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Summary
1. Determining the timing and location of reproductive events is critical for eﬃcient management of species.
However, methods currently used for aquatic species are costly, time intensive, biased and often require destructive or injurious sampling. Hence, developing a non-invasive sampling method to accurately determine the timing
and location of reproduction for aquatic species would be extremely valuable.
2. We conducted an experimental and ﬁeld study to determine the inﬂuence of spawning, and the mass release of
spermatozoa in particular, on environmental DNA (eDNA) concentrations. Using a quantitative PCR approach
we monitored changes in nuclear and mitochondrial eDNA concentrations over time.
3. The data from the experimental study and the ﬁeld survey supported our hypothesis that spawning events are
characterized by higher concentrations of nuclear relative to mitochondrial eDNA. Outside of the reproductive
period, we ﬁnd that nuclear and mitochondrial DNA fragments are equally abundant in environmental water
samples.
4. We have shown that changes in the relative abundance of nuclear and mitochondrial eDNA can be used to
monitor spawning activity of the endangered Macquarie perch. Our method is likely to be transferrable to other
aquatic species and can be particularly useful to increase our understanding of the spawning biology of cryptic,
rare or threatened species as well as design and evaluate environmental management actions and determine
species establishment.
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Introduction
Monitoring reproduction in aquatic organisms is important
for the conservation and management of species and/or populations (Koenig et al. 2000; Merz & Setka 2004; King et al.
2010; Di Franco et al. 2012; Kearns et al. 2012). Individual
monitoring methods suﬀer from biases, do not provide direct
evidence for reproduction or are unable to distinguish between
reproductive failure and high mortality rates of early life-history stages. DNA-based methods provide promising opportunities to overcome these challenges through the monitoring of
environmental DNA (eDNA) signals that are correlated with
reproductive activity in aquatic organisms.
Many aquatic organisms reproduce sexually through a process called spawning, i.e. the mass release of reproductive cells
(oocytes and spermatozoa) into the water column, allowing
external fertilization (Harrison et al. 1984; Beebee 1996; Coward et al. 2002). Determining the timing and location of
*Correspondence author. E-mail: Jonas.Bylemans@canberra.edu.au

spawning events is important to: increase our understanding of
the species’ biology (Harrison et al. 1984; Rose 1993; Grant,
Chadwick & Halliday 2009); evaluate the reproductive output
of populations (Levitan et al. 2014); determine population
establishment for both invasive and translocated native species
(Pearce 2013); and design and evaluate management actions
(Koenig et al. 2000; King et al. 2010; Kearns et al. 2012). For
aquatic vertebrates relying on external fertilizations (e.g. most
ﬁshes and frogs) monitoring reproductive activity can be
achieved by destructive, injurious or non-invasive methods
(Table 1) (Lefort et al. 2015). The extra mortality rate imposed
by destructive sampling methods makes them undesirable for
monitoring reproduction in rare and threatened species (Tsukamoto 2006; Wei et al. 2009; Engstedt, Engkvist & Larsson
2014). On the other hand, injurious methods (i.e. use of acoustic telemetry) are often unable to deliver direct evidence of
spawning and non-invasive methods are sensitive to observer
biases and taxonomic misidentiﬁcation (Caswell et al. 2004;
Miller et al. 2012; Ko et al. 2013; Koster et al. 2013; Diana,
Hanchin & Popoﬀ 2015). Overall, all currently available survey
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Spawning detection using environmental DNA
Table 1. Non-exhaustive list of categories for monitoring methods that
can be used to monitor reproductive activity in aquatic vertebrates relying on external fertilization. Deﬁnitions for the diﬀerent categories were
modiﬁed from Lefort et al. (2015)
Categories

Deﬁnition

Examples

Destructive

Monitoring methods that require
sacriﬁcing all or a subset of all
organisms (adults, juveniles,
larvae or fertilized eggs)
collected
Monitoring methods that require
direct contact and may cause
physical injury or wounds
Monitoring methods that do not
aﬀect the physical integrity of the
organism, but may aﬀect ﬁtness
or behavior

