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The superiority of the environmental DNA (eDNA) method for estimating the

biomass of aquatic species has been demonstrated. However, the relationship

between eDNA concentration and biomass is difficult to clarify under the

influence of complex water flow and habitat conditions. It seriously restricts

the popularization and application of the eDNA method in estimating aquatic

biomass. In this paper, a typical fish species of rivers in southwest China,

Schizothorax prenanti, was selected as the target species. Under standardized

laboratory hydrostatic conditions, two environmental factors, water pH and

water temperature were firstly determined through pre-experiments. Then we

investigated the correlation between eDNA concentration and biomass under

different body sizes and different body size compositions. The experimental

results showed that water pH and the water temperature had a great influence

on eDNA concentration. Therefore, the effects of these environmental factors

need to be considered simultaneously when using eDNA concentration to

estimate biomass. Under the premise of consistent environmental conditions,

the biomass of Schizothorax prenanti was positively correlated with the eDNA

concentration when the individual body size was the same. For each 1%

increase in biomass of the fish, the eDNA concentration of adult (larger size)

fish increased by 0.98%, while the eDNA concentration of juvenile (smaller

size) fish increased by 1.38%. The smaller the size of individual fish, the

greater the increase of eDNA concentration with biomass, and the increase

of juvenile fish was about 1.4 times that the adult fish. When the biomass

was the same but the body size composition was different, the higher

the proportion of small body size individuals in the population, the higher

the eDNA concentration. Special attention needs to be paid to the body

size composition of the population to avoid the biomass estimation being
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lower than the actual value when the smaller size fish are dominant. The

experimental results provide a strong basis for a more accurate estimation

of aquatic biomass in reservoirs, lakes, and other still water areas by using the

eDNA method.

KEYWORDS

eDNA, biomass, body size, water pH, water temperature

Introduction

Environmental DNA (eDNA) refers to DNA noninvasively
extracted from any environmental sample, such as water
(Ficetola et al., 2008), sediments (Willerslev et al., 2003), or
air (Longhi et al., 2009). It is thought to be derived from
mixtures of feces (Martellini et al., 2005), skin cells (Ficetola
et al., 2008), mucus (Merkes et al., 2014), and secretions
(Bylemans et al., 2018) of organisms. As an innovative method,
environmental DNA is increasingly used to investigate and
monitor macroorganisms, especially aquatic species (Minamoto
et al., 2011; Taberlet et al., 2012; Takahara et al., 2012; Ushio
et al., 2017; Tsuji et al., 2019; Govindarajan et al., 2021).
Traditional survey methods, such as electrofishing, netting, and
snorkeling, are time-consuming and costly. The detection rate
is low and may cause harm to the target species (Bohmann
et al., 2014; Deiner et al., 2017; Kirtane et al., 2021). Studies have
demonstrated that the eDNA method has a higher detection
sensitivity than traditional aquatic species investigation methods
(Dejean et al., 2012; Thomsen et al., 2012; Mahon et al., 2013;
Krol et al., 2019; Afzali et al., 2020). It is less invasive and is
especially useful for rare and endangered species (Fukumoto
et al., 2015; Sigsgaard et al., 2015; Pfleger et al., 2016; Doi
et al., 2017; Sakata et al., 2017; Mizumoto et al., 2020). The
technique works even when animals are at low densities in the
wild (Goldberg et al., 2011). It has been applied extensively for
the detection of invasive and endangered species and for the
estimation of biodiversity (Goldberg et al., 2013; Pilliod et al.,
2014; Jane et al., 2015; Muha et al., 2017; Suarez-Menendez et al.,
2020).

The study on estimation of abundance and biomass by the
eDNA method is an important frontier of eDNA research (Spear
et al., 2020). Previous studies have reported a positive correlation
between eDNA concentration and species abundance/biomass
(Takahara et al., 2012; Thomsen et al., 2012; Goldberg et al.,
2013; Pilliod et al., 2013; Pont et al., 2018). In still water,
Takahara et al. found that the concentration of eDNA was
positively correlated with carp biomass in both aquaria and
experimental ponds (Takahara et al., 2012). Under flowing
water conditions, Pilliod et al. compared sampling results
from traditional field methods with eDNA methods for two
amphibians in 13 streams in central Idaho, United States.

