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Abstract

Reliable abundance estimation is a primary challenge in environmental DNA (eDNA) analysis, which has been addressed by

considering the effects of eDNA transport and degradation. However, these eDNA spatial dynamics depend on the cellular

and molecular structure of eDNA, with its persistence state (particle size and DNA fragment length) being essential for

improved abundance estimation. This existing knowledge gap is bridged by utilizing datasets obtained from two types of

aquarium experiments (targeting zebrafish [Danio rerio] and Japanese jack mackerel [Trachurus japonicus]) and comparing

the relationships between eDNA concentration and species abundance among different eDNA size fractions and target marker

lengths. We reared the fish in experimental tanks with different individual numbers or biomass densities, filtered rearing

water using different pore size filters, and quantified eDNA concentrations targeting different fragment lengths or genetic

regions. Consequently, both experiments showed that the accuracy and sensitivity in abundance estimation were improved (i.e.,

R2 values and slopes of linear regressions increased) when targeting eDNA at the 3–10-μm size fraction. On the other hand,

targeting eDNA at the >10 μm size fraction yielded a lower R2 value. This result indicates that an “appropriately” larger eDNA

particle is vital for improving abundance estimation accuracy and sensitivity. Conversely, the target marker length negatively

affected the R2 value. This study proposes that the relationship between eDNA concentration and species abundance relies on

the complex interactions between the particle size, persistence, and spatial heterogeneity of eDNA in water.
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Abstract

Reliable abundance estimation is a primary challenge in environmental DNA (eDNA) analysis, which has
been addressed by considering the effects of eDNA transport and degradation. However, these eDNA spatial
dynamics depend on the cellular and molecular structure of eDNA, with its persistence state (particle size
and DNA fragment length) being essential for improved abundance estimation. This existing knowledge gap
is bridged by utilizing datasets obtained from two types of aquarium experiments (targeting zebrafish [Danio
rerio ] and Japanese jack mackerel [Trachurus japonicus ]) and comparing the relationships between eDNA
concentration and species abundance among different eDNA size fractions and target marker lengths. We
reared the fish in experimental tanks with different individual numbers or biomass densities, filtered rearing
water using different pore size filters, and quantified eDNA concentrations targeting different fragment lengths
or genetic regions. Consequently, both experiments showed that the accuracy and sensitivity in abundance
estimation were improved (i.e.,R2 values and slopes of linear regressions increased) when targeting eDNA
at the 3–10-μm size fraction. On the other hand, targeting eDNA at the >10 μm size fraction yielded a
lower R2 value. This result indicates that an “appropriately” larger eDNA particle is vital for improving
abundance estimation accuracy and sensitivity. Conversely, the target marker length negatively affected the
R2 value. This study proposes that the relationship between eDNA concentration and species abundance
relies on the complex interactions between the particle size, persistence, and spatial heterogeneity of eDNA
in water.

Introduction

Environmental DNA (eDNA) is the total pool of DNA isolated from environmental samples (Pawlowski et
al., 2020). Macroorganisms such as fish are believed to produce eDNA in the form of epidermis, mucus, and
feces into their outer environments (Barnes & Turner, 2016; Rodriguez-Ezpeleta et al., 2021). Recently, the
eDNA-based monitoring of species distribution, abundance, and composition has been developed to target
a variety of taxa in aquatic and terrestrial environments (e.g., Ficetola et al., 2008; Yamanaka & Minamoto,
2016; Ushio et al., 2018; Valentin et al., 2020). The target eDNA, which is detected by a polymerase
chain reaction (PCR), allows to evaluate species presence and relative abundance, making eDNA analysis a
non-disruptive, cost-effective, and high-sensitivity monitoring tool compared with traditional capture-based
surveys (e.g., Thomsen et al., 2012; Miya et al., 2015; Jo et al., 2020a; Lopes et al., 2021). Although there
is potential for eDNA-based biomonitoring to become an essential approach for biodiversity and ecosystem
conservation, knowledge on the production source and persistence state of eDNA, as well as its transport
and degradation, is lacking (Barnes & Turner, 2016; Harrison et al., 2019; Jo et al., 2021a). The lack of
or scarcity in understanding the characteristics and dynamics of eDNA causes uncertainty in eDNA-based
species inferences, often resulting in ecological interpretation difficulty (Hansen et al., 2018).

Specifically, the estimation of species abundance is a significant challenge in eDNA analysis (Roussel et
al., 2015; Harper et al., 2018). Although the eDNA concentration shows a positive correlation with target
species abundance for multiple taxa (Takahara et al., 2012; Pilliod et al., 2013; Uthicke et al., 2018; Wu
et al., 2018; Ponce et al., 2021), in natural environments, these relationships are weakened compared with
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. those in controlled laboratory conditions (Yates et al., 2019). Numerous environmental factors complicate
the diffusion, retention, and degradation of eDNA in natural environments (e.g., temperature fluctuation,
water chemistry, and hydrogeographic conditions), which renders eDNA quantification and its relationship
with species abundance in the field unclear. A few studies previously addressed this challenge by correcting
the eDNA concentration with a river flow (e.g., eDNA flux), mathematically modeling the processes of eDNA
transport and degradation (Carraro et al., 2018; Levi et al., 2019; Fukaya et al., 2021). Nevertheless, the
practical application of eDNA-based abundance estimation with high reliability in natural environments is
still in its infancy.