Gonad maturation
Otolith microchemistry

Injurious

Noninvasive

Acoustic telemetry

Visual surveys
Acoustic surveys

techniques are biased and combining multiple methods to
reduce the eﬀects of biases (which is a common practice)
increases cost and time requirements. Hence, an eﬃcient noninvasive sampling method that can accurately determine the
timing and location of spawning events would be a valuable
tool for the management of aquatic biodiversity.
Environmental DNA-based species detection is a relatively
new technique which is particularly useful for detecting aquatic
species at low densities (Ficetola et al. 2008; Thomsen et al.
2012a). The sensitivity of this technology can be used to
improve presence/absence data for cryptic species (Dejean
et al. 2012; Thomsen et al. 2012b; Sigsgaard et al. 2015) and
accurately delineate the distribution of species (Jerde et al.
2011; Laramie, Pilliod & Goldberg 2014; Bylemans et al.
2016a). Furthermore, it has been suggested that the absolute
abundance of mitochondrial (mt-) eDNA fragments can be
used to determine the reproductive status of populations
(Spear et al. 2014). Due to the correlation between mt-eDNA
abundance and species biomass, an increase in mt-eDNA concentrations during the spawning season might be due to the
formation of spawning aggregations (Takahara et al. 2012;
Lacoursiere-Roussel et al. 2015; Yamamoto et al. 2016). A
diﬀerent approach is thus needed to successfully determine
spawning activity from eDNA abundances. As highlighted
earlier, spawning is often characterized by the mass release of
oocytes and spermatozoa into the water column. While
oocytes are relatively large and are often attached to bottom
substrate or aquatic vegetation; spermatozoa are small,
mobile, more abundant and generally distributed more homogeneously within the waterbody (Cosson et al. 2008). As such,
spermatozoa are likely to be a major source of eDNA during
spawning. Spermatozoa are genetically very diﬀerent to
somatic cells as they contain highly condensed and protected
nuclear DNA while the number of mitochondrial genomes is
relatively low. It is therefore reasonable to hypothesize that the
amount of nuclear (nu-) eDNA fragments will increase relative
to mt-eDNA fragments and changes in the ratios between the
concentrations of both fragments will be indicative of recent
reproductive activity (Coward et al. 2002; Islam & Akhter
2012).
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Macquarie perch (Macquaria australasica) is a mediumbodied freshwater ﬁsh endemic to Australia and is currently
listed as nationally endangered with only a handful self-sustaining populations remaining (Ingram, Douglas & Lintermans 2000; Lintermans 2007). The abundance and
distribution of this species has declined as a result of anthropogenic disturbances and negative interactions with invasive
species (Ingram, Douglas & Lintermans 2000; Koehn &
MacKenzie 2004; Broadhurst, Ebner & Clear 2009). While
multiple recovery actions have been undertaken to ensure
the future survival of this species, evaluating their eﬀectiveness is often diﬃcult due to the lack of long-term monitoring
surveys and biases associated with individual monitoring
methods (Lintermans 2013a, b, 2015). In recent years, eﬀorts
have been undertaken to increase our understanding of Macquarie perch spawning biology (Tonkin, Lyon & Pickworth
2010; Broadhurst, Ebner & Clear 2012; Koster et al. 2013;
Tonkin et al. 2015). However, obtaining detailed information about the timing and location of spawning currently
requires destructive or injurious sampling methods (Tonkin,
Lyon & Pickworth 2010; Tonkin et al. 2015). Spawning in
Macquarie perch generally occurs when water temperatures
reach 14–18 °C and they remain reproductively active for up
to 2 months (Ingram, Douglas & Lintermans 2000; Tonkin,
Lyon & Pickworth 2010; Tonkin et al. 2015). Mature adults
undertake spawning migrations and form aggregations at
the tail end of pools (Tonkin, Lyon & Pickworth 2010; Koster et al. 2013). Spawning occurs both day and night
although ﬁsh are thought to be more active in the late afternoon and early morning (Tonkin, Lyon & Pickworth 2010;
Kearns et al. 2012). Gametes are generally released in fast
ﬂowing areas of the riﬄes and the relatively large demersal
adhesive eggs will ﬂow downstream and get lodged into the
gravel bed until they hatch (Lintermans 2007; Tonkin, Lyon
& Pickworth 2010; Kearns et al. 2012).
Here, we present a novel eDNA-based method for monitoring reproductive activity in aquatic organisms. Using Macquarie perch as a target species in laboratory and ﬁeld based
studies we show that the relative abundance of mt- and nueDNA can be indicative of recent reproductive activity. The
presented methodology will be broadly applicable and has the
potential to increase our understanding of the reproductive
biology of wide variety of species, which could ultimately lead
to improved management strategies.

