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Abstract
In recent years, the application of environmental DNA (eDNA) technology in
ecological research has become increasingly widespread. Based on watershed
ecosystem processes driven by natural runoff, utilizing aquatic eDNA enables
monitoring upstream river segment biological composition from downstream
sampling sites, as well as monitoring biological composition within catchment
areas from water sampling sites. However, the effectiveness of such monitor-
ing lacks systematic validation, affecting the credibility of its application. To
investigate the effectiveness of aquatic eDNA analysis in watershed ecosystem
biodiversity monitoring, we employ watershed biological information flow as
an analytical framework to explore the two types of aquatic eDNA monitoring
applications mentioned above and their respective effectiveness. We selected
the Shaliu River, a major tributary of Qinghai Lake, as our study area and
conducted comparative analysis of microbial composition in river water and
riparian soil using eDNA technology. The results show that: (1) The effective-
ness of monitoring upstream microbial biodiversity using downstream eDNA is
primarily influenced by temperature and discharge. Monitoring effectiveness is
relatively low in spring (only approximately 76% of organisms at 1 km upstream
can be detected), while it is significantly higher in summer and autumn (over
96% of organisms at 1 km upstream can be detected); (2) The effectiveness
of monitoring terrestrial microbial biodiversity within catchment areas using
aquatic eDNA is primarily influenced by season and rainfall. Monitoring ef-
fectiveness is relatively low in spring (only approximately 17% of organisms in
adjacent riparian soils can be detected), while it is significantly higher in sum-
mer and autumn (the proportion of detected organisms in adjacent riparian soils
can exceed 62%). Based on these findings, we propose that: (1) For monitor-
ing upstream biodiversity from downstream sites, the summer-autumn breeding
season represents the most cost-effective monitoring period, while sampling site
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density should be appropriately increased during spring; (2) For monitoring
terrestrial biodiversity from aquatic sampling sites, rainfall days and post-rain
periods with turbid water during the active biological period in summer and
autumn represent the most cost-effective monitoring windows, though the issue
of detection effectiveness warrants continuous attention.

Full Text
Preamble
Effectiveness Assessment of Using Riverine Water eDNA to Simulta-
neously Monitor Riverine and Riparian Biodiversity

Haile Yang¹, Hao Du¹, Hongfang Qi², Luxian Yu², Xindong Hou³, Hui Zhang¹,
Junyi Li¹, Jinming Wu¹, Chengyou Wang¹, Qiong Zhou¹ & Qiwei Wei¹

Both aquatic and terrestrial biodiversity information can be detected in riverine
water environmental DNA (eDNA). However, the effectiveness of using riverine
water eDNA to simultaneously monitor riverine and terrestrial biodiversity in-
formation remains unidentified. Here, we propose that monitoring effectiveness
could be approximated by the transportation effectiveness of land-to-river and
upstream-to-downstream biodiversity information flows, and described by three
new indicators.

We conducted a case study in a watershed on the Qinghai–Tibet Plateau. The re-
sults demonstrated higher monitoring effectiveness on summer or autumn rainy
days than in other seasons and weather conditions. Monitoring of bacterial
biodiversity information was more efficient than monitoring of eukaryotic bio-
diversity information. On summer rainy days, 43–76% of species information
from riparian sites could be detected in adjacent riverine water eDNA samples,
92–99% of species information from riverine sites could be detected in a 1-km
downstream eDNA sample, and half of dead bioinformation (the bioinformation
labeling biological material that lacked life activity and fertility) could be moni-
tored 4–6 km downstream for eukaryotes and 13–19 km downstream for bacteria.
This study provides reference methods and data for future monitoring project
design and results evaluation.

Biodiversity monitoring is the foundation of ecological research, biodiversity
conservation, and ecosystem management¹,². Traditional biodiversity monitor-
ing methods are costly and time-consuming and require high levels of expertise.
These methods often study biodiversity from a local perspective with low spatio-
temporal resolution and are generally not available at wide taxonomic breadth,
high spatio-temporal resolution, and large spatio-temporal scale³–�. This limits
the development of ecological research, biodiversity conservation, and ecosystem
management. Currently, metabarcoding and high-throughput sequencing of en-
vironmental DNA (eDNA, DNA extracted from environmental samples such
as water, soil, and air) provide novel opportunities to monitor biodiversity�–�.
As an efficient and easy-to-standardize non-invasive monitoring approach�,¹�–¹²,
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and with continuous advancements in DNA sequencing technology, using eDNA
metabarcoding to monitor biodiversity is an appropriate method to revolution-
ize biodiversity monitoring by enabling census of wide taxonomic species at high
spatio-temporal resolution and large spatio-temporal scale�,�,¹³,¹�.