Given that eDNA degradation significantly depends on the complex interactions between the eDNA state
and multiple abiotic factors (Jo & Minamoto, 2021), the cellular and molecular structures of eDNA func-
tion as important factors to better understand the relationship between eDNA concentration and species
abundance. Furthermore, a recent review discussed the benefit of targeting various types of eDNA beyond
short mitochondrial DNA fragments (nuclear eDNA, longer eDNA fragments, and larger eDNA particles)
for reliable species detection and accurate abundance estimation (Jo et al., 2021). Larger eDNA particles
(eDNA detected in more significant size fractions) can more frequently possess longer eDNA fragments (Jo
et al., 2020b) that persist for a shorter duration in water because of the inflow of degraded eDNA from larger
to smaller size fractions (Jo et al., 2019). This finding suggests that the larger eDNA particles, likely derived
from intra-cellular DNA (e.g., cell and tissue fragments), are released and assumed to be fresher and more
precise biological signals than their smaller counterparts (e.g., organelle and extra-cellular DNA) (Jo et al.,
2019; 2021). Therefore, the larger eDNA particles collected using a larger pore filter may accurately imitate
the neighboring species abundance.

Conversely, we suspected that the larger eDNA particles do not continuously improve the species abundance
estimation accuracy. Although much of macrobial eDNA is concentrated in a 1–10-μm size fraction (Turner
et al., 2014; Jo et al., 2019; Zhao et al., 2021), it exists in water at various size fractions (<0.2 to >180 μm in
diameter). Among them, eDNA particles collected by a filter with a considerable pore size (tens or hundreds
of micrometers, e.g., tissue aggregation and scale) are clumped and distributed heterogeneously in water
(Furlan et al., 2016). The stochasticity of retrieving such “huge” eDNA particles in a water sample could
worsen the relationship between eDNA concentration and species abundance. Hence, the eDNA particle size
and size fraction may associate nonlinearly with the relationship between eDNA concentration and species
abundance.

Additionally, it is believed that longer eDNA fragments are degraded rapidly (e.g., Jo et al., 2017; Shogren
et al., 2018), whereas agreement is not usually reached in previous studies (e.g., Bylemans et al., 2018). The
longer eDNA fragments can persist for a shorter duration in water owing to its rapid degradation (Jo et al.,
2017). Given its characteristics, the longer eDNA fragments also reflect more recent biological information
than the shorter fragments. However, compared with shorter fragments, longer eDNA fragments are expected
to be less frequently detected, specifically in natural environments (Jo et al., 2021b). The stochasticity and
heterogeneity of longer eDNA fragments lead to higher variances of eDNA yields across replicated samplings,
showing their poor applicability for accurate abundance estimation. Altogether, it should be evaluated
how target marker length and particle size of target eDNA could influence the relationship between eDNA
concentration and species abundance.

This study compared the relationships between eDNA concentration and species abundance among different
eDNA size fractions and target marker lengths and proposed the characteristics of eDNA suitable for accurate
abundance estimation. To address the issue, an aquarium experiment was performed using zebrafish (Danio
rerio ). We reared the fish in experimental tanks with different individual densities, filtered the rearing water
samples using other pore size filters, and quantified eDNA concentrations targeting different fragment lengths.
In this study, we focused on the R2 values and slopes of the linear regressions as the parameters showing
the relationship between eDNA concentration and species abundance; the former parameter represented the
accuracy of the relationship, and the latter the sensitivity of eDNA concentration in response to changes in
species abundance (Eichmiller et al., 2016). Furthermore, we reanalyzed the dataset from a previous study
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. that measured the particle size distribution of Japanese jack mackerel (Trachurus japonicus ) eDNA (Jo
et al., 2019), and assessed the importance of the eDNA particle size and size fraction for the abundance
estimation performance.

Materials and methods

Aquarium experiment

The aquarium experiment was performed to examine how the relationships between fish abundance and
target eDNA concentration varied depending on filter pore size and DNA fragment length. Five replicates
of 25-L tanks, filled with 20 L of aged tap water aerated by a pump, were prepared. The water temperature
was regulated (around 25°C) using a thermostat (DS150, GEX, Japan), and a 12-h/12-h light/dark cycle
was adopted throughout the experiment. After a week, 500 mL of tank water was collected from each tank
in advance, using a 1-L plastic beaker as a blank sample, and subsequently, five individuals of the juvenile
zebrafish (total length: around 30 mm; no sex identification) were introduced into each tank. Then, after
5 days, 3 L of water samples were collected from each tank using a 10-L plastic container, introducing an
additional five juvenile zebrafish (i.e., ten individuals per tank in total). After another 5 days, we collected 3
L of water samples similarly as above and introduced an additional ten individuals (i.e., 20 individuals per
tank). Similarly, we collected water samples after 6 days and introduced an additional ten individuals (i.e.,
30 individuals per tank). After 10 days, 3 L of water samples were collected, and ten additional individuals
were introduced (i.e., 40 individuals per tank). Finally, after 5 days, we collected 3 L of water samples.