Materials and methods
PRIMER DESIGN AND TESTING

Primers amplifying fragments of c. 150 bp of Macquarie perch mitochondrial (12S) and nuclear (ITS1) DNA were designed, using GENEIOUS v. 7.1.7 (Kearse et al. 2012). Target regions were selected on
the basis that they are present in multiple copies within a cell and
they are highly variable between species (Long & Dawid 1980; Foran
2006; Hardy et al. 2011). Both primer pairs were tested in silico for
undesirable primer interactions and speciﬁcity. The best performing
primer pairs were tested in vitro by running quantitative PCR
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(qPCR) reactions on a three point, ten-fold dilution series of genomic DNA from Macquarie perch and closely related co-occurring
species. For all positive ampliﬁcations PCR products were puriﬁed,
using the MinEluteÒ PCR puriﬁcation kit (Qiagen, Hilden,
Germany) and Sanger sequenced to conﬁrm the absence of nonspeciﬁc ampliﬁcation (for full details on primer development and
testing see Appendix S1, Supporting Information).
EXPERIMENTAL PROTOCOL

Prior to the experimental set-up, all equipment was soaked for
approximately 20 min in a 10% (v/v) bleach solution and thoroughly rinsed with UV-sterilized tap water to destroy any potential contaminating DNA. Experimental ﬁsh, 18 one-year old
Macquarie perch, were sourced from the Narrandera Fisheries
Centre (NFC) (NSW Department of Primary Industries) and used
in two tank conﬁgurations. Due to the limited number of individuals, conﬁgurations were set-up at diﬀerent times (October 2014
and December 2014) (Fig. 1). Each set-up consisted of six experimental tanks (three replicates per treatment) and a single Negative
Control Tank (NCT), which contained no ﬁsh to evaluate potential cross-contamination. The ﬁrst set-up, containing low (one
ﬁsh/50 L) and high (ﬁve ﬁsh/50 L) density Experimental Spawning

Tanks (EST), was used to simulate spawning for solitary (i.e., the
release of gametes by a single male and female) and broadcast
(i.e., the release of gametes by multiple males and females)
spawning species, respectively. The second conﬁgurations consisted
of low and high-density Experimental Control Tanks (ECT) to
evaluate the potential impact of the sampling strategy on eDNA
concentrations. Water samples (50 mL) were collected prior to
stocking tanks with experimental animals to conﬁrm the absence
of Macquarie perch eDNA. After introducing experimental animals to the tanks, ﬁve samples were collected over a 14-day period for each tank (Fig. 1). After collecting samples at day 14
(336 h), EST were supplemented with a 10 mL mixture of Macquarie perch milt (ﬁsh seminal ﬂuid obtained from NFC) and
UV-sterilized tap water to replicate a single spawning event.
Appropriate milt volumes for low and high density treatments
were calculated based on the milt production of single ripe male
(10 mL/700 g body weight) (Asmus M., pers. comm.) and the
mean body weight of the experimental animals (172  75 g). An
equivalent volume of UV-sterilized tap water was added to all the
control tanks (NCT and ECT). Water samples were collected
from all tanks for an additional 8 days (Fig. 1). After each sampling event, 50 mL of UV-sterilized tap water was added to each
tank to keep water volumes constant.