Streams and rivers connect upstream and downstream regions, link land with
waterbodies, and transport materials and information through extensive and het-
erogeneous network systems�,¹�,¹�. Riverine water eDNA incorporates biodiver-
sity information across terrestrial and aquatic biomes�,¹�. Therefore, samples of
riverine water eDNA have the potential to simultaneously monitor both aquatic
and terrestrial biodiversity information of a watershed for biodiversity research,
conservation, and management. However, its viability and monitoring effec-
tiveness (represented by the proportion of aquatic and terrestrial biodiversity
information that can be detected using limited riverine water eDNA samples)
has not been systematically identified.

The effectiveness of using riverine water eDNA to simultaneously monitor both
aquatic and terrestrial biodiversity depends on the land-to-river and upstream-
to-downstream transportation effectiveness of terrestrial and upstream biodiver-
sity information�,¹�–²�. Biodiversity information monitoring effectiveness could
be approximated by assessing the land-to-river and upstream-to-downstream
transportation effectiveness of the corresponding bioinformation (eDNA). Here
we define the land-to-river and upstream-to-downstream bioinformation trans-
portation (including organisms, nucleic acids, peptides, and other biomarkers),
which is driven by hydrologic processes of watershed systems, as the watershed
biological information flow (WBIF). WBIF integrates the ecological processes
of eDNA, including the origin, state, transport, and fate of eDNA¹�,¹�,²¹–²³. The
transportation effectiveness of WBIF mainly relies on the transport capacity,
degradation rate, and environmental filtration of WBIF¹�,²¹–²³. The transport
capacity of WBIF mainly depends on erosion and runoff¹²,¹�,²�. Additionally, the
degradation rate of WBIF mainly depends on environmental features²¹,²�,²�, and
the environmental filtration of WBIF mainly depends on environmental changes
that restrict organisms. Collectively, all these factors are related to seasons and
weather conditions²�. Therefore, we hypothesized that the monitoring effective-
ness of riverine water eDNA would vary with seasons and weather conditions.
Moreover, due to taxonomy-specific eDNA degradation rates²�, species-specific
eDNA degradation rates¹�, and form-specific eDNA degradation rates²�, we hy-
pothesized that the monitoring effectiveness of riverine water eDNA would vary
with taxonomic communities.

To identify the effectiveness of using riverine water eDNA to simultaneously
monitor riverine and terrestrial biodiversity information, we needed to assess
the transportation effectiveness of land-to-river and upstream-to-downstream
WBIF for different taxonomic communities in different seasons and weather
conditions. In the present study, we conducted a case study in a watershed
on the Qinghai–Tibet Plateau to test the eDNA monitoring effectiveness assess-
ment framework. We estimated the monitoring effectiveness, as indicated by
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the biodiversity information of three taxonomic communities in three seasons
and weather conditions. Our objectives were threefold: (1) to identify variation
in biodiversity information monitoring effectiveness across different seasons and
weather conditions; (2) to identify variation in effectiveness for monitoring bio-
diversity information of different taxonomic communities; and (3) to test the
monitoring effectiveness assessment framework.

Results
WBIF of the Three Seasonal Groups

A total of 10,602, 13,766, and 16,500 bacterial OTUs were detected from the
samples (including 9 riverine water samples and 9 riparian soil samples, [Figure
1: see original paper]) of the spring group (sampled on frozen days), summer
group (sampled on rainy days), and autumn group (sampled on cloudy days),
respectively ([Figure 2: see original paper], Supplementary Fig. S1 and Sup-
plementary Tables S1, S2). The total OTUs detected from riparian soil eDNA
samples were similar among seasons (Figs. 2, 3, Supplementary Fig. S1). The
total OTUs detected from riverine water eDNA samples were richest in au-
tumn ([Figure 2: see original paper], 3, Supplementary Fig. S1). The common
OTUs shared between riparian soil eDNA and riverine water eDNA samples
accounted for 36.30%, 71.98%, and 67.58% of the total OTUs detected in ripar-
ian soil eDNA samples in the spring, summer, and autumn groups, respectively
([Figure 3: see original paper]).