After water collection, the water samples were thoroughly mixed and 250 mL of them was filtered using a 47-
mm-diameter polycarbonate membrane filter (0.2 μm pore size; Merck Millipore, Germany) using magnetic
filter funnels (500 mL capacity; Pall Corporation, US) and a filtration manifold (three-place; Sanplatec
Corporation, Japan). A similar procedure was performed for 500 mL of the samples with the same material
filters with different pore sizes (0.8, 3, and 10 μm pore size). This alternative was performed as a result
of clogging of smaller pore size filters. Additionally, 250 mL of distilled water was filtered with the same
material filter at each sampling time, with 0.2-μm pore size filter used as a negative filtration control. All
filtered samples were covered with a commercial aluminum foil and kept at -20°C until eDNA extraction.
The fish in experimental tanks were fed a small amount of commercial bait every 2 or 3 days. The bottom
of each tank was cleaned immediately after feeding to eliminate the effect of the feces. Tank water was filled
up to the original water volume after water sampling and bottom cleaning was performed. We supplied
replacements for the dead or dying individuals as soon as possible. However, we replaced them after water
sampling when the dead or dying individuals were observed on the sampling day. Disposable gloves were worn
to collect and filter water samples throughout the experiments. All the equipment for fish rearing (pomp,
air stones, tube, and acrylic tanks), water collection (beakers, containers, polyethylene tanks), and water
filtration (filter funnels and tweezers) were bleached before every use in 0.1% sodium hypochlorite solution
for at least 5 min (Yamanaka et al., 2017).

eDNA extraction and quantitative real-time PCR (qPCR)

We extracted total eDNA on the filter using a DNeasy Blood and Tissue Kit (Qiagen, Germany), according
to the method described in Minamoto et al. (2019). The zebrafish eDNA concentration in the water sample
was estimated by quantifying the copy number of mitochondrial genes using the StepOnePlus Real-Time
PCR system (Thermo Fisher Scientific, U.S.). We used the primer/probe sets to amplify the different lengths
of mitochondrial genes, including cytochrome b, tRNA-Glu, and ND6 regions of target species (132, 430, 715,
and 1021 bp) developed by Hirohara et al. (2021). Each 15 μL of TaqMan reaction mixture contained a 2 μL
DNA template, a final 900 nM concentration of each forward and reverse primer, and 125 nM of TaqMan
probe in 1 × TaqPath qPCR Master Mix, CG (Thermo Fisher Scientific). Simultaneously, 2 μL of pure water
samples were analyzed as the PCR negative controls. Target eDNA concentrations were quantified based on
a dilution series of standards containing 3 × 101 to 3 × 104 copies of synthesized artificial DNA fragments
from zebrafish mitochondrial genes (Hirohara et al., 2021). All qPCRs were performed in triplicate, including
eDNA samples, standards, and negative controls. Thermal conditions of the qPCRs were 2 min at 50°C, 10
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. min at 95°C, 55 cycles of 15 s at 95°C, and 1 min (132 bp) or 1.5 min (other fragment lengths) at 60°C
(Hirohara et al., 2021). We calculated the eDNA concentrations by averaging the triplicates, and each PCR
negative replicate (indicating non-amplification) was denoted as containing zero copies (Ellison et al., 2006).

Statistical analyses

The statistical analyses were performed using the R version 4.0.4 software program (R Core Team, 2021).
Target eDNA concentrations per PCR reaction (2 μL template DNA) were converted into per water sample
(1 mL water sample) before the analyses. Linear regressions of the target eDNA concentration (log10-
transformed) against the number of zebrafish individuals per tank were performed for each filter pore size
and DNA marker length using lm and confint functions, with theirR2 values and slopes with 95% confidence
intervals (CIs) estimated. We also conducted a linear model to assess the effects of the eDNA size fraction and
target marker length on the accuracy of the relationship between eDNA concentration and species abundance
(i.e., the R2 value of linear regression). The R2 values were Fisher’s z-transformed by the package “MAc”
in advance (Del Re & Hoyt, 2018) to meet the normality (Yates et al., 2019) and included as the dependent
variable. Filter pore size (μm; categorical), marker length (bp; log10-transformed), and interactions were also
explanatory variables. Additionally, a linear mixed model using the lmer function in the package “lmerTest”
(Kuznetsova et al., 2017) was performed to assess the effects of the eDNA size fraction and marker length
on the sensitivity of the eDNA concentration in response to changes in species abundance (i.e., the slope
of linear regression [Eichmiller et al., 2016)). The zebrafish eDNA concentration (log10-transformed) was
included as the dependent variable. The number of fish individuals per tank, filter pore size, marker length
(log10-transformed), and primary interactions of fish individuals with filter pore size and log10-transformed
marker length were included as the fixed effects. The tank replicates were included as the random effect.