They found that eDNA concentration was positively related
to field-measured density and biomass (Pilliod et al., 2013).
A significant, positive relationship between snorkel-survey
counts of the stream-dwelling fish Plecoglossus altivelis and
eDNA concentration in the Saba River, Japan. was detected
(Doi et al., 2017). Previous studies have shown that flowing
water complicates the relationship between eDNA production,
transport, and clearance. Nevertheless, a weak but positive
relationship was still found between eDNA concentration, zebra
mussels, and biophysical parameters (Shogren et al., 2019). The
results of these and other recent studies (e.g., Tillotson et al.,
2018; Itakura et al., 2019; McElroy et al., 2020) suggest that it is
indeed possible to estimate the abundance of aquatic organisms
using the eDNA method.

The positive relationships between eDNA concentration and
fish biomass may be affected by the shedding and degradation
rate of eDNA (Pilliod et al., 2013; Eichmiller et al., 2014;
Lacoursiere-Roussel et al., 2016; Yamamoto et al., 2016; Jo
et al., 2017). There are still many uncertainties regarding the
shedding and degradation of DNA in the aquatic environment
(Barnes and Turner, 2015; Civade et al., 2016; Jerde et al., 2016;
Sassoubre et al., 2016; Shogren et al., 2016; Andruszkiewicz et al.,
2017; Mathieu et al., 2020). Existing studies have shown that
the degradation rate of eDNA may vary with water temperature
(Tsuji et al., 2016; Jo et al., 2019) and water pH (Barnes
et al., 2014; Tsuji et al., 2016) and other environmental factors.
Therefore, before using the eDNA method to evaluate biomass,
preliminary experiments were firstly conducted to explore
how these environmental factors altered eDNA concentration,
providing a reliable basis for subsequent experimental condition
settings. Furthermore, the shedding rate of eDNA may change
with the age and body size of organisms (Maruyama et al.,
2014; Thalinger et al., 2021). However, few studies have
systematically studied the relationship between biomass and
eDNA concentration from the perspective of fish body size and
body size composition of the fish population.

In this paper, two experiments were first conducted to clarify
the effects of two environmental factors, water pH and water
temperature, on eDNA concentration. Then, on the premise of
consistent environmental conditions, we systematically studied
the relationship between eDNA concentration and biomass in
still water by changing the body size and body size composition
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of Schizothorax prenanti. It provides a scientific reference for
improving the ability to accurately estimate biomass using the
eDNA method in still water such as reservoirs and lakes.

Materials and methods

In this study, we take the Schizothorax prenanti as a typical
fish representative, which is mainly distributed in the Jinsha
River, Min River, and other rivers of the upper reaches of the
Yangtze River in China. It is an important economic fish species
in southwest China. Therefore, it is of great significance to
monitor the biomass of this target fish species. However, it is
difficult to investigate the biomass of Schizothorax prenanti in
the wild, so it is necessary to explore the eDNA method to
estimate the biomass of aquatic species in the river ecosystem.

The fish used in this experiment were obtained from an
aquaculture institution in Chengdu, China. They were reared in
laboratory aquariums. The aquariums were thoroughly rinsed
and disinfected before the fish were placed. To avoid the
introduction of target species DNA from pathways outside the
aquarium water environment, no feeding was performed during
the experiment. All experiments were approved by the ethics
committee prior and performed in accordance with relevant
institutional and national guidelines and regulations.

Experimental design and sampling

Effect of environmental conditions on
environmental DNA

We conducted two experiments to explore the effect of
water temperature and water pH on eDNA concentration. For
the experimental treatment group with water temperature as
an environmental variable, six equal volume water samples
were collected from the aquarium in which the Schizothorax
prenanti were reared. The water pH of these samples was
set to six levels: pH 5, pH 6, pH 7, pH 7.6, pH 8, and
pH 9. The water of all treatments was neutral when the
experiment began; therefore, the treatment of water pH 7 was
not manipulated. Acidic and alkaline treatments were achieved
using sterile 1 M HCl or 0.5 M NaOH, respectively. We
monitored pH levels to make sure they were stable throughout
the experiment. For the experimental treatment group with
water temperature as the environmental variable, six equal
volume water samples were collected in the same way. The water
temperature of these samples was set to six levels: 12◦C, 23◦C,
26◦C, 29◦C, 32◦C, and 35◦C. Each treatment temperature level
was held in a separate growth chamber automated to maintain
a constant temperature. For each experimental treatment, we
collected 100 ml water samples at 0 h, 12 h, 24 h, 36 h,
48 h, and 60 h after the setting of environmental variables
reached stability.