Fig. 1. Schematic representation of the experimental set-up. Each tank conﬁguration consisted of seven tanks containing 50 L of UV-sterilized tap
water. The ﬁrst tank conﬁguration was set-up in October 2014 and consisted of a single Negative Control Tank (NCT) (no ﬁsh present) and six
Experimental Spawning Tanks with low (one ﬁsh/50 L) and high (ﬁve ﬁsh/50 L) ﬁsh densities(EST-LD and EST-HD, respectively). Tank conﬁguration 2 was set-up in December 2014 and contained a single NCT and six Experimental Control Tanks with low (ECT-LD) and high (ECT-HD) ﬁsh
densities.
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FIELD SURVEY

In order to conﬁrm the applicability of our method in the ﬁeld, a smallscale ﬁeld survey was conducted targeting known spawning grounds
for Macquarie perch within the Upper Murrumbidgee River (UMR)
(NSW, Australia). Over a period of 3 years (2012–2015), acoustic
telemetry methods were used to track the spawning movements of adult
Macquarie perch in the UMR (P. McGuﬃe, unpubl. data). Six potential spawning riﬄes, located within a remote section of the UMR, were
identiﬁed based on this previous research and monitored, using egg collections and eDNA sampling during the spring of 2015 (Fig. 2). Over
three sampling events (October 20, 23 and 26), four double-winged
ﬁne-meshed (05 mm) drift nets were set to capture eggs and conﬁrm
spawning at each location. At the top and bottom of each riﬄe two
individual nets were set overnight at a minimum depth of 05 m. Nets
were retrieved the following days (October 21, 24 and 27) and eggs were
collected, transported to a ﬁeld laboratory and counted. Because of the
remote sampling locations, the collection of water samples for eDNA
analyses (four 2 L samples from pools downstream of the spawning rifﬂes) was limited to day-time hours. Sampling bottles were sterilized by
soaking them for approximately 20 min in a 10% (v/v) bleach solution
and thoroughly rinsing with UV-sterilized tap water. Samples were collected before the presumed spawning period (October 8) to obtain baseline information on the relative concentrations of nu- and mt-eDNA.
Given that Macquarie perch are reproductively active for 1–2 months
(Tonkin, Lyon & Pickworth 2010; Tonkin et al. 2015), eDNA sampling was continued after the ﬁrst records of eggs in the drift nets and
was stopped after spawning ﬁsh aggregations were observed on the rifﬂes and egg counts showed a clear sign of recent spawning activity
(October 24 and 27). A Blank Field Control (BFC) was included at
each sampling site and consisted of a 2 L sampling bottle ﬁlled with
UV-sterilized tap water that was opened on site, closed and submerged
in the water. After collection, all samples were stored on ice and transported to the University of Canberra for further processing.
SAMPLE PROCESSING AND ANALYSES

