
requires a representative sample of individuals to estimate popu-
lation size structure. ASM values were calculated for the remaining
stream reaches (5-133 individuals captured), resulting in data from
27 sites (across 11 streams) for our analysis (Table 1). These stream
reaches were 95-330 m long, so brook trout population estimates
were standardized to the number of fish per 100 m. Reaches in one

stream (Deep) were sampled continuously every 100 m for 1 km.

To estimate the optimal scaling coefficient for these data, we
iteratively estimated ASM using scaling coefficients ranging from
0.00 to 1.00 (by intervals of 0.01) and modeled observed eDNA
concentration as a function of these ASM values using linear re-
gressions. For each scaling coefficient value, model fit was then
evaluated using AIC (Akaike, 1974). The distribution of AIC values
observed for scaling coefficients ranging from 0.00 to 1.00 should
follow an approximately upward parabolic shape (as observed in
Yates et al. (2020)), with the value of the lowest AIC scaling coeffi-
cient representing the best fit.

To evaluate whether ASM improved the strength of the relation-
ship between eDNA particle concentration and abundance relative
to traditional estimates of abundance (i.e., density and biomass), AIC
values were compared for the optimal scaling coefficient model, the
density model (b = 0) and biomass model (b = 1). All analyses were
performed in base R (R Development Core Team, 2017).

3 | RESULTS

Density estimates ranged from 2 to 155 individuals/100 m and bio-
mass estimates ranged from 0.03 to 2.81 kg/100 m. Mean individual
brook trout mass at each site ranged from 8.2 to 55.3 g, and mean

total length ranged from 104 to 158 mm (Figure 1).
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Both biomass and density exhibited a significant and positive
relationship with flow-corrected eDNA particle concentration
(Table 2, Figure 2). The distribution of AIC values calculated for
eDNA x ASM regressions for scaling coefficients ranging from
0.00 to 1.00 exhibited an approximately upward parabola shape,
with the best-fit value of the scaling coefficient equal to 0.36
(ASM®%¢ Figure 3). Models with scaling coefficients between
0.00 and 0.73 generated AAIC values <2. While ASM%3¢ repre-
sented substantial improvement as a predictor for flow-corrected
eDNA concentration relative to biomass (AAIC = 5.19), it exhib-
ited only marginal improvement relative to density (AAIC = 1.25);

MO.36

r? values for density and AS exhibited similar explanatory

power (Table 2).

4 | DISCUSSION

We found that eDNA production scaled allometrically for brook
trout in headwater mountain stream systems in the U.S. Midwest,
with a scaling coefficient of 0.36 associated with the lowest AIC
value. These findings were consistent with Yates et al. (2020), al-
though the scaling coefficient was substantially lower than that
found for this species in mountain lakes in the Canadian Rockies
(0.72). Additionally, the optimal model for brook trout in streams in
this study accounted for approximately half of the variation in eDNA
concentrations relative to the lake-based model (? = 0.78; Yates
et al., 2020). The low values for allometric scaling coefficients ob-
served in this study imply a weak effect of individual biomass on
eDNA production—in other words, fish in the stream sites appeared
to produce similar quantities of eDNA among individuals, with a
tendency to produce slightly more eDNA as individual biomass in-
creased. Further, although ASM%3¢ produced better fitting models
than did biomass, model fit was similar to that of simple individual
density (AAIC = 1.25, r? = 0.43 vs. 0.40 for ASM®3% and individual
density models, respectively). Notably, physiological processes that
scale with individual density represent a form of strong allometric
scaling because “density” (individuals/area) is equivalent to Y (indi-
vidual biomass®)/area. Models with scaling coefficients of 0.00 or
0.36 both provided significantly improved model fit relative to bio-
mass; our results provide evidence that eDNA production in wild
brook trout exhibits an allometric relationship with biomass.