Re-analyses of relationships between size-fractioned eDNA and fish abundance

We reanalyzed the dataset from a previous study to further examine the effects of particle size and size
fraction on eDNA-based abundance estimation (Jo et al., 2019). The aforementioned study measured the
size distribution of T. japonicus eDNA derived from mitochondrial and nuclear DNA. Briefly, rearing water
was sequentially filtered using different pore size filters; the particle size distributions of target eDNA were
compared among rearing temperature, fish biomass in a tank, and target genes (mitochondrial or nuclear).
Detailed information on the experimental design, water sampling, and molecular analyses can be accessed
in Jo et al. (2019). Here, we performed linear regressions using the dataset and assessed the variation in
the relationship between eDNA concentration and fish biomass according to eDNA size fraction. The eDNA
samples that were collected a day before the fish removal and passed through sequential filters with 10, 3,
0.8, and 0.4 μm pore sizes (i.e., >10, 3–10, 0.8–3, and 0.4–0.8 μm size fractions, respectively) were compiled.
The fish biomass in 200-L tanks ranged from 5.8 to 460.1 g. We then calculated two kinds of cumulative
eDNA concentrations from each size-fractioned eDNA concentration as follows:

(i) Upside-cumulative eDNA (UC) meaning the cumulative eDNA concentration at all size fractions that
can be collected by a given pore size filter:

UC>10 μμ = C>10 μμ

UC>3 μμ = C>10 μμ + C3–10 μμ

UC>0.8 μμ = C>10 μμ + C3–10 μμ + C0.8–3 μμ

UC>0.4 μμ = C>10 μμ + C3–10 μμ + C0.8–3 μμ + C0.4–0.8 μμ

(ii) Downside-cumulative eDNA (DC) meaning the cumulative eDNA concentration at all size fractions that
can be collected by the smallest pore size filter (0.4 μm) following pre-filtration with a given pore size filter:

DC>0.4 μμ = C0.4–0.8 μμ+ C0.8–3 μμ + C3–10 μμ + C>10 μμ

DC0.4–10 μμ = C0.4–0.8 μμ + C0.8–3 μμ + C3–10 μμ

DC0.4–3 μμ = C0.4–0.8 μμ + C0.8–3 μμ

5
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. DC0.4–0.8 μμ = C0.4–0.8 μμ

where CX means the concentration of target eDNA at X μm size fraction (i.e., size-fractioned eDNA). As
described above, we performed linear regressions of size-fractioned (CX) and both cumulative eDNA (UCX or
DCX) concentrations (log10-transformed + 1) against fish biomass (log10-transformed) and estimated their
R2values and regression slopes with 95% CIs. Additionally, the relativeR2 values were calculated to simplify
the effect of size fraction on the relationships, where theR2 values at a given size fraction were divided by
the R 2 value at >10 μm size fraction for the size-fractioned (CX) and upside-cumulative (UCX) eDNA and
at >0.4 μm size fraction for the downside-cumulative eDNA (DCX) corresponding to a similar temperature
level and marker type.

Moreover, we assessed the effect of eDNA size fraction on theR2 values and slopes of linear regressions,
using the three types of eDNA concentrations and linear mixed models. In the former models, the R2 values
(Fisher’s z-transformed) were included as the dependent variable, each size fraction (μm) was included as
the fixed effect, and temperature levels (13, 18, 23, and 28°C) and marker types were included as the random
effects. On the other hand, in the latter models, every kind of eDNA concentration (CX, UCX, or DCX;
log10-transformed + 1) was included as the dependent variable, fish biomass (log10-transformed), each size
fraction, and their interaction were included as the fixed effects, and tank replicates, temperature levels, and
marker types as the random effects. In these analyses, water temperature levels and marker types were not
included as the fixed effects because these factors were not of interest in this study.

Results

Aquarium experiment

The linear relationships between zebrafish eDNA concentrations and fish abundance were observed in all
filter pore sizes and DNA fragment lengths (Figure 1). However, there were substantial variations in theR2

values and slopes in the linear regressions. The R2 values were significantly lower for a 10 μm pore size filter
than the other pore size filters and the values were higher by targeting shorter eDNA fragments (Figure 2a).
A linear model showed a significantly positive effect of a 3 μm pore size filter relative to a 10 μm pore size
filter (P < 0.05) and a negative effect of DNA marker length (P < 0.01) on Fisher’s z-transformed R2 values
(Table 1). Furthermore, the slopes tended to be larger for 3 and 0.2 μm pore size filters than for 10 and
0.8 μm pore size filters, regardless of marker length (Figure 2b). A linear mixed model showed significant
positive effects in the interactions of 3 and 0.2 μm pore size filters with the number of fish individuals (both
P < 0.01) on the slopes. Concurrently, no significant interaction between zebrafish abundance and DNA
fragment length was observed (Table 2). The overallR2 values and PCR efficiencies of the standard curves in
qPCR were 0.996 ± 0.002 and 93.814% ± 6.174%, respectively (detailed information on each marker can be
seen in Table S1). Although one of blank samples showed PCR amplification, its calculated concentration was
0.4 copies per PCR reaction (Table S1); the potential contamination during water filtration was considered
negligible. Amplification was not observed in any of the filtration or PCR negative controls throughout the
experiment.