Environmental DNA of all collected samples was captured by ﬁltering water samples immediately (experimental samples) or within
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24 h (ﬁeld samples) through a 12 lm glass ﬁber ﬁlter. Before
and between ﬁltering samples, all equipment was soaked for
10 min in a 10% (v/v) bleach solution and thoroughly rinsed
with UV-sterilized tap water. After sterilization of the ﬁltering
equipment, a Negative Equipment Control (NEC) was obtained
by ﬁltering 500 mL of UV-sterilized water before loading experimental or ﬁeld samples. All ﬁlters were placed in a 5 mL tube,
using sterilized forceps and stored at 20 °C.
Environmental DNA extractions, using the PowerWater DNA
Extraction Kit (MoBio Laboratories, Carlsbad, CA, USA), and
further analyses were conducted in the trace DNA laboratory at
the University of Canberra (Australia). Concentrations of nu- and
mt-eDNA in all samples were determined by performing three
qPCR replicates per sample for each target fragment, using the
SYBRÒ Select Master Mix (ThermoFisher Scientiﬁc, Waltham,
MA, USA). All qPCR analyses were performed in a ﬁnal volume
of 20 lL on a 96-well plate, using the Viia7 Real-Time PCR System (ThermoFisher Scientiﬁc). For each plate a ﬁve point standard
curve with three qPCR replicates for each DNA concentration
(5 9 106–5 9 102) was used to infer absolute eDNA abundance.
Cycling conditions consisted of an initial activation step of 2 min
at 95 °C, 55 2-step cycles of 15 s at 95 °C and 1 min at 60°C, and
a melting curve step with a continuous increase of 005 °C s1 from
60 °C to 95 °C. Ampliﬁcation curves and melt curves were visually
inspected and replicates were omitted if the ampliﬁcation curve did
not show a clear exponential phase or the observed melt curves
deviated from those observed in the standard curve samples. Additionally, positive PCR replicates obtained from negative control
samples (NCT and BFC) and a random subset (≥10%) of experimental and ﬁeld samples were puriﬁed and sequenced. All obtained
sequence reads matched the Macquarie perch target sequence. More
detailed information for the sample analysis protocol can be found
in the Appendix S2.
From the eDNA copies per reaction we calculated the number of
eDNA copies per litre of water collected. A correction for the dilution
eﬀect was incorporated for all experimental samples and qPCR replicates showing no ampliﬁcation were assigned a concentration of zero
eDNA copies per litre. The obtained eDNA concentrations were subsequently log transformed, using eqn 1.

Fig. 2. Map of the sampling locations within
the Upper Murrumbidgee River (UMR)
(NSW, Australia). Sample locations are numbered from downstream (UMR01) to
upstream (UMR06).
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½eDNA ¼ LOG10 ððeDNA copies/LÞ þ 1Þ

eqn 1

The relative abundance of nu- and mt-eDNA fragments was determined on a per sample basis by calculating the ratios of [nu-eDNA] to
[mt-eDNA] across all independent qPCR replicates. All graphs used to
visualize changes in the log transformed eDNA concentrations and the
ratios of [nu-eDNA] to [mt-eDNA] were constructed, using the packages GGPLOT2, GRIDEXTRA and COWPLOT in R v.3.1.3 (R Development
Core Team 2010).

Results
PRIMER DESIGN AND TESTING

After in silico and in vitro testing of the potential primer pairs,
the best performing primer combinations were selected for further analyses. Final primer combinations ampliﬁed a 148 bp
and 157 bp fragment of the 12S and ITS1 region of Macquarie
perch, respectively (Table 2). Both primer pairs were considered highly speciﬁc as no ampliﬁcation was observed in closely
related co-occurring species (Appendix S1).
EXPERIMENTAL RESULTS

The ECTs showed a rapid increase in nu- and mt-eDNA
within the ﬁrst 24 h after stocking the tanks with Macquarie
perch (Fig. 3). After this initial build-up phase, eDNA concentrations reached a plateau at which equilibrium between
eDNA production and degradation was achieved. The
observed equilibrium concentrations were generally higher in
the high-density treatments and this trend was observed for
both nu- and mt-eDNA. When evaluating the relative abundance of nu- and mt-eDNA, the results indicate that both target fragments are equally abundant since the calculated ratios
do not deviate strongly from one (Fig. 4). Although a small
increase in nu-eDNA concentrations can be observed in the
low density ECT at 384 h (Fig. 3), a closer inspection of the
raw data revealed that this was due to an increase in a single
tank. As the ECT were set-up a month after the EST and
immature experimental animals were used, this increase in nueDNA is unlikely to be caused by the presence of spermatozoa.
A more likely explanation for this pattern is the higher natural
variation in eDNA concentrations when species densities are