The low value of b estimated for the stream sites could be due
to the 75 mm cutoff for inclusion in brook trout counts. Sites with
smaller mean size distributions could, on average, have a larger

TABLE 2 Model results for regressions between eDNA
concentration and density (fish/reach), biomass (kg/reach), and
allometrically scaled mass (ASM®34/reach)

Model F p r? AlC AAIC
Density 18.38,,, <001 040 64484 125
Biomass 1249, ,, 002 031 64878  5.19
ASM®3¢ 2044, ,, <001 043  643.59 -
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abundance of fish <75 mm that were not formally counted during
the stream surveys. Sites with smaller fish, on average, may there-
fore have more “uncounted” individuals and, as a result, overesti-
mate the apparent eDNA particle contribution of fish 275 mm. The
influence of juvenile fish on eDNA concentrations is likely to be
more important in streams when compared to lakes because they
constitute the typical spawning and rearing habitat for brook trout
(Josephson & Youngs, 1996). Future work should be conducted to
evaluate the relative contribution of juveniles to eDNA particle pro-
duction because they are expected to be particularly metabolically
active per unit of biomass (Maruyama et al., 2014).

The population size structure of brook trout also differed be-
tween streams and lakes. Mean book trout mass ranged from 14 to
55 g between the 27 sampling sites within and among the 11 head-
water streams. In the nine lakes in Yates et al. (2020), fish were often
substantially larger; mean individual masses ranging from 43 to
405 g. In small cold headwater stream systems, the opportunity for
growth can often be relatively limited for brook trout (Hazzard, 1932;
Hutchings, 1993). Accounting for size structure might therefore be
most important when the magnitude and variation in population size
structure is large.

Finally, differences in collection methodology could account
for discrepancies between the two study. A myriad of differences
between the studies, including (but not limited to) different filter
pore sizes, filter preservation methods, DNA extraction methods,
qPCR protocols, and timing of sample collection, could have caused
unknown biases in results. Future research to optimize eDNA col-
lection, extraction, and analysis is crucial to better standardize
and compare results across eDNA studies (Hinlo et al., 2017; Tsuji
etal., 2019).

Overall, explanatory power of the stream model was less than in
the lake model, regardless of whether allometry was incorporated.
Although it should be noted that the lake model was based on a
smaller sample size (n = 9 compared to n = 27 sampling sites across
11 streams), we suspect that the discrepancy in model explanatory
power observed is due to characteristics of the systems affecting
eDNA deposition and retention. Environmental DNA deposition is
likely slower and less complex or variable in lentic systems; hori-
zontal transport tends to be limited as eDNA particles largely dif-
fuse downwards as they slowly settle (Ghosal et al., 2018; Goldberg
et al., 2018). By contrast, in lotic systems eDNA deposition is an ex-
tremely complex process that depends on multiple environmental
variables such as discharge, water velocity, eDNA input from indi-
viduals upstream, width, depth, and channel roughness (Robinson
et al., 2019; Shogren et al., 2017; Wilcox et al., 2016). This com-
plexity likely contributed substantially to the increased variability
in eDNA particle concentrations observed across the stream study
sites. While flow-corrected estimates of eDNA production (Levi
et al., 2019) can account for some of this variability, eDNA parti-
cle transport and deposition are ultimately much more complex in
lotic systems relative to lentic systems. Predictive models of organ-
ism abundance based on observed eDNA particle concentrations

may therefore be more precise in lentic systems compared to lotic
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FIGURE 2 Linear regressions for flow-corrected brook trout eDNA concentration and three metrics of abundance in 27 study reaches:
(a) density (individuals/reach, r> = 0.40), (b) biomass (kg/reach, r? = 0.31), and (c) allometrically scaled mass (ASM®3¢/ha, r> = 0.43) (n = 27)
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FIGURE 3 AIC values for linear regressions for flow-corrected
brook trout eDNA concentration and allometrically scaled mass
(ASM), for scaling coefficients ranging from 0.00 (density) to 1.0
(biomass). The dashed line and horizontal black bar denote range of
models with AAIC < 2 relative to the “optimal” scaling coefficient
(0.36)

environments. Future work could potentially address this complex-
ity by incorporating the impact of site environmental characteris-
tics as covariates on eDNA detection and concentration (Mackenzie
et al., 2002; Wilcox et al., 2016).