The transportation effectiveness values of WBIF, as indicated by bacterial OTUs
from the riparian sampling site to the adjacent riverine sampling site, were
16.62%, 62.76%, and 48.09% on spring frozen, summer rainy, and autumn cloudy
days, respectively, among which there was the highest transport capacity and
lowest environmental filtration on summer rainy days (, Supplementary Table
S3). The transportation effectiveness of WBIF indicated by bacterial OTUs
from upstream to downstream was 75.86%, 97.41%, and 96.07% per km on
spring frozen, summer rainy, and autumn cloudy days, respectively (, Supple-
mentary Table S4), among which the transport capacity exceeded 99% in all
three seasons and the least noneffective WBIF (dead bioinformation) occurred;
the longest half-life distance of the noneffective WBIF occurred on summer rainy
days ().

WBIF of the Three Taxonomic Groups

A total of 13,766, 7,098, and 17,316 OTUs and 3,532, 1,032, and 6,836 species
were detected among the 18 summer samples, as indicated by the 16S rRNA
gene, ITS gene, and CO1 gene, respectively ([Figure 4: see original paper], Sup-
plementary Fig. S2 and Supplementary Table S5). The OTUs and species
detected in riverine water eDNA samples were generally higher than in riparian
soil eDNA samples for all three taxonomic communities ([Figure 4: see original
paper]). The common OTUs and species shared between riparian soil and river-
ine water eDNA samples accounted for 71.98% and 87.95%, 60.40% and 76.18%,
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and 37.93% and 53.52% of the total OTUs and species in the bacterial, fungal,
and eukaryotic groups, respectively.

The transportation effectiveness of bacterial, fungal, and eukaryotic WBIF from
the riparian sampling site to the adjacent riverine sampling site was 62.76%,
44.79%, and 22.64% at the OTU level, respectively, and 80.75%, 65.62%, and
43.38% at the species level, respectively, among which both transport capac-
ity and environmental filtration significantly declined across bacterial, fungal,
and eukaryotic communities (, Supplementary Tables S6, S7). The transporta-
tion effectiveness of bacterial, fungal, and eukaryotic WBIF from upstream to
downstream was 97.41%, 92.64%, and 89.83% per km at the OTU level, and
98.69%, 95.71%, and 92.41% per km at the species level, respectively, among
which the noneffective WBIF decreased across bacterial, fungal, and eukaryotic
communities (, Supplementary Tables S8, S9), and the half-life distance of the
noneffective WBIF was 14.52, 4.93, and 4.07 km at the OTU level and 17.82,
5.96, and 5.02 km at the species level for the bacterial, fungal, and eukaryotic
groups, respectively ().

Discussion
Driven by land-to-river and upstream-to-downstream WBIF, biodiversity infor-
mation across terrestrial and aquatic biomes could be detected in riverine water
eDNA�,¹�, and the monitoring effectiveness of riverine water eDNA relies on the
transportation effectiveness of corresponding WBIF�,¹�–²�. The transportation
effectiveness of WBIF mainly relies on transport capacity, degradation rate,
and environmental filtration of WBIF¹�,²¹–²³, which can vary with different sea-
sons and weather conditions²�. We hypothesized that monitoring effectiveness
would vary with seasons and weather conditions. In the present case, bacterial
community richness in riparian soil did not vary with season, whereas bacterial
community composition in riverine water was richest in autumn, followed by
summer (Figs. 2, 3). The transportation effectiveness of riparian-to-river and
upstream-to-downstream WBIF on spring frozen days was significantly lower
than on summer rainy days and autumn cloudy days (Tables 1, 2, Supplemen-
tary Tables S3, S4). Considering the insufficient read depth in riverine water
samples of summer and autumn groups (Supplementary Fig. S1), the riverine
water bacterial community richness and riparian-to-river transportation effec-
tiveness in summer and autumn were already underestimated. This indicates
that monitoring effectiveness varied with different seasons and weather condi-
tions, and summer and autumn were the optimal seasons, with rainy days being
the optimal weather condition, for using riverine water eDNA to simultaneously
monitor holistic biodiversity information in riverine and riparian sites.