Relationship between biomass and
environmental DNA

The experimental fish were reared in several aquariums with
the same volume of water storage, and each aquarium was
one experimental treatment. All experimental treatments were
exposed to the same environmental conditions, where the water
temperature was 23◦C± 0.2 and the water pH level was pH7.

To evaluate the correlation between eDNA concentration
and fish biomass, we implemented four experiments.
Experiments I and II investigated the correlation between
biomass and eDNA concentration when fish were of the same
body size in each treatment; Experiments III and IV investigated
the variation of eDNA concentration under different body size
compositions when biomass was the same in each treatment.

Four experimental treatments were set up in Experiment
I, in which 1, 2, 3, and 4 adult fish with an individual weight
of about 500 g were reared in four experimental aquariums,
respectively. In Experiment II, six experimental treatments
were set up, and 3, 4, 6, 8, 9, and 12 juvenile fish with an
individual weight of about 20 g were reared in 6 experimental
aquariums. In Experiment III, three experimental treatments
were set, and the biomass of each experimental treatment
was about 2,000 g/m3. There was one fish with an individual
weight of about 1,000 g in Treatment 1; two fish with an
individual weight of about 500 g in Treatment 2, and 46 fish
with an individual weight of about 20 g in Treatment 3. In
Experiment IV, three experimental treatments were also set,
and the biomass of each treatment was about 4,000 g/m3.
There were two fish with an individual weight of about 1,000 g
in Treatment 1; two fish with an individual weight of about
500 g and one fish with an individual weight of about 1,000 g
in Treatment 2. For Treatment 3, there was one fish with
an individual weight of about 1,000 g, one fish with an
individual weight of about 500 g, and 50 juvenile fish with
an individual weight of about 20 g. The specific experimental
conditions of each experimental treatment were presented in
Table 1.

For each treatment, the fish were reared in the aquarium to
adapt to the environment for 24 h before the experiment began.
For all experimental treatments, 100 ml of water samples were
collected at 48 h, 72 h, and 96 h since the start of the experiment.

DNA extraction and qPCR

All water samples were collected in the same way and filtered
within half an hour after sampling using glass fiber filters with a
pore size of 0.45 µm (Xingya Purification Materials Company,
Shanghai, China). Deionized water was used as negative control.
All filtration equipment (i.e., filter funnels and forceps) was
sterilized using sodium hypochlorite and rinsed with deionized
water Contaminants were strictly controlled. The filters were
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TABLE 1 Experimental conditions for each experimental treatment.

Experiment
number

Experimental
treatment
number

Fish
abundance

Individual
fish

weight

Fish
biomass
(g/m3)

I 1 1 500± 67 g 945

2 2 1,681

3 3 2,576

4 4 3,353

II 1 3 20± 6.8 g 330

2 4 530

3 6 685

4 8 925

5 9 1,050

6 12 1,405

III 1 1 1214 g 2,023

2 2 685g8 534 g 2,032

3 46 20± 3.2 g 1,700

IV 1 2 1218g8 1182 g 4,000

2 3 818g8 891g8
864 g

4,288

3 52 1100g8 585g8
20± 3.2 g(50

fish)

4,635

stored in sterile 2 ml tubes at −80◦C until DNA extraction with
the DNeasy Blood and Tissue Kit (Qiagen, Hilden, Germany).