Re-analyses of relationships between size-fractioned eDNA and fish abundance

With regard to the size-fractionated eDNA (CX), the 95% CIs of the relative R2 values at the 0.8–3 μm size
fraction were markedly lower than those at the >10 μm size fraction and did not include R2 = 1 (relative
R2 = 0.389 [-0.026, 0.804]; Figure 3a). Linear mixed models displayed that theR2 values and slopes (i.e.,
the interaction between fish biomass and size fraction) were significantly lower at 0.8–3 μm than at >10 μm
size fractions (both P< 0.01) (Tables 3a & 4a; Figures S1 & S2). On the one hand, regarding the upside-
cumulative eDNA (UCX), the 95% CIs of the relative R2 values at the >3 μm size fraction were substantially
higher than those at the >10 μm size fraction and without includingR2 = 1 (relative R 2 = 1.257 [1.020,
1.495]; Figure 3b). Additionally, linear mixed models showed that the R2 values were marginally higher at
>3 μm than at >10 μm size fractions (P = 0.065) and the slope was slightly lower at >0.8 μm than at
>10 μm size fractions (P = 0.090) (Tables 3b & 4b; Figures S3 & S4). On the other hand, regarding the
downside-cumulative eDNA (DCX), the 95% CIs of the relative R2 values at the 0.4–3 μm size fraction were

6
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. considerably lower than those at the >0.4 μm size fraction and did not include R2 = 1 (relative R2 = 0.587
[0.376, 0.797]; Figure 3c). The linear mixed models showed that the R2values were significantly lower at
0.4–3 μm than at >0.4 μm size fractions (P < 0.01), with no significant interactions between fish biomass
and size fractions (Tables 3c & 4c; Figures S5 & S6).

Discussion

Abundance estimation depending on eDNA particle size and size fraction

The aquarium experiment using zebrafish revealed that regardless of DNA marker length, eDNA particles
collected by a 10 μm pore size filter could not explain the fish abundance more accurately than those managed
by other smaller pore size filters. Notably, we observed higherR2 values between the shortest eDNA fragments
(132 bp) and fish abundance by increasing the filter pore sizes. However, the value radically decreased
when using the 10 μm pore size filter, suggesting that the relationship between eDNA concentration and
species abundance can be worsened when such “huge” eDNA particles and extremely larger size fractions are
targeted. As expected in the Introduction, massive eDNA particles, such as tissue clumps, reflect the species
abundance less precisely because of their potential heterogeneous dispersion and distribution in water (Turner
et al., 2014; Furlan et al., 2016; Jo et al., 2020b). Moreover, mainly in natural environments, eDNA particle
sizes can be increased by adsorbing suspended organic matter, making DNA molecules physiochemically
stable and able to survive longer in water (Levy-Booth et al., 2007; Torti et al., 2015). Therefore, detecting
such eDNA is likely to reflect past biological information and obscures current species distribution and
abundance (Barnes & Turner, 2016; Jo et al., 2021).

On the contrary, this study indicates that eDNA particles at the 3–10 μm size fractions could be important
for better performance of abundance estimation. First, the zebrafish eDNA particles collected by a 3 μm pore
size filter reflected the fish abundance significantly better than those managed by a 10 μm pore size filter,
corresponding to the result from the experiment targeting the upside-cumulative eDNA from T. japonicus .
Second, for the downside-cumulative eDNA from Japanese jack mackerel, the R2 values between the target
eDNA concentration and fish biomass were significantly lower at the 0.4–3 μm size fraction (i.e., excluding
the >3 μm size fraction) than at the >0.4 μm size fraction, whereas little difference in the R2 values between
the >0.4 and 0.4–10 μm size fractions existed (i.e., even excluding the >10 μm size fraction). Third, in
the zebrafish experiment, the slopes of the linear regressions (the sensitivity of the eDNA concentration
in response to changes in species abundance) were significantly higher for the eDNA particles collected by
a 3 μm pore size filter than those managed by a 10 μm pore size filter. Summarily, these results suggest
that an “appropriately” larger eDNA particle is suitable for accurate and sensitive estimation of the species
abundance via eDNA.

The 3–10 μm size fraction is the fraction in which macrobial eDNA in water is most abundant (Turner et
al., 2014; Jo et al., 2019; Zhao et al., 2021). It is possible that the size fraction mainly includes a single cell
and intact nuclei and mitochondria of known sizes. Therefore, eDNA sampling focused on the specific size
fraction where target eDNA is abundant may lessen false-negative eDNA detection and variance of eDNA
quantification, consequently estimating species abundance more accurately and sensitively. Alternatively,
different physiological origins and physiochemical structures of eDNA might result in its different persistence
and spatial dispersion, hence influencing the relationship between eDNA concentration and species abun-
dance. Additionally, the >3 μm pore size filter generally reduces filter clogging, increasing the filtration
volume of the water samples considerably compared with smaller pore size filters (e.g., Kumar et al., 2021).
Moreover, Takasaki et al. (2021) recently compared the pre-filtration performance on eDNA detection us-
ing various pore size filters (10–840 μm pore sizes). The result showed that 10 μm pre-filtration effectively
reduced PCR inhibitors (e.g., humic substances) in river water samples without decreasing the detectability
of target eDNA. From the above, it would be promising to collect and analyze target eDNA focusing on the
3–10 μm size fraction to better estimate species abundance.