The biodiversity information detected by water eDNA could originate from liv-
ing and dead organisms²³,²�. Detection of biodiversity information from living
organisms mainly depends on dispersal of these living organisms¹¹,²�. Detection
of biodiversity information from dead organisms mainly depends on transport
capacity and degradation rate¹²,²²,²�. In summer and autumn, driven by active
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organisms, more eDNA was input into the river system. In particular, surface
runoff caused by rain can input more eDNA from terrestrial soil into the river
system and preserve it in soil aggregates³�. In the present study, the highest
proportion of bacteria from riparian soil was detected in riverine water in sum-
mer and autumn, and rain promoted this phenomenon ([Figure 3: see original
paper] and , Supplementary Table S3). The proportion of effective upstream-
to-downstream WBIF was significantly higher in summer and autumn than in
spring, as well as being higher on rainy days than on cloudy days (). eDNA
(originated from dead organisms) degrades over time in a logistic manner (a
half-life time)¹²,²²,²�, which we described as degrading by half-life distance in a
lotic system, integrating transport capacity and degradation rate. In the present
work, driven by runoff discharge and flow velocity (Supplementary Table S1),
the half-life distance of noneffective WBIF was significantly farther in summer
than in autumn and spring ().

The biodiversity information monitoring effectiveness of riverine water eDNA, as
approximated by WBIF transportation effectiveness, was impacted by the eDNA
degradation rate in WBIF, and there were taxonomy-specific eDNA degrada-
tion rates²�, species-specific eDNA degradation rates¹�, and form-specific eDNA
degradation rates²�. We hypothesized that monitoring effectiveness of riverine
water eDNA would vary with taxonomic communities. In the present case,
results revealed significantly higher monitoring effectiveness of riverine water
eDNA (both riparian-to-river and downstream-to-upstream) for bacterial com-
munities than for eukaryotic communities (Tables 3, 4). Considering the insuffi-
cient read depth for the bacterial community (16S rRNA gene, Supplementary
Fig. S2), detection capacity for the bacterial group was already underestimated.
A significantly higher monitoring effectiveness of riverine water eDNA was found
for micro-eukaryotic communities (fungi) than for overall eukaryotic communi-
ties (including micro- and macro-organisms) (Tables 3, 4). This indicates that
monitoring effectiveness varied with different taxonomic communities, and the
effectiveness of monitoring eukaryotic communities was significantly lower than
for bacterial communities; additionally, the effectiveness of monitoring macrobe
communities was significantly lower than for microbe communities. eDNA sur-
veys based on metabarcoding can actually acquire information across the tree
of life�,�,¹¹,³²,³³. However, eDNA originating from different taxonomic groups
has different probabilities of being left in the environment and input into wa-
ter�,�,�,³�. van Bochove et al. inferred that eDNA contained inside cells and
mitochondria is especially resilient against degradation (i.e., intracellular vs. ex-
tracellular effects)²�. In the present case, more bacteria than eukaryotes and
more microorganisms than macroorganisms (at both OTU and species levels)
from riparian soil could be detected in riverine water (). The half-life distance
of noneffective WBIF for bacteria (detected by the 16S rRNA gene) was much
farther than that for unicellular eukaryotes (detected by the ITS gene, which is
mainly unicellular), which in turn was farther than that for multicellular eukary-
otes (detected by the CO1 gene, which is mainly multicellular) (). We inferred
that eDNA contained inside bacterial cells was more resilient against degrada-
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tion than that contained inside unicellular eukaryotic cells (i.e., prokaryotic cells
vs. eukaryotic cells), as well as compared to eDNA contained inside multicellular
eukaryotic cells or extracellular mitochondria (i.e., unicellular eukaryotic cells
vs. multicellular eukaryotic cells or extracellular mitochondria).