The quantification of eDNA was performed using real-
time quantitative PCR. Through design and screening, we
identified the primers and probe for Schizothorax prenanti as
follows: forward primer (5′-GAGTGCGGATTTGACCCAC-3′),
reverse primer (5′-TAACCCCCCCTATTCTGCTCATTC-3′),
and probe (5′- TCCGCCCGCCTACCATTTTCTCTCTA -3′).
The primers are highly specific to the target species. Real-time
quantitative PCR was performed in a 20 µl reaction for each
sample. QuantiNova Probe PCR Master Mix (Qiagen, Hilden,
Germany) was used following the manufacturer’s protocol. The
mixture of the reagents was as follows: 10 µl of 2 × PCR
master mix, 6 µl of RNase-free water, 0.8 µl of each primer,
0.4 µl probe, and 2 µl of extracted DNA solution. The qPCR
thermal conditions were as follows: 2 min at 95◦C, and 39
cycles of 5 s at 95◦C and 10 s at 56◦C. Quantitative real-time
PCR (qPCR) was performed in triplicate, and the mean value
was used during assays. PCR products of the target sequences
were cloned into the plasmid, and a dilution series of the
plasmid were amplified as standards in triplicate in all qPCR
assays. Three wells of a no-template negative control were
included in each qPCR plate and showed no amplification.
The R2 values for the standard curves were ≥0.99 for all
qPCR reactions. which met the requirements of the standard
curve required for fluorescence absolute quantitative PCR.
All samples were assayed in triplicate. Figure 1 outlines the

experimental procedure from water sample collection to the
eDNA concentration detection.

Results

Experimental treatments of water pH
and temperature

The eDNA concentration detected in the water samples
decreased over time in all experimental treatments. The relative
eDNA concentration (C/C0) of the water samples was obtained
by dividing the eDNA concentration C at each time point t
with their corresponding initial eDNA concentration C0 (at
time t = 0). The trends of relative eDNA concentration over
time for each water pH treatment were shown in Figure 2;
the trends of relative eDNA concentration over time for each
water temperature treatment were shown in Figure 3. The
results showed that both water pH and water temperature had
a significant influence on the change of eDNA concentration.
Therefore, when conducting subsequent experimental studies
on the correlation between biomass and environmental DNA,
we must ensure that all experimental treatments were conducted
under the same environmental conditions such as water pH
and water temperature. The water pH and water temperature
were monitored for each experimental treatment to eliminate
the effects of environmental variables.

Experimental treatments of the same
fish body size

According to the detected eDNA concentration of water
samples in each treatment of Experiment I, we obtained the
relationship between the biomass and eDNA concentration
of adult Schizothorax prenanti at different sampling times,
as shown in Figure 4A. According to Experiment II, the
relationship between the biomass and eDNA concentration of
juvenile fish at different sampling time can be seen in Figure 4B.

As shown in Figures 4A,B, at the same sampling time,
there was a linear correlation between the biomass and
eDNA concentration of Schizothorax prenanti in both adult
and juvenile experimental groups. The larger the biomass
(the number of individuals of fish), the higher the eDNA
concentration, which presents a linear growth trend.

The biomass and corresponding eDNA concentration data
for each of the above six experimental treatments were
collected and further analyze. The biomass of each experimental
treatment was linearly fitted to its corresponding eDNA
concentration at different sampling time points, and the
expression of the first-order function was as follows:

C = aM + b
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FIGURE 1

Flow chart of experimental operation.

FIGURE 2

The variation trend of relative eDNA concentration under
different water pH.

FIGURE 3

The variation trend of relative eDNA concentration under
different water temperature.

where C is the eDNA concentration; M is the biomass of each
experimental treatment; a is the slope of the fitting line, i.e.,
4C/4M; b is the intercept. The coefficients a and b of the fitted

FIGURE 4

Relationship between biomass and eDNA concentration at
different sampling time: (A) Adult fish experimental group.
(B) Juvenile fish experimental group.

first-order function are summarized in Table 2. As can be seen
from Table 2, the later the sampling time is, the higher the slope
of the fitting line is, regardless of the adult fish experimental
group or the juvenile fish experimental group. That is, the
greater the cumulative increase of eDNA concentration with
biomass. This may be due to the increasing adaptation of

Frontiers in Ecology and Evolution 05 frontiersin.org

https://doi.org/10.3389/fevo.2022.972680
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/


fevo-10-972680 July 25, 2022 Time: 15:59 # 6

Zhang et al. 10.3389/fevo.2022.972680

Schizothorax prenanti to the aquarium environment over time.
Therefore, their metabolic rate increases, and the rate of
shedding eDNA into the water increases.