Table 2. Details of the Macquarie perch speciﬁc primers used to target
a fragment of the mitochondrial 12S gene and the nuclear ITS1 region

Primer

Sequence (5’-3’)

MP-12S-183F23

CAGCTTACCCTGTG
AAGGACTAA
CCTTCAGGATGTA
CGTTTCAGTATA
TAGTTCAATTGC
CGTCGTGCA
CGACGAGGGA
GAGAGAGAC

MP-12S-330R25
MP-ITS1-444F21
MP-ITS1-600R19

Amplicon
length
148 bp

157 bp

low or increased stress levels experienced by individual ﬁsh due
to the increased temporal sampling between 336 and 384 h.
Within the EST, the nu- and mt-eDNA concentrations generally follow the same trend as in the ECT for the ﬁrst part of
the experiment. After supplementing the tanks with Macquarie
perch milt, however, the abundance of both target fragments
increases (Fig. 3). Samples collected one hour after milt supplementation had the highest concentrations of both target
fragments. While there is no obvious diﬀerence in these peak
concentrations between density treatments, there is a clear difference in concentrations between target fragments. In both
density treatments, milt supplementation resulted in an
approximately 100-fold increase in nu-eDNA relative to
mt-eDNA. This relative diﬀerence in eDNA concentrations
remains detectable in the high and low density treatments for
approximately 40 to 60 h, respectively (Fig. 4). Additionally,
the results indicate that the degradation proﬁles for eDNA
originating from spermatozoa are dependent on the ﬁsh density and the target fragment. A comparison between density
treatments reveals that spermatozoa eDNA, both nu- and mteDNA, degrades faster in the high density tanks. When comparing the nu- and mt-eDNA degradation curves after milt
supplementation for both density treatments, the results indicate that the mt-eDNA follows a typical exponential degradation curve while the nu-eDNA degradation curve follows an
inverse logistic function (Fig. 3). This trend can also be
observed in Fig. 4 where the calculated ratios show a peak
24 h after milt supplementation.
All NEC and the samples from the NCT associated with the
ECT showed no signs of contamination. In contrast, contamination was observed in the NCT which was run simultaneously
with the EST (Appendix S3). Analyses of all the samples collected from this tank showed low levels of nu-eDNA shortly
before and after EST were supplemented with milt while no
mt-eDNA was detected. The most likely source of contamination is thus the handling of Macquarie perch milt prior to collecting the 336 h samples which has caused the transfer of few
spermatozoa into the associated NCT. Given that only low
levels of nu-eDNA were detected in the NCT (i.e., average log
transformed nu-eDNA concentration across all positive samples is 294  232) and no increase in eDNA concentrations
was observed in the EST samples collected at 336 h, the
observed contamination levels are unlikely to aﬀect the general
trends observed.
FIELD SURVEY

Through the conventional monitoring methods we were able
to conﬁrm the absence of spawning migration during the ﬁrst
day of eDNA sampling (October 8, 2015). In addition, egg collections indicated that Macquarie perch were reproductively
active at two spawning riﬄes (UMR04 and UMR06) during
October 21st, 24th, and 27th (Table 3). The eDNA analyses
clearly show that outside of the reproductive period (October
8, 2015) the ratios between nu- and mt-eDNA concentrations
do not deviate from one (Fig. 5). In contrast to the conventional monitoring, eDNA monitoring did not show evidence
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Fig. 3. The log10 transformed Macquarie perch environmental DNA (eDNA) concentrations over time for low and high density treatments. The
top and middle graphs give a comparison between the Experimental Control Tanks (ECT) and Experimental Spawning Tanks (EST) for mitochondrial (mt) and nuclear (nu) eDNA, respectively. The bottom graphs give a comparison between mt and nu eDNA concentrations within the
EST. Tanks were supplemented with 10 mL of water (ECT) or a mixture of milt and water (EST) after 336 h. Grey shading represents 1 SD from
the mean.