In previous studies, the effectiveness of using water eDNA to monitor terrestrial
organisms was indicated by detection probability�,�,³�, and the effectiveness of
using downstream water eDNA to monitor upstream organisms was indicated
by detectable distance�,¹²,¹�,¹�,²�,³�. In this study, we approximated biodiversity
information monitoring effectiveness by WBIF transportation effectiveness and
proposed its assessment framework, in which we described riparian-to-river mon-
itoring effectiveness by the proportion of biodiversity information in riparian
soil detected using riverine water eDNA samples. Additionally, we described
downstream-to-upstream monitoring effectiveness by the proportion of biodi-
versity information in upstream site water eDNA samples detected by 1-km
downstream site water eDNA samples, and the runoff distance at which 50% of
dead bioinformation (i.e., bioinformation labeling biological material lacking life
activity and fertility) could be monitored. These indicators provide new usable
assessment tools for designing monitoring projects and evaluating monitoring
results.

In the optimal monitoring season and weather condition (a summer rainy day)
in the Shaliu River basin on the Qinghai–Tibet Plateau, using riverine water
eDNA we were able to monitor as much as 87.95% of bacterial species, 76.18%
of fungal species, and 53.52% of eukaryotic species from riparian soil, along with
as much as 98.69% of bacterial species, 95.71% of fungal species, and 92.41% of
eukaryotic species from 1 km upstream (). The half-life distance of noneffective
WBIF was respectively 17.82 km, 5.96 km, and 5.02 km for bacteria, fungi, and
metazoans at the species level (). Considering that monitoring effectiveness of
eDNA can vary not only with season, weather, and taxonomic communities, but
also with rivers and watersheds with different environmental conditions¹²,¹�,¹�,²³,
more studies on monitoring effectiveness for each taxonomic community in other
watersheds with different environmental conditions are needed. eDNA metabar-
coding surveys are relatively cheaper, more efficient, and more accurate than
traditional surveys in aquatic systems¹�,¹³, although this is certainly not true
in all circumstances³�. Sales et al. showed that the detection probability of
using riverine water eDNA to monitor semi-aquatic and terrestrial mammals
in natural lotic ecosystems in the UK was 40–67%, providing comparable re-
sults to conventional survey methods per unit of survey effort for three species
(water vole, field vole, and red deer); in other words, results from 3 to 6 wa-
ter replicates would be equivalent to results from 3 to 5 latrine surveys and
5–30 weeks of single camera deployment�. In the current case, riverine water
eDNA samples detected 53.52% of eukaryotic species from riparian soil samples.
As bioinformation in WBIF includes biodiversity information of all taxonomic
communities, information of all taxonomic communities could be monitored us-
ing riverine water eDNA, although variability in monitoring effectiveness exists
among different taxonomic communities. We anticipate that in future biodi-
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versity research, conservation, and management, we will be able to efficiently
monitor and assess aquatic and terrestrial biodiversity by simply using riverine
water eDNA samples.

In summary, to test the idea of using riverine water eDNA to simultaneously
monitor aquatic and terrestrial biodiversity, we proposed a monitoring effective-
ness assessment framework, in which land-to-river monitoring effectiveness was
indicated by detection probability, and upstream-to-downstream monitoring ef-
fectiveness was described by detection probability per kilometer runoff distance
and by the half-life distance of dead bioinformation. In our case study in the
Shaliu River watershed on the Qinghai-Tibet Plateau, on summer rainy days,
43–76% of species information from riparian sites could be detected in adjacent
riverine water eDNA samples, 92–99% of species information from upstream
sites could be detected in a 1-km downstream eDNA sample, and the half-life
distances of dead bioinformation were approximately 13–19 km for bacteria and
approximately 4–6 km for eukaryotes. The indicators in the assessment frame-
work that describe monitoring effectiveness provide usable assessment tools for
designing monitoring projects and evaluating monitoring results. In future eco-
logical research, biodiversity conservation, and ecosystem management, riverine
water eDNA may serve as a general diagnostic procedure for routine watershed
biodiversity monitoring and assessment.

Materials and Methods
Study Area

The Shaliu River basin (37°10�–37°52� N, 100°17�–99°32� E), as a sub-basin of
the Qinghai Lake basin, is located 3,196 m above sea level on the Qinghai–Tibet
Plateau ([Figure 1: see original paper]). The Shaliu River is 106 km long, with a
catchment area of 1,320 km². Grassland is the main land cover type, accounting
for more than 90% of the watershed area. Less than 5% of the watershed area has
been seriously altered by human activity, such as conversion to cultivated land
and building land (http://www.gangcha.gov.cn/html/2125/item.html). Due to
its simple ecosystem assemblages (only grassland, aquatic ecosystem, and build-
ing land) and minimal disturbance by human activity, the Shaliu River basin
serves as a natural simplified model for investigating the effectiveness of monitor-
ing aquatic and terrestrial biodiversity information using riverine water eDNA.