Experimental treatments of the same
fish biomass

The biomass of each experimental treatment in Experiment
III was about 2,000 g/m3, and the eDNA concentration
detected in each experimental treatment in Experiment III
at different sampling times were compared, as shown in
Figure 5A. The eDNA concentration corresponding to per unit
biomass (1 g/m3) of Schizothorax prenanti in each experimental
treatment was calculated. Then the comparison of eDNA
concentration corresponding to per unit biomass (1 g/m3) of
Schizothorax prenanti was drawn, as shown in Figure 5B. The
biomass of each experimental treatment in Experiment IV was
about 4,000 g/m3. Similarly, the eDNA concentration detected
in each experimental treatment in Experiment IV at different
sampling times are shown in Figure 6A, and the corresponding
eDNA concentration per unit biomass (1 g/m3) are plotted for
comparison, see Figure 6B.

Discussion

Experimental treatments of water pH
and temperature

The concentration of environmental DNA decreased over
time for all experimental treatments. This is due to the process
of continuous degradation of eDNA in parallel with the fact
that no more organisms continue to shed eDNA into the
water after the water samples are collected from the aquarium.
Based on our experimental data, it can be observed that the
degradation of environmental DNA is very sharp in the initial
stages. The consistency of degradation patterns across a range
of environmental covariates provides evidence that the initial
sharp decline in eDNA is common across a variety of systems
and environmental conditions (Dejean et al., 2011; Thomsen
et al., 2012; Barnes et al., 2014).

Figure 2 showed that the water pH level had a great
influence on the eDNA degradation. The degradation rate was
faster when the water pH is between 7.0 and 8.0. The reason
for this phenomenon may be that the suitable water pH for
the survival and reproduction of most microorganisms in the
experimental water body and the suitable water pH for the
extracellular enzyme to degrade eDNA were neutral and weakly
alkaline; Strong acidic and strong alkaline conditions would
inhibit the activities of microorganisms and enzymes, thus
reducing the degradation rate of eDNA.

In this experiment, water temperature also had a great
influence on the degradation of Schizothorax prenanti
eDNA. According to Figure 3, it can be seen that the
degradation rate is highest when water temperature is
between 23◦C and 29◦C. The degradation rate at 12◦C
was much lower than that at 26◦C, which was consistent
with previous studies (Strickler et al., 2015). The reason for
this phenomenon may be that the optimum temperature
for the growth and reproduction of microorganisms in
the experimental water and the suitable temperature
for enzyme activities is between 23◦C and 29◦C. In
the case of lower water temperature or higher water
temperature, the activities of microorganisms and enzymes
in the water are inhibited, thus reducing the eDNA
degradation rate. That is, water temperature affects the
degradation rate of eDNA by affecting the activities of
microorganisms and enzymes.

In general, water pH and water temperature significantly
affect the concentration of eDNA in an aquatic environment,
mainly by altering the activity of microorganisms and enzymes
that affect the degradation rate of eDNA. Therefore, when
using eDNA methods to predict the biomass of aquatic
species, the effects of environmental factors need to be
considered simultaneously. For example, changes in water
temperature in different seasons or differences in water pH in
different watersheds may lead to different prediction results.
The trends of environmental DNA of target species under
different environmental conditions such as water pH and water
temperature can be obtained in the laboratory before fieldwork,
which facilitates comparisons between different rivers under
different environmental conditions.

Experimental treatments of the same
fish body size

The eDNA concentration of the juvenile fish experimental
group and adult fish experimental group under different
experimental conditions was compared and analyzed, as shown
in Figure 7A. The dashed line is a linear fit of the mean eDNA
concentration for each experimental treatment under different
biomass conditions. It can be observed from the fitting line that
the eDNA concentration of the juvenile fish group is higher
than that of the corresponding adult fish experimental group
under the same biomass level. Previous studies have pointed
out that the shedding rate of environmental DNA may change
with the age and body size of organisms (Maruyama et al.,
2014). Therefore, we analyzed that this may be due to the higher
activity intensity, higher metabolic rate, and greater rate of
eDNA shedding in juvenile fish than in adult fish. Therefore,
we analyzed that this may be due to the higher activity intensity
and metabolic rate of juvenile fish than adult fish, with a larger
eDNA shedding rate.
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TABLE 2 Linear fitting function coefficients of biomass and eDNA concentration.