of spawning activity during October 24th but all samples collected during October 27th showed an increase in ratios
between nu- and mt-eDNA (Fig. 5).
The eDNA analyses performed on both BFC’s and NEC’s
yielded one positive ampliﬁcation for the 12S gene fragment in
the BFC associated with the samples collected from UMR04
on October 27th. Given that all other controls tested negative
for Macquarie perch DNA and high concentrations were
obtained from a single qPCR replicate (1201 DNA copies/
reaction), it is highly likely that contamination occurred during
the PCR set-up. This was further supported by performed an
additional six qPCR replicates for both target fragments for
this BFC, which did not produce a positive ampliﬁcation.
As such, contamination due to improper sample handling
or DNA extractions can be excluded and the results

obtained from all associated samples were not omitted from
the analyses.

Discussion
We have shown that changes in the relative abundance of
nuclear and mitochondrial eDNA can be used to monitor
spawning activity of Macquarie perch. Although we focused
on a single species, our methods are likely to be transferrable
to other aquatic species relying on external fertilization such as
many teleost ﬁsh and frog species. While the relatively high
numbers of mitochondria found in frog spermatozoa compared to teleost ﬁsh might reduce the strength of the eDNA signal (Jamieson 1991; Lee & Jamieson 1992), this may be
partially compensated by higher copy numbers of the nuclear
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Fig. 4. The ratios between Macquarie perch nuclear and mitochondrial environmental DNA (eDNA) concentrations over time for the
low and high density treatments. Solid lines represent the Experimental
Spawning Tanks (EST) while dashed lines represent the Experimental
Control Tanks (ECT). Ten millilitres of water (ECT) or a mixture of
milt and water (EST) were added after 336 h.

Table 3. The number of Macquarie perch eggs collected with drift nets
for each sampling site and sampling date
Drift nets
Site

21/10

24/10

27/10

UMR01
UMR02
UMR03
UMR04
UMR05
UMR06

0
0
0
1
0
4564

0
0
0
40
0
485

0
0
0
399
0
1585

ribosomal operon in frog species (Long & Dawid 1980).
Besides the direct applications of this method, the results
obtained from our study also contradict the popular belief that
mitochondrial DNA fragments are more abundant in environmental water samples (Olson, Briggler & Williams 2012). This
is consistent with recently published research which has shown
that amplicon targets (nuclear vs mitochondrial) do not have a
signiﬁcant eﬀect on eDNA detection rates and the use of nueDNA targets might actually increase the sensitivity of eDNA
studies (Minamoto et al. 2016; Piggott 2016). These ﬁndings
and the fact that nuclear DNA fragments are thought to
degrade faster in environmental samples than mitochondrial
DNA (Foran 2006), oﬀers new opportunities to improve the

Fig. 5. The ratios between Macquarie perch nuclear and mitochondrial environmental DNA (eDNA) concentrations for all ﬁeld sites
sampled before (October 8, 2015) and during (October 24 and 27, 2015)
the presumed spawning period. Black arrow points indicate the sampling dates and sites at which eggs were collected, using drift nets.