Conversely, the performance of abundance estimation was poor for eDNA particles at the <3 μm size fraction.
According to the experiment targeting size-fractionated eDNA from T. japonicus , the selective collection
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. of eDNA particles at the 0.8–3 μm size fraction tremendously worsened its relationship with fish biomass
and sensitivity in response to changes in fish biomass (i.e., theR2 value and slope). This trend could partly
contribute to the result that the slopes of linear regression tended to be lower for the Japanese jack mackerel’s
eDNA particles at the >0.8 μm size fraction than that at the >10 μm size fraction. Furthermore, variations
of the abundance estimation accuracy via eDNA across filter pore sizes in some previous studies are likely
attributed to eDNA particles at the 0.8–3 μm size fraction. Takahara et al. (2012) assessed the relationships
between common carp (Cyprinus carpio ) eDNA concentration and fish biomass using different filtration
methods, reporting a betterR 2 value for the 3 μm pore size filter (i.e., >3 μm size fraction; R2 = 0.93) than
the 0.8 μm pore size filter following a 12-μm pre-filtering (i.e., 0.8–12 μm size fraction; R2 = 0.85). Eichmiller
et al. (2016) also found that the R2values between common carp eDNA concentration and fish biomass were
higher for 5 μm pore size filters (R2 = 0.86) than for 1 μm pore size filters (R2 = 0.71). Moreover, with
the frequent non-detection (zero copies) of T. japonicus eDNA at the 0.4–0.8 μm size fraction, theR2 values
and slopes in the linear regressions at the 0.4–0.8 μm size fraction were biased and overestimated by a zero-
inflation of the target eDNA concentration. Sequel to this, it agrees to a lower proportion of fish eDNA at
the <0.8 μm size fraction (20% at most; Turner et al., 2014).

Abundance estimation depending on target marker length

The zebrafish aquarium experiment showed that target marker length negatively influenced the abundance
estimation accuracy (R 2 value), regardless of filter pore size. Although eDNA detectability declined with
longer DNA fragment length, the detection of longer eDNA fragments may help identify the exact location
of target species because of its shorter persistence in water (Hänfling et al., 2016). However, this advantage
of longer eDNA fragments was not fully utilized in a closed and small-scale environment like our experiment.
According to the studies by Jo et al. (2017; 2021b), who used longer eDNA fragments in the field, the more
satisfactory relationship between longer eDNA fragments and fish abundance could be accounted for by (i)
the narrower spatiotemporal range of longer eDNA fragments and (ii) the removal of highly degraded and
“non-fresh” eDNA signals probably derived from fish carcasses, resuspension from bottom sediment, and
contamination from boat and fishing gear. Further empirical studies are required in natural environments to
clarify the situation where abundance estimation via longer eDNA fragments is adequate and to investigate
the detailed mechanism of eDNA degradation depending on DNA fragment length.

Conclusions and perspectives

On the basis of the findings in the present study, we summarized the performance of eDNA-based abundance
estimation depending on eDNA particle size and size fraction (Figure 4). As shown in this figure, the relation-
ship between eDNA concentration and species abundance could complicatedly rely on the cellular structure
of eDNA; the cellular structure of eDNA (e.g., intra-/extra-cellular, particle size, dissolved/adsorbed) might
multifacetedly impact the processes of its degradation and persistence in water and the heterogeneity of
spatial dispersion and distribution, eventually influencing the correlation between the steady-state eDNA
concentration and species abundance. What is especially important in this study is that better understanding
and utilizing the characteristics and dynamics of eDNA can promote the refinement of its application for
biomonitoring. We here proposed a hypothesis that the accuracy and sensitivity of eDNA-based abundance
estimation could be improved by targeting “appropriately” larger eDNA particles (indicated as 3-10 μm in
diameter).

Nonetheless, given the substantial lack of knowledge on its production source and persistence state in water,
it remains unknown in what physiological origin and physiochemical structure eDNA exists in each size
fraction. To explain the mechanism underlying the findings in this study, future empirical research on
the production source and persistence state of eDNA is required. For instance, detecting tissue-specific
messenger RNA in water could identify the production source of eDNA (Tsuri et al., 2021). Alternatively,
visualization of eDNA particles via fluorescence in situ hybridization (FISH) techniques and immunostaining
(e.g., Kogure et al., 2006; Amann & Fuchs, 2008) may directly offer information on its cellular and the
molecular structure. Although different particle sizes of eDNA can result in other transport and diffusion
dynamics, the effect of the eDNA state (e.g., particle size, weight) on its transport and diffusion dynamics
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. has not been elucidated (Shogren et al., 2016; Jo et al., 2021a). The additional information would explain the
heterogeneous distribution of eDNA in water, associating its multiple states, and help support our hypothesis
above. Clumped eDNA particles, such as aggregates of cells and tissues, might show more limited diffusion
but more rapid settling.