Coefficient Adult fish treatments Juvenile fish treatments

t = 48h t = 48h t = 48h t = 48h t = 72h t = 96h

A 479.40 713.33 847.98 767.08 948.45 1,142.24

b 23,685.02 54,278.62 9,703.46 42,051.09 128,477.34 160,576.23

R2 0.99991 0.99974 0.99939 0.98581 0.97781 0.97299

FIGURE 5

The eDNA concentration detected at different sampling times
for each experimental treatment in Experiment III: (A) eDNA
concentration corresponding to total biomass. (B) eDNA
concentration corresponding to per unit biomass.

In the adult fish experimental group, for each increase
of per unit biomass (1 g/m3), the eDNA concentration
increased by about 680 copies/ml. In the juvenile fish
experimental group, for each increase of 1 unit of
biomass (1 g/m3), the corresponding eDNA concentration
increased by about 953 copies/ml. In other words, the
increase in eDNA concentration with biomass in the
juvenile group was about 1.4 times higher than that in
the adult group.

FIGURE 6

The eDNA concentration detected at different sampling times
for each experimental treatment in Experiment IV: (A) eDNA
concentration corresponding to total biomass. (B) eDNA
concentration corresponding to per unit biomass.

The two variables depicted in Figure 7A, biomass and eDNA
concentration, were dimensionless and the results were shown
in Figure 7B. MMax is the maximum biomass corresponding to
all experimental treatments of Experiment I and II, and CMax

is the mean value of eDNA concentration corresponding to
MMax. From Figure 7B, we can obtain that for each 1% increase
in biomass of the juvenile fish experimental group, the eDNA
concentration increased by 1.38% accordingly; For each 1%
increase in biomass in the adult fish experimental group, the
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FIGURE 7

Comparison of the relationship between biomass and eDNA
concentration in the adult and juvenile fish experimental groups:
(A) Raw data; (B) Normalized data.

eDNA concentration increased by 0.98% accordingly, i.e., the
growth rate of the juvenile fish group is 0.4% higher than that
in the adult fish group.

For the adult fish experimental group, the growth rate
of biomass and the corresponding growth rate of eDNA
concentration was almost equal. However, for the juvenile
fish experimental group, the growth rate of biomass was
slightly higher than the corresponding growth rate of eDNA
concentration. Therefore, when we use the eDNA method
to evaluate the change of biomass in still water, we can
predict it according to the change rate of environmental DNA
concentration, However, the effect of age/body size composition
of biological populations on the predicted results cannot be
ignored. If the proportion of juvenile fish in the population is
greater, the rate of change in population biomass will be higher
than the rate of change in eDNA concentration.

eDNA concentration corresponding to per unit biomass
(1 g/m3) was calculated for all experimental samples of
adult fish collected in Experiment I, and then statistical
analysis was performed to obtain the bar graphs shown
in Figure 8A. Each bar depicts the mean quantification

FIGURE 8

eDNA concentration corresponding to per unit biomass at
different sampling times: (A) Adult fish experimental group.
(B) Juvenile fish experimental group.

value (with accompanying standard deviation) of the eDNA
concentration corresponding to per unit biomass (1 g/m3)
for the four experimental treatments at different sampling
times. The eDNA concentration corresponding to per
unit biomass (1 g/m3) was calculated for all juvenile fish
experimental group samples collected in Experiment II, and
the same statistical analysis of data was performed to obtain
Figure 8B.

As can be seen in Figure 8, under the same sampling
time conditions, the eDNA concentration released per unit of
biomass was basically the same among different experimental
treatments for both the adult and juvenile fish groups. The
dispersion of the data was slightly higher in the juvenile group
than in the adult group. The results showed that the eDNA
release rate per unit of biomass was almost the same between
the two experiments under the same body size condition. The
number of individual fish had almost no effect on the eDNA
release rate per unit of biomass.

Through the above two groups of experiments with
the same individual body size of fish but different total
biomass, we proved that when ignoring the complexity of the
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individual body size composition of fish populations in natural
basins, the eDNA concentration increases with the increase of
biomass. However, the environmental DNA concentration was
influenced by the body size of the individuals. The smaller
the body size of the individual fish, the greater the increase
in eDNA concentration with increasing biomass. For the
adult fish group, the growth rate of biomass is approximately
equal to the corresponding growth rate of eDNA, while the
juvenile fish group is slightly greater than the growth rate of
eDNA. Therefore, when using the eDNA method to assess
biomass changes in still waters, the influence of the body size
composition of the biological population on the predictions
cannot be ignored. If the proportion of fish with small
body size in the population is larger, the rate of change in
population biomass will be higher than the rate of change in
eDNA concentration.