reliability of eDNA-based species detections by targeting both
eDNA fragments, using a multiplex PCR.
Although the results obtained from the drift nets and eDNA
sampling are inherently biased due to diﬀerences in sampling
times (i.e., night- and daytime collections, respectively), a comparison between the data collected from both monitoring
methods do highlight some of their limitations. Firstly, drift
nets were able to collect Macquarie perch eggs during October
24th while eDNA monitoring did not show any sign of recent
spawning activity. This observation could indicate that our
eDNA method is less sensitive than the use of drift nets to
detect low levels of spawning activity. Alternatively, the pattern could be explained if previously deposited eggs were dislodged from the gravel beds and washed into the drift nets. As
such, relying on egg counts for the detection of recent spawning activity might suﬀer from false positive errors. When
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comparing eDNA and conventional monitoring results when
both showed signs of reproductive activity (October 27, 2015),
we ﬁnd that sites showing the highest ratios between nu- and
mt-eDNA do not correspond to the spawning areas as deﬁned
by conventional monitoring (Fig. 5). This diﬀerence could be
explained when taking into consideration water ﬂow and the
method used to infer spawning activity. Owing to the limited
transport distance of the demersal and slightly adhesive eggs of
Macquarie perch, drift nets can determine spawning locations
very accurately. However, their labor-intensive nature makes
them unsuitable to precisely determine temporal variation
in spawning activity. In contrast, our eDNA-based
methodology relies on the presence of highly mobile spermatozoa in the water samples to infer spawning. Consequently, the downstream transport of spermatozoa will
aﬀect our ability to determine the exact spawning locations. However, eDNA sampling can be highly automated
and thus temporal and spatial sampling eﬀorts can be
increased to obtain more detailed information on the exact
spawning time and location. While this study shows that
eDNA-based monitoring can be utilized as a non-invasive
method for monitoring reproduction, additional studies
comparing conventional methods with our eDNA-based
approach are needed to assess the advantages and disadvantages of this method. Future comparative studies in
lotic systems will be valuable to better understand the
impact of water ﬂow and will beneﬁt from temporal sampling strategies in which sampling time/period is consistent
between methods. While the transport of eDNA originating from spermatozoa is likely to be more limited in lentic
environments, additional work is needed to determine dispersal rates of spermatozoa in these systems. The application of this method to other species will be beneﬁcial to
understand the inﬂuence of reproductive behavior (e.g.,
solitary vs broadcast spawning) on the eﬃciency of conventional methods and eDNA-based monitoring of reproductive activity. From a management context, determining the
magnitude of spawning events is important to monitor
changes in the eﬀective population size of species. After
milt supplementations, we found that both nuclear and
mitochondria eDNA concentrations were higher in the
high-density tanks compared to the low-density tanks (i.e.,
a 3- and 5-fold increase, respectively). Although this indicates that eDNA concentrations might be related to the
magnitude of spawning events, more rigorous studies are
required to provide conclusive evidence. Finally, the uptake
of the presented method will depend strongly on cost and
time requirements as these are often limiting factors in
monitoring surveys. Surveys using eDNA are generally
considered less time-intensive than conventional monitoring
and this is particularly true when conventional methods
are very time consuming (e.g., collecting and counting
eggs) (Jerde et al. 2011). Although the methods used in this
study are likely to be relatively costly, the use of a multiplex PCR to evaluate the relative abundance of nuclear
and mitochondrial eDNA fragments within a single reaction will reduce costs signiﬁcantly. Finally, it is important
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to note that within our study contamination was observed
in some negative control samples (NCT and BFC). As the
presence of contaminating DNA can signiﬁcantly aﬀect the
validity of future studies, we strongly recommend that
future research takes into consideration recently published
guidelines for eDNA studies (Goldberg et al. 2016).

Conclusion
Our eDNA methodology for detecting reproductive activity in
aquatic organisms has the potential to increase our knowledge
of the reproductive biology of elusive species and help evaluate
management actions aimed at increasing the reproductive output of endangered populations. Environmental DNA monitoring provides several advantages in that it is a non-invasive
method, highly species-speciﬁc and can be highly automated,
allowing it to be applied across large temporal and spatial
scales. Furthermore, given that this method relies on the detection of the direct products of spawning activity, it could help
evaluate whether population declines are caused by spawning
failure or high mortality rates of the early life-history stages.
While the presented method could have broad applications,
future comparative studies are required to better understand
the sensitivity and the cost- and time-requirements of this
method, which will ultimately determine its potential for species management and conservation.
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