Furthermore, toward a practical application of our findings, evaluating whether the use of appropriately
larger eDNA particles can be adequate for improved abundance estimation in the field is required. Various
environmental parameters can complicatedly influence the production, transport, and degradation processes
of different eDNA particles (Harrison et al., 2019; Jo & Minamoto, 2021; Yates et al., 2021), consequently
driving the relationship between eDNA concentration and species abundance. It may also cause the potential
gap between eDNA yields and its particle size distribution between controlled and natural environments,
possibly complicating the improvement of abundance estimation accuracy via eDNA sampling focused on
appropriately larger eDNA particles in the field. Therefore, even if our findings were proper in principle, the
significance of eDNA sampling considering its state for improved species abundance estimation should be
further assessed in mesocosm experiments and natural environments. Additionally, the eDNA particle size
may recount a spatiotemporal range of biological information inferred by eDNA. For instance, if a larger
eDNA particle shows the presence of target species near a given eDNA sampling site, it may be suitable
for the accurate estimation of instantaneous and local species abundance. Conversely, if a research interest
is a comprehensive abundance estimation at the ecosystem level (i.e., possibly on timescales of weeks to
months), the use of a smaller pore size filter and multiple particle sizes of eDNA may be acceptable (Jo et
al., 2021; Yates et al., 2021). Addressing these issues and optimizing the methodology of eDNA analysis
will ensure the reliable and sensitive monitoring of species distribution and abundance, contributing to the
efficient management of biodiversity conservation and fisheries resources.
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. Figure S4. The R2 values and slopes in the linear regressions for the upside-cumulative Japanese jack
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Tables

Table 1. Summary of a linear model to assess the effects of filter pore size and target marker length on the
relationship (z-transformedR2 value) between zebrafish eDNA concentration and fish abundance.

Variable Estimate SE P value

Intercept 1.397 0.307 0.002**
Filter pore size (3 μm) 1.220 0.434 0.023*
Filter pore size (0.8 μm) 0.498 0.434 0.285
Filter pore size (0.2 μm) 0.039 0.434 0.930
log10(Marker length) -0.424 0.115 0.006**
Filter pore size (3 μm): log10(Marker length) -0.219 0.162 0.215
Filter pore size (0.8 μm): log10(Marker length) 0.062 0.162 0.714
Filter pore size (0.2 μm): log10(Marker length) 0.186 0.162 0.284

Note: The variable “Filter pore size” estimates were calculated against the 10 μm pore size filter. Asterisks
represent the statistical significances of the variables (** P < 0.01; * P< 0.05).

Table 2. Summary of a linear mixed model to assess the effects of filter pore size and target marker length
on the sensitivity (slope; interactions with individuals) of the zebrafish eDNA concentration in response to
changes in the number of fish individuals.

Random effect Groups Name Variance SD

Tank Intercept 0.013 0.116
Residual 0.101 0.318

Fixed effects Variable Estimate SE P value
Intercept 3.825 0.254 0.000***
Individuals 0.025 0.010 0.016*
Filter pore size (3 μm) 0.481 0.086 0.000***
Filter pore size (0.8 μm) 0.587 0.086 0.000***
Filter pore size (0.2 μm) 0.660 0.086 0.000***
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. Random effect Groups Name Variance SD

log10(Marker length) -0.530 0.091 0.000***
Individuals: Filter pore size (3 μm) 0.010 0.004 0.004**
Individuals: Filter pore size (0.8 μm) 0.004 0.004 0.222
Individuals: Filter pore size (0.2 μm) 0.009 0.004 0.008**
Individuals: log10(Marker length) -0.004 0.004 0.306

Note: The estimates in the fixed effects “Filter pore size” were calculated against the 10 μm pore size filter.
Asterisks represent the statistical significance of the variables (*** P < 0.001; ** P < 0.01; * P < 0.05).

Table 3. Summary of linear mixed models to assess the effects of size fraction on the relationship (z-
transformed R2value) between each type of T. japonicus eDNA concentration and fish biomass.

(a) Size-fractionated eDNA concentration (CX)

Random effect Groups Name Variance SD
Temperature Intercept 0.037 0.192
Marker Intercept 0.001 0.038
Residual 0.031 0.177

Fixed effects Variable Estimate SE P value
Intercept 0.511 0.118 0.007**
Size fraction (3–10 μm) 0.078 0.088 0.385
Size fraction (0.8–3 μm) -0.319 0.088 0.001**
Size fraction (0.4–0.8 μm) 0.104 0.088 0.249

(b) Upside-cumulative eDNA concentration (UCX)

Random effect Groups Name Variance SD
Temperature Intercept 0.120 0.346
Marker Intercept 0.008 0.088
Residual 0.024 0.155

Fixed effects Variable Estimate SE P value
Intercept 0.511 0.192 0.056
Size fraction (>3 μm) 0.150 0.078 0.065
Size fraction (>0.8 μm) 0.110 0.078 0.168
Size fraction (>0.4 μm) 0.121 0.078 0.131

(c) Downside-cumulative eDNA concentration (DCX)

Random effect Groups Name Variance SD
Temperature Intercept 0.069 0.262
Marker Intercept 0.002 0.041
Residual 0.035 0.187

Fixed effects Variable Estimate SE P value
Intercept 0.632 0.150 0.011*
Size fraction (0.4–10 μm) -0.037 0.094 0.693
Size fraction (0.4–3 μm) -0.305 0.094 0.003**
Size fraction (0.4–0.8 μm) -0.017 0.094 0.858
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. Note: The estimates in the fixed effects “Size fraction” were calculated against the >10 μm size fraction (a
& b) and the >0.4 μm size fraction (c). Asterisks represent the statistical significances of the variables (**
P < 0.01; * P < 0.05).

