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The world's fish biodiversity is threatened due to overfishing, climate change, invasive alien species,
and others. Problems such as reducing species biomass and diversity néed to be addressed urgently.
Monitoring the spawning activity of fish is essential for the conservation and management of fish
because spawning directly affects population reproduction and growth. Information on the exact timiné
and location’ of spawning activities- can serve as a basis for establishing closed fishing seasons and (or)
areas to reduce interference with the spawning activities of rare or valuable fishery species. It can also
provide a time reference for contrblling and managing invasive species. Spawning activity depends on
the combined effects of many factors such as water temperature, food, sunlight, and 'water level, on
aquatic organisms including fish. Traditional survey methods for estimating fish spawning periods
include collecting eggs or catching fish and examining the gonads of adults or otoliths of fries. However,
these techniques are time consuming and labor intensive, and they also cause injury in fish and hinder
their natural spawning activity. Monitoring the spawning activities of aquaticv organisms using
noninvasive methods remains a challenge.

Environmental DNA (eDNA) analysis has received attention as a noninvasive survey method. As
this method relies on collecting DNA fragments in the water for analysis, such that it can investigate
biological population structures in a body of water without damaging the organisms and with a

significantly reduced expenditure of time and labor. During spawning, fish release large amounts of



(K% K" EE, No.2)

sperm and eggs into the water, which has been assumed to cause an increase in eDNA levels and nuclearb
eDNA/mitochondrial eDNA ratios. However, the durati>on and diffusion distance of high concentrations
of eDNA produced by spawning activities in water bodies are still unknown, making it challenging to
develop an accurate and effective survey plan to monitor spawning activities. No long-term field survey '
currently uses eDNA methods to monitor fish spawning activity. There is no eDNA-based method to
estimate whether fish have spawned. This study aimed to establish a method for estimating fish
spawning activity based on eDNA surveys. Therefore‘,“a series of studies were conducted as discussed
ahead. First, the changes in the nuclear and mitochondrial eDNA concentrations, ratio of nuclear
eDNA/mitéchondrial eDNA over time, and distance due to fish spawning activities were estimated, and
possible eDNA survey pians to monitor .ﬁsh ‘spawning activities were established. Second, a method for
estimating the spawning activities of a single or a few fish species using eDNA data was established,
.and the method's effectiveness was verified by comparing with that of the traditional method. Third, the
spawning activities of multiple fish were monitored simultaneously using quantitative eDNA
* metabarcoding technology. Finally, the above experimental results successfully established a method for
monitoring fish spawning activities using eDNA.

In Chapter 2, Cyprinus carpio was used as a target species, and artificial spawning experiments were
conducted to investigaté the spatiotemporal changes in nuclear and mitochondrial eDNA concentrations
during spawning. The results showed that carp spawniﬁg activity over the past 24 h could be monitored

bby eDNA analysis. Additionally, when carp spawning activity occurs once, spawning activity can be
successfully monitored by measuring the nuclear DNA concentration or the nuclear eDNA/
mitochondrial eDNA ratio with a probability of approximately 50-75% based on a sampling plan of
sample collection every 100 m and 24 h. Thus, the spawning activity of aquatic species can be estimated
with high spatial and temporal accuracy using eDNA analysis.

In Chapter 3, to verify the feasibility of estimating fish spawning activities through eDNA
technology, eDNA surveys and traditional surveys were performed for 2 y in a reservoir. Traditional
surveys estimated Micropterus salmoides and Lepomis macrochirus spawning activities froin fish body

length and daily otolith rings. The eDNA survey used C. carpio, M. salmoides, and L. macrochirus as
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target species. A method was established to estimate the spawning activity of the three fish species
using the outlier of the eDNA concentratidn and nuclear eDNA/mitochondrial eDNA ratio. The
traditional and eDNA survey results were consistent to a certain extent, which validated the feasibility
of estimating fish spawning activities through eDNA sﬁrveys.

In Chapter 4, to estimaté the spawning activity of whole fish assemblages in a specific water body, a
quantitativ;e metabarcoding approach was épplied to quantify the eDNA concentrations of all fish
species. The results showed that the detected fish species of the quantitative eDNA metabarcoding
approach were highly consistent with the historical results of the traditional survey. The spawning
activities of 13 fish species were estimated using the method established in Chapter 3. Most spawning
activities were consistent with the traditional knéwledge of fish spawning periods. These results showed
that quantitative eDNA metabarcoding helps monitor the spawning activities of multiple fish species.

Through a series of experiments, an effective survey framework for monitoring fish spawning
’activity through eDNA was established. This is a complete survey framework for monitoring fish
spawning activity based on eDNA, including samplé collection, data collection, and data analysis. A
sample collection plén was established through the phenomenon of eDNA gradually reducing over time
and distance following spawning activity. Taking advantage of the rapid increase in the concentration
and ratio of eDNA in fish ’spawni‘ng activities, a method for estimating the spawning activities of a
single- or a few fish species was established. Through quantitative metabarcoding technology, the
difficulty of simultaneously estimaﬁng the spawning activities of multiple fishes is solved. Comparisons
with traditional methods and historical records also showed the effectiveness of the eDNA survey
framework.

This survey framework is based on eDNA and does not rely on traditional surveys. Although the
eDNA-based survey framework for estimating fish spawning activities established in this study still has
some drawbacks, such as high concentrations of eDNA resulting from fish gathering can potentially be
misinterpreted as spawning activity, and long-term eDNA sampling requvired to detect the outlier value
of the eDNA concentrations. However, ih contrast to the traditiqnal deleterious, injurious methods, this

framework does not require the collection of fish individuals. Therefore, it does not cause harm to fish
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and does not contribute/ to fish mortality from the survey process. This framework only requires small
water samples for a single sampling and does not rely on traditional fishing activities such as drift nets
and electrofishing. Therefore, it does not interfere With the biological activities of fish and is an
eco-friendly survey method. The method established in this study can effectively reduce field
investigation workload and sensitively grasp the spawning time and location of invasive fish and is
suitable for monitoring the spawning activities of rare fish. This will deepen the understanding of fish

ecology and provide critical information for fish conservation and management.
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