As shown here, there are likely ample opportunities to test for
allometric scaling in eDNA production using existing datasets. Many
studies have examined the relationship between organism abun-
dance and the concentration of eDNA in a natural environment,
typically quantifying abundance using density and biomass (e.g.,
Doi et al., 2017; Erickson et al., 2016; Nevers et al., 2018; Pilliod
et al., 2013). As long as both density and individual biomass data
have been recorded, it would be possible to explore the extent to
which allometric scaling coefficients improve the correlation be-
tween eDNA particle concentration and abundance. To this end,

we also recommend that future studies examining the relationship

between abundance and eDNA concentration record individual
biomass data to ensure that allometry in eDNA production can be
accounted for. Nevertheless, our findings contribute to a growing
number of studies demonstrating that individual eDNA production
likely does not scale linearly with individual biomass (Maruyama
et al., 2014; Takeuchi et al., 2019; Yates et al., 2020).

ACKNOWLEDGMENTS

We thank Brad Shepard, Adam Sepulveda, Winsor Lowe, Stephen Jane,
Andrew Whiteley, Ladd Knotek, Will Schreck, and field technicians
from Montana Fish, Wildlife, and Parks, the Wildlife Conservation
Society, and U.S. Geological Survey who contributed to collecting
and interpreting data from the original Wilcox et al. (2016) study. We
would also like to thank an associate editor and two anonymous re-
viewers, whose comments substantially improved the manuscript.
MCY was funded by a FRQNT postdoctoral scholarship.

AUTHOR CONTRIBUTIONS

TMW, KSM, MKY, and MKS collected eDNA samples and abundance
data. MCY conducted statistical analyses and wrote the first draft of
the manuscript, and all authors contributed substantially to subse-

quent drafts.

DATA AVAILABILITY STATEMENT

eDNA, population size structure, and site habitat data are depos-
ited in the Dryad Digital repository at: Yates, Matthew et al. (2020),
Data from: Allometric scaling of eDNA production in stream-dwell-
ing brook trout (Salvelinus fontinalis) inferred from population, size
structure, Dryad Digital Repository, https://doi.org/10.5061/dryad.
bvq83bkév

ORCID
Matthew C. Yates
Taylor M. Wilcox
Michael K. Young

https://orcid.org/0000-0002-9199-1078
https://orcid.org/0000-0003-3341-7374
https://orcid.org/0000-0002-0191-6112


https://doi.org/10.5061/dryad.bvq83bk6v
https://doi.org/10.5061/dryad.bvq83bk6v
https://orcid.org/0000-0002-9199-1078
https://orcid.org/0000-0002-9199-1078
https://orcid.org/0000-0003-3341-7374
https://orcid.org/0000-0003-3341-7374
https://orcid.org/0000-0002-0191-6112
https://orcid.org/0000-0002-0191-6112

YATES ET AL.

Environmental DNA

Oper

REFERENCES

Akaike, H. (1974). A new look at the statistical model identification.
IEEE Transactions on Automatic Control, 19, 716-723. https://doi.
org/10.1109/TAC.1974.1100705

Barnes, M. A., & Turner, C. R. (2016). The ecology of environmental DNA
and implications for conservation genetics. Conservation Genetics,
17(1), 1-17. https://doi.org/10.1007/s10592-015-0775-4

Barnes, M. A., Turner, C. R., Jerde, C. L., Renshaw, M. A., Chadderton, W.
L., & Lodge, D. M. (2014). Environmental conditions influence eDNA
persistence in aquatic systems. Environmental Science and Technology,
48, 1819-1827. https://doi.org/10.1021/es404734p

Brown, J. H., Gillooly, J. F., Allen, A. P., Savage, V., & West, G. B. (2004).
Toward a metabolic theory of ecology. Ecology, 85(7), 1771-1789.
https://doi.org/10.1890/03-2000

Doi, H., Inui, R., Akamatsu, Y., Kanno, K., Yamanaka, H., Takahara, T., &
Minamoto, T. (2017). Environmental DNA analysis for estimating the
abundance and biomass of stream fish. Freshwater Biology, 62, 30-39.
https://doi.org/10.1111/fwb.12846