Table 4. Summary of linear mixed models to assess the effects of size fraction on the sensitivity (slope;
interactions between fish biomass and size fraction) of each type of T. japonicus eDNA concentration in
response to changes in fish biomass.

(a) Size-fractionated eDNA concentration (CX)

Random effect Groups Name Variance SD
Tank Intercept 0.508 0.713
Temperature Intercept 0.000 0.000
Marker Intercept 0.019 0.137
Residual 0.405 0.636

Fixed effects Variable Estimate SE P value
Intercept -0.147 0.333 0.662
log10(Biomass) 1.313 0.181 0.000***
Size fraction (3–10 μm) 0.713 0.240 0.003**
Size fraction (0.8–3 μm) 0.174 0.240 0.469
Size fraction (0.4–0.8 μm) -0.856 0.240 0.000***
log10(Biomass): Size fraction (3–10 μm) -0.185 0.137 0.176
log10(Biomass): Size fraction (0.8–3 μm) -0.578 0.137 0.000***
log10(Biomass): Size fraction (0.4–0.8 μm) -0.124 0.137 0.364

(b) Upside-cumulative eDNA concentration (UCX)

Random effect Groups Name Variance SD
Tank Intercept 0.575 0.758
Temperature Intercept 0.000 0.000
Marker Intercept 0.059 0.244
Residual 0.244 0.494

Fixed effects Variable Estimate SE P value
Intercept -0.147 0.359 0.689
log10(Biomass) 1.313 0.179 0.000***
Size fraction (>3 μm) 0.921 0.187 0.000***
Size fraction (>0.8 μm) 1.001 0.187 0.000***
Size fraction (>0.4 μm) 0.993 0.187 0.000***
log10(Biomass): Size fraction (>3 μm) -0.152 0.106 0.152
log10(Biomass): Size fraction (>0.8 μm) -0.180 0.106 0.090
log10(Biomass): Size fraction (>0.4 μm) -0.169 0.106 0.112

(c) Downside-cumulative eDNA concentration (DCX)

Random effect Groups Name Variance SD
Tank Intercept 0.513 0.716
Temperature Intercept 0.000 0.000
Marker Intercept 0.035 0.188
Residual 0.261 0.511

Fixed effects Variable Estimate SE P value
Intercept 0.847 0.331 0.017*
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. log10(Biomass) 1.144 0.172 0.000***
Size fraction (0.4–10 μm) -0.159 0.193 0.410
Size fraction (0.4–3 μm) -1.056 0.193 0.000***
Size fraction (0.4–0.8 μm) -1.849 0.193 0.000***
log10(Biomass): Size fraction (0.4–10 μm) -0.028 0.110 0.800
log10(Biomass): Size fraction (0.4–3 μm) -0.141 0.110 0.201
log10(Biomass): Size fraction (0.4–0.8 μm) 0.045 0.110 0.682

Note: The estimates in the fixed effects “Size fraction” were calculated against the >10 μm size fraction (a
& b) and the >0.4 μm size fraction (c). Asterisks represent the statistical significances of the variables (***
P < 0.001; ** P < 0.01; * P < 0.05).

Figure legends

Figure 1. Relationships between the zebrafish eDNA concentration and the number of fish individuals among
filter pore sizes and fragment lengths. From left to right, each four-panel shows the relationships using larger
(10 μm) to smaller (0.2 μm) pore size filters. Additionally, each four-panel reveals the relationships targeting
shorter (132 bp) to longer (1021 bp) eDNA fragments from the top to bottom. Solid and dashed lines
represent the linear regressions of target eDNA concentrations (log-transformed) against fish individuals and
their 95% confidence intervals (CIs). The abbreviation “Adj.R2” meansR2 values adjusted by the degree of
freedom.

Figure 2. R2 values (a) and slopes (b) in the linear regressions for zebrafish eDNA among filter pore sizes
and fragment lengths. Each color of the bar plots (a) and plots (b) indicate the filter pore size. Plots and
error bars in (b) represent the mean values and their 95% CIs.

Figure 3. Relative R2 values among eDNA size fractions targeting the size-fractionated (CX, a), upside-
cumulative (UCX, b), and downside-cumulative eDNA concentration (DCX, c) from Japanese jack mackerel.
Each relative R2 value is calculated based on the eDNA concentration at >10 μm (a & b) and >0.4 μm size
fractions (c). Plots and error bars represent the mean relativeR2 values and 95% CIs. Gray dashed lines
represent the standard R2 values (relativeR2 value = 1). All the datasets originated from Jo et al. (2019).

Figure 4. Schematic depiction of the relationship between eDNA concentration and species abundance
depending on the eDNA particle size inferred by this study. As the particle size of the target eDNA increases,
its apparent persistence in water could be shorter, whereas its spatial dispersion and distribution could be
more heterogeneous. Thus, larger eDNA particles would not necessarily explain the abundance of target
species more accurately and sensitively. However, considering the multiple factors regarding the eDNA
characteristics and dynamics, “appropriately” larger eDNA particles (indicated as 3–10 μm in our study)
can be suitable for accurate and sensitive abundance estimation.

Hosted file
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