Experimental treatments of the same
fish biomass

According to the experimental design of Experiment III,
the proportion of juvenile fish (small body size fish) reared
in Treatment 3 to the total population was much higher
than that in the other two treatments. The setup between
the three treatments in Experiment IV was the same as in
Experiment III. As can be seen from Figures 5, 6, both
for Experiment III and IV, the eDNA concentration and
the eDNA concentration per unit biomass (1 g/m3) were
significantly higher in Treatment 3 than in Treatments 1
and 2. It implies that under the same biomass conditions,
the treatment with a larger proportion of juvenile fish to
the total population, the higher the corresponding eDNA
concentration. The patterns obtained from these two
experiments were consistent, so the effect of accidental
factors could be excluded.

The above two experiments compared the effect of different
fish body size composition on eDNA concentration under the
same total biomass condition. The experimental group with
a higher proportion of small body size individuals proved to
have greater eDNA concentrations than the experimental group
with a higher proportion of large body size individuals. The
reason may be that the metabolic rate and activity of small body
size fish are significantly higher than those of large body size
fish, resulting in a higher eDNA release rate and higher eDNA
concentration in the same condition of biomass. Therefore, in
actual natural river surveys, when assessing biomass by the
eDNA method, it is advisable to investigate the population
structure characteristics of the target fish in advance, and when
the population is dominated by juveniles, quantitative eDNA
concentration data should be carefully interpreted to avoid
underestimation of biomass.

Conclusion

In this paper, we took Schizothorax prenanti as the target
species. Firstly, the influence of water pH and water temperature
on environmental DNA concentration was determined by pre-
experiments. Under the premise of consistent experimental
environmental conditions, we investigated the correlation
between eDNA concentration and biomass under different
conditions of body size and body size composition. The main
results and conclusions are as follows.

(1). Water pH and water temperature significantly affect
the concentration of environmental DNA in fish in
aquatic environments, mainly by altering the activity of
microorganisms and enzymes that affect the degradation
rate of environmental DNA. Therefore, when using
environmental DNA methods to predict the biomass of
aquatic species, the effects of environmental factors need
to be considered simultaneously. For example, changes in
water temperature in different seasons or differences in
water pH in different watersheds may lead to different
prediction results.

(2). Under the same environmental conditions, there is
a positive correlation between biomass and eDNA
concentration when the body size of individual
Schizothorax prenanti is uniform. The smaller the
individual body size, the greater the increase of
eDNA concentration with biomass. For the juvenile
environmental group, the increase of eDNA concentration
with biomass was about 1.4 times higher than that for the
adult environmental group.

(3). The growth rate of biomass and the corresponding growth
rate of eDNA concentration was approximately equal for
the adult fish group. For each 1% increase in biomass, the
corresponding growth rate of eDNA concentration for the
juvenile fish group is 0.4% higher than that in the adult
fish group. Therefore, when using the eDNA method to
assess biomass changes in still water, the influence of the
fish body size on the predicted results cannot be ignored.
If the proportion of juvenile fish in the population is larger,
the rate of change in population biomass will be higher than
the rate of change in eDNA concentration.

(4). When the total biomass of Schizothorax prenanti was
the same but with different body size compositions, the
higher the proportion of small-sized individuals in the
overall population, the greater the environmental DNA
concentration. Therefore, the structural characteristics of
the population should not be ignored when assessing
biomass by environmental DNA methods.

In summary, when using environmental DNA methods to
estimate the biomass of aquatic species in reservoirs, lakes, and
other still water in actual river sections, the effects of factors such
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as water pH, water temperature, organism body size, and body
size composition on eDNA concentration should be taken into
account. If the proportion of small body size individuals in the
population is high, it is important to avoid biomass assessment
lower than the actual value. A model for estimating biomass
through eDNA concentration should be established under the
premise of combining environmental conditions and population
characteristics, so that biomass estimation can be more accurate.
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