Sampling and Sequencing

To identify seasonal variation in monitoring effectiveness, we collected eDNA
samples on April 8–9, June 25–26, and September 19–20, 2019 (spring group,
summer group, and autumn group, respectively), including 27 riparian soil
eDNA samples and 27 riverine water eDNA samples. The samples were col-
lected from 9 transects (including riverine sampling sites and riparian sampling
sites) of the Shaliu River ([Figure 1: see original paper]). Weather and hydro-
logical conditions of each group are summarized in Supplementary Table S1.
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A 5-mL surface soil sample was collected using a 5-mL sterilized centrifuge tube
from the riparian site (5 m from the river) of each transect. A 1.5-L surface
water sample was collected using a 1.5-L sterilized bottle (rinsed three times with
sampling water) from the riverine site of each transect. Because keeping samples
cool can reduce the rate of eDNA decay and is a convenient and efficient method
for conserving eDNA samples³�, field samples were transported in an ice bath (0
°C) to the laboratory of the Rescue and Rehabilitation Center of Naked Carps of
Qinghai Lake. To obtain eDNA from most taxonomic communities²�,³�, riverine
water samples (with purified water used as a negative control) were filtered using
0.2-�m membrane filters (JinTeng, Tianjin, PRC) to obtain eDNA samples in the
laboratory (with every step following molecular biology operation specifications
to control contamination and using bleach to wash experimental apparatus).
Subsequently, filter membranes from each riverine water sample were placed in
a 50-mL sterilized centrifuge tube. Samples were transported at −20 °C (in a
dry ice bath) and stored at −80 °C (in an ultra-low temperature freezer) until
DNA extraction. Further details are provided in and Supplementary Material
1.

To identify taxonomic variation in monitoring effectiveness, we analyzed three
taxonomic communities using metabarcoding of the 16S rRNA, ITS, and mi-
tochondrial CO1 genes³�–�¹. As long DNA fragments show higher decay rates
than short fragments²², short fragments better reflect community richness than
long fragments²²,³¹. We restricted amplified fragment length to 300–500 bp
and selected primers 338F/806R, ITS1F/ITS2R, and mlCOIintF/jgHCO2198R
to detect bacteria, fungi, and metazoans, respectively³�–�¹. As eDNA extrac-
tion�²,�³, amplification approach, and sequencing�� can impact eDNA monitor-
ing results, a consistent DNA extraction method and amplification approach
should be used for comparisons among samples�¹,��,��. Commercial eDNA labs
can help¹¹, as all approaches (including eDNA extraction, primer synthesis, am-
plification, sequencing, and contamination control) could be standardized.

In our work, samples were processed by Shanghai Majorbio Bio-pharm Technol-
ogy Co., Ltd (Shanghai, China). Details are provided in and Supplementary
Material 1.

On the free online Majorbio Cloud Platform (www.majorbio.com), we analyzed
raw sequence data and obtained operational taxonomic unit (OTU) types, se-
quence numbers for each OTU, and taxonomic features of each sample; addi-
tionally, we examined community richness (Chao richness index at the OTU
level).

WBIF Analysis

The WBIF (including land-to-river and upstream-to-downstream WBIF) of each
group was assessed to reveal the effectiveness of using riverine water eDNA to
monitor biodiversity information in riverine and riparian sites. In the current
WBIF analysis, all statistical analyses used the OTUs and species in each sample.
The processing approach is described below (indicated by OTU type).
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Transportation effectiveness of WBIF was indicated by the proportion of input
OTUs (i.e., common types between the source site sample and pool site sample)
to output OTUs (total types of source site sample) (Eq. 1).