Erickson, R. A., Rees, C. B., Coulter, A. A., Merkes, C. M., Mccalla,
S. G., Touzinsky, K. F., & Walleser, L. (2016). Detecting the move-
ment and spawning activity of bigheaded carps with environmen-
tal DNA. Molecular Ecology Resources, 16, 957-965. https://doi.
org/10.1111/1755-0998.12533

Ghosal, R., Eichmiller, J. J., Witthuhn, B. A., & Sorensen, P. W. (2018).
Attracting Common Carp to a bait site with food reveals strong pos-
itive relationships between fish density, feeding activity, environ-
mental DNA, and sex pheromone release that could be used in inva-
sive fish management. Ecology and Evolution, 8, 6714-6727. https://
doi.org/10.1002/ece3.4169

Goldberg, C. S., Strickler, K. M., & Fremier, A. K. (2018). Degradation
and dispersion limit environmental DNA detection of rare amphib-
ians in wetlands: Increasing efficacy of sampling designs. Science of
the Total Environment, 633, 695-703. https://doi.org/10.1016/j.scito
tenv.2018.02.295

Harrison, J. B., Sunday, J. M., & Rogers, S. M. (2019). Predicting the fate
of eDNA in the environment and implications for studying biodiver-
sity. Proceedings of the Royal Society B, 286, 20191409 https://doi.
org/10.1098/rspb.2019.1409

Hauer, F. R., & Lambert, G. A. (2007). Methods in stream ecology. 2nd edn.
: Elsevier.

Hazzard, A. S. (1932). Some phases of the life history of the eastern brook
trout, salvelinus fontinalis. Transactions of the American Fisheries
Society, 62, 344-350. https://doi.org/10.1577/1548-8659(1932)62

Hinlo, R., Gleeson, D., Lintermans, M., & Furlan, E. (2017). Methods
to maximise recovery of environmental DNA from water sam-
ples. PLoS One, 12(6), e0179251. https://doi.org/10.1371/journ
al.pone.0179251

Hutchings, J. A. (1993). Adaptive life histories effected by age-spe-
cific survival and growth rate. Ecology, 74(3), 673-684. https://doi.
org/10.2307/1940795

Josephson, D. C., & Youngs, W. D. (1996). Association between emigra-
tion and age structure in populations of brook trout (Salvelinus fon-
tinalis) in Adirondack lakes. Canadian Journal of Fisheries and Aquatic
Science, 53, 534-541.

Levi, T., Allen, J. M., Bell, D., Joyce, J., Russell, J. R., David, A., Vulstek, S.
C.,Yang, C.,&Yu, D. W.(2019). Environmental DNA for the enumera-
tion and management of Pacific salmon. Molecular Ecology Resources,
19, 597-608. https://doi.org/10.1111/1755-0998.12987

Mackenzie, D. I., Nichols, J. D., Lachman, G. B., Droege, S., Andrew, J., &
Langtimm, C. A. (2002). Estimating site occupancy rates when de-
tection probabilities are less than one. Ecology, 83(8), 2248-2255.
https://doi.org/10.1890/0012-9658(2002)083[2248:ESORW
D]2.0.CO;2

Maruyama, A., Nakamura, K., Yamanaka, H., Kondoh, M., & Minamoto,
T. (2014). The release rate of environmental DNA from juvenile and

‘Open Access,
Dedicated to the study and use of environmental DNA for basic and applied sciences

adult fish. PLoS One, 9(12), e114639. https://doi.org/10.1371/journ
al.pone.0114639

Nevers, M. B., Byappanahalli, M. N., Morris, C. C., Shively, D., Przybyla-
kelly, K., Spoljaric, A. M., Dickey, J., & Roseman, E. F. (2018).
Environmental DNA (eDNA): A tool for quantifying the abundant
but elusive round goby (Neogobius melanostomus). PLoS One, 13,
€0191720. https://doi.org/10.5066/F7GH9H6F.Funding

Otis, D., Burnham, K., Anderson, D., & White, G. (1978). Statistical infer-
ence from capture data on closed populations. Wildlife Monographs,
62, 1-135.