𝑒 = Num(𝑆𝑂𝑇 𝑈 ∩ 𝑃𝑂𝑇 𝑈)
Num(𝑆𝑂𝑇 𝑈)

where e denotes transportation effectiveness of WBIF; SOTU denotes the OTU
assemblage of the source site sample (i.e., the adjacent riparian soil eDNA sam-
ple in land-to-river WBIF or the adjacent upstream water eDNA sample in
upstream-to-downstream WBIF); and POTU denotes the OTU assemblage of
the pool site sample (i.e., the adjacent riverine water eDNA sample in land-to-
river WBIF or the adjacent downstream water eDNA sample in upstream-to-
downstream WBIF).

As the distance of land-to-river WBIF was less than 5 m in the present case
study, transportation effectiveness of land-to-river WBIF was assumed to be
constructed by transport capacity and environmental filtration (no degradation
rate). Transportation effectiveness of land-to-river WBIF could be indicated by
the proportion of common types shared between adjacent riparian soil eDNA
samples and riverine water eDNA samples to total types of riparian soil eDNA
samples (Eq. 1). Transport capacity of land-to-river WBIF could be indicated
by the proportion of common types shared between adjacent riparian soil eDNA
samples and riverine water eDNA samples to common types shared between
the riparian soil eDNA sample and all riverine water eDNA samples in the
corresponding group (Eq. 2). Environmental filtration of land-to-river WBIF
could be indicated by the proportion of types included in the riparian soil eDNA
sample but not in any riverine water eDNA sample to total types in the riparian
soil eDNA sample (Eq. 3).

𝑡 = Num(𝑆𝑂𝑇 𝑈 ∩ 𝑃𝑂𝑇 𝑈)
Num(𝑆𝑂𝑇 𝑈 ∩ 𝑊𝑂𝑇 𝑈)

𝑓 = Num(𝑆𝑂𝑇 𝑈 ∩ 𝑊𝑂𝑇 𝑈)
Num(𝑆𝑂𝑇 𝑈)

where t denotes transport capacity; f denotes environmental filtration; SOTU
denotes the OTU assemblage of the source site sample (i.e., the riparian soil
eDNA sample); and WOTU denotes the OTU assemblage of all riverine water
eDNA samples.

WBIF included effective WBIF (i.e., flow or migration of living organisms) and
noneffective WBIF (i.e., flow of bioinformation labeling biological material lack-
ing life activity and fertility [dead bioinformation]). Transportation effectiveness
of upstream-to-downstream WBIF was determined by different features of effec-
tive WBIF and noneffective WBIF. Effective WBIF was impacted by transport
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capacity and environmental filtration. Noneffective WBIF was impacted by
transport capacity and degradation rate. We established the following presup-
positions: (1) transport capacity was consistent in a defined runoff condition of a
definite season and weather condition; (2) the proportion of noneffective WBIF
at each site was consistent; (3) noneffective WBIF degraded over time (i.e.,
distance) in a logistic manner; and (4) environmental filtration was consistent
in a definite environmental change. These four presuppositions do not exactly
describe the factual complex WBIF processes driven by various environmental
factors, but they provide a means to construct a model that approximately
addresses these complex processes. Transportation effectiveness of upstream-
to-downstream WBIF could be described by an equation (Eq. 4), in which
transportation effectiveness is a function of runoff distance, and transport ca-
pacity, environmental filtration, and degradation rate are parameters that can
be estimated according to sets of transportation effectiveness and runoff dis-
tance. In practice, as WBIF are impacted by varying factors at any site and
time, analytical solutions for the parameters in Eq. (4) are impossible. There-
fore, we suggest that Eq. (4) could be solved through programming according to
the evolutionary algorithm in Microsoft Excel. As there are only approximate
solutions for the parameters in Eq. (4), we recommend obtaining several sets
(such as 30 sets) of approximate solutions, after which statistical analysis can
be performed for each parameter.

𝑒 = 𝑡𝑑 × [(1 − 𝑘) × 1
1 + 𝑓 + 𝑘 × 1

1 + 𝑓 × 2𝑑/𝐷 ]

where e denotes transportation effectiveness of WBIF; t denotes transport capac-
ity; d denotes distance of WBIF; k denotes proportion of noneffective WBIF; f
denotes environmental filtration; and D denotes half-life distance of noneffective
WBIF.

Data Availability

The datasets generated for this study can be found in the China National
GeneBank Sequence Archive (CNSA, https://db.cngb.org/cnsa/) of the China
National GeneBank database (CNGBdb) under accession number CNP0001046.
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