Pilliod, D. S., Goldberg, C.S., Arkle, R. S., & Waits, L. P. (2013). Estimating
occupancy and abundance of stream amphibians using environmen-
tal DNA from filtered water samples. Canadian Journal of Fisheries
and Aquatic Science, 1130, 1123-1130. https://doi.org/10.1139/cjfas
-2013-0047

Post, J. R., Parkinson, E. A., & Johnston, N. T. (1999). Density-
dependent processes in structures fish populations: Interaction
strengths in whole-lake experiments. Ecological Monographs, 69(2),
155-175.

R Development Core Team (2017). R: A language and environment for sta-
tistical computing. R Found. Stat. Comput. Retrieved from https://
www.R-project.org/

Robinson, A. T., Paroz, Y. M., Clement, M. J.,, Franklin, T. W., Dysthe, J. C.,
Young, M. K., McKelvey, K. S., & Carim, K. J. (2019). Environmental
DNA sampling of small-bodied minnows: Performance relative to
location, species, and traditional sampling. North American Journal
of Fisheries Management, 39, 1073-1085. https://doi.org/10.1002/
nafm.10344

Shea, B. O,, Fryer, R. J., Pert, C. C., & Bricknell, I. R. (2006). Determination
of the surface area of a fish. Journal of Fish Diseases, 29, 437-440.
https://doi.org/10.1111/j.1365-2761.2006.00728.x

Shogren, A. J., Tank, J. L., Andruszkiewicz, E., Olds, B., Andrew, R., Jerde,
C. L., & Bolster, D. (2017). Controls on eDNA movement in streams:
Transport, retention, and resuspension. Scientific Reports, 7, 5065.
https://doi.org/10.1038/s41598-017-05223-1

Stewart, K. A. (2019). Understanding the effects of biotic and abiotic
factors on sources of aquatic environmental DNA. Biodiversity and
Conservation, 28, 983-1001. https://doi.org/10.1007/s10531-019-
01709-8

Strickler, K. M., Fremier, A. K., & Goldberg, C. S. (2015). Quantifying
effects of UV-B, temperature, and pH on eDNA degradation in
aquatic microcosms. Biological Conservation, 183, 85-92. https://doi.
org/10.1016/j.biocon.2014.11.038

Takeuchi, A., lijima, T., Kakuzen, W., Watanab, S., & Yamada, VY. (2019).
Release of eDNA by different life history stages and during spawn-
ing activities of laboratory-reared Japanese eels for interpreta-
tion of oceanic survey data. Scientific Reports, 9, 6074. https://doi.
org/10.1038/s41598-019-42641-9

Tsuji, S., Takahara, T., Doi, H., Shibata, N., & Yamanaka, H. (2019). The
detection of aquatic macroorganisms using environmental DNA
analysis — A review of methods for collection, extraction, and de-
tection. Environmental DNA, 1(2), 99-108. https://doi.org/10.1002/
edn3.21

Vanni, M. J., & Mclntyre, P. B. (2016). Predicting nutrient excretion of
aquatic animals with metabolic ecology and ecological stoichiom-
etry: A global synthesis. Ecology, 97(12), 3460-3471. https://doi.
org/10.1002/ecy.1582

Wilcox, T. M., Mckelvey, K. S., Young, M. K,, Jane, S. F,, Lowe, W. H.,
Whiteley, A. R., & Schwartz, M. K. (2013). Robust detection of
rare species using environmental DNA: The importance of primer
specificity. PLoS One, 8(3), €59520. https://doi.org/10.1371/journ
al.pone.0059520

Wilcox, T. M., Mckelvey, K. S., Young, M. K., Sepulveda, A. J., Shepard,
B. B., Jane, S. F., Whiteley, A. R., Lowe, W. H., & Schwartz, M. K.
(2016). Understanding environmental DNA detection probabilities:


https://doi.org/10.1109/TAC.1974.1100705
https://doi.org/10.1109/TAC.1974.1100705
https://doi.org/10.1007/s10592-015-0775-4
https://doi.org/10.1021/es404734p
https://doi.org/10.1890/03-9000
https://doi.org/10.1111/fwb.12846
https://doi.org/10.1111/1755-0998.12533
https://doi.org/10.1111/1755-0998.12533
https://doi.org/10.1002/ece3.4169
https://doi.org/10.1002/ece3.4169
https://doi.org/10.1016/j.scitotenv.2018.02.295
https://doi.org/10.1016/j.scitotenv.2018.02.295
https://doi.org/10.1098/rspb.2019.1409
https://doi.org/10.1098/rspb.2019.1409
https://doi.org/10.1577/1548-8659(1932)62
https://doi.org/10.1371/journal.pone.0179251
https://doi.org/10.1371/journal.pone.0179251
https://doi.org/10.2307/1940795
https://doi.org/10.2307/1940795
https://doi.org/10.1111/1755-0998.12987
https://doi.org/10.1890/0012-9658(2002)083%5B2248:ESORWD%5D2.0.CO;2
https://doi.org/10.1890/0012-9658(2002)083%5B2248:ESORWD%5D2.0.CO;2
https://doi.org/10.1371/journal.pone.0114639
https://doi.org/10.1371/journal.pone.0114639
https://doi.org/10.5066/F7GH9H6F.Funding
https://doi.org/10.1139/cjfas-2013-0047
https://doi.org/10.1139/cjfas-2013-0047
https://www.R-project.org/
https://www.R-project.org/
https://doi.org/10.1002/nafm.10344
https://doi.org/10.1002/nafm.10344
https://doi.org/10.1111/j.1365-2761.2006.00728.x
https://doi.org/10.1038/s41598-017-05223-1
https://doi.org/10.1007/s10531-019-01709-8
https://doi.org/10.1007/s10531-019-01709-8
https://doi.org/10.1016/j.biocon.2014.11.038
https://doi.org/10.1016/j.biocon.2014.11.038
https://doi.org/10.1038/s41598-019-42641-9
https://doi.org/10.1038/s41598-019-42641-9
https://doi.org/10.1002/edn3.21
https://doi.org/10.1002/edn3.21
https://doi.org/10.1002/ecy.1582
https://doi.org/10.1002/ecy.1582
https://doi.org/10.1371/journal.pone.0059520
https://doi.org/10.1371/journal.pone.0059520

560 Environmental DNA YATES ET AL.
W LE Y

Dedicated to the study and use of environmental DNA for basic and applied sciences

A case study using a stream-dwelling char Salvelinus fontinalis.

Biological Conservation, 194, 209-216. https://doi.org/10.1016/]. How to cite this article: Yates MC, Wilcox TM, McKelvey KS,
biocon.2015.12.023

Young MK, Schwartz MK, Derry AM. Allometric scaling of
Yates, M. C,, Fraser, D. J., & Derry, A. M. (2019). Meta-analysis supports

. o . . eDNA production in stream-dwelling brook trout (Salvelinus
further refinement of eDNA for monitoring aquatic species-spe-
cific abundance in nature. Environmental DNA, 1, 5-13. https://doi. fontinalis) inferred from population size structure.
org/10.1002/edn3.7 Environmental DNA. 2021;3:553-560. https://doi.org/10.1002/
Yates, M. C., Glaser, D., Post, J., Cristescu, M. E., Fraser, D. J., & Derry, edn3.150

A. M. (2020). The relationship between eDNA particle concentra-
tion and organism abundance in nature is strengthened by allome-

tric scaling. Molecular Ecology, early view. https://doi.org/10.1111/
mec.15543


https://doi.org/10.1016/j.biocon.2015.12.023
https://doi.org/10.1016/j.biocon.2015.12.023
https://doi.org/10.1002/edn3.7
https://doi.org/10.1002/edn3.7
https://doi.org/10.1111/mec.15543
https://doi.org/10.1111/mec.15543
https://doi.org/10.1002/edn3.150
https://doi.org/10.1002/edn3.150

