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Caribbean Coral Reef food web
249 species, 3,313 interactions

(Opitz 1996)

Baumgartner et al. (1992)



SST to predict recruitment (Fig. 1C). Unlike a parametric model
in which a hypothesized interaction must be specified in advance
(the extended Ricker model; Fig. 1B), the empirical surface in Fig.
1C makes no assumptions about the relationship between varia-
bles, but instead captures the interaction between density de-
pendence and environmental conditions as revealed by the data:
ocean temperatures have a stronger effect on recruitment when
spawner abundance is low.

Fraser River Sockeye Salmon
In this work, we perform a real-world test comparing EDM and
the standard parametric paradigm, by forecasting returns for the
nine most historically abundant stocks of sockeye salmon from
the Fraser River system in British Columbia, Canada (Fig. 2), of
significance to Canada’s iconic fisheries. Total returns in this
system are highly variable and can span over an order of magni-
tude: a record low of 1.6 million in 2009 was followed by a re-
cord high of 28.3 million in 2010 (Fig. 3). Although some of this
variability occurs because of cyclic dominance (25, 26), large in-
terannual fluctuations in mortality and productivity (recruits-per-
spawner) are difficult to predict, leading to considerable uncertain-
ties in current parametric forecast models (27). This is suggestive
of nonlinear dynamics in this fishery, and indeed, a Canadian
federal inquiry (13, 14) concluded that recent declines in pro-
ductivity could not be attributed to any single mechanism but were
likely caused by the interaction of multiple stressors (e.g., preda-
tors, food availability, environment). Applying a simple S-map test
(P = 0.002) (SI Appendix, Fig. S2), we confirm the presence of
nonlinear dynamics among returns of Fraser River sockeye salmon.
Thus, we apply EDM methods to unravel the mechanisms by

which the environment may affect sockeye salmon recruitment.
First, we compare the classical Ricker spawner–recruit model
with equivalent EDM spawner–recruit models. With nearly all
adults returning as age 4 or age 5 fish, we can consider the total
returns in a single calendar year to be composed of age 4 and age
5 recruits from different spawning broods. Following ref. 16, we
predict annual returns by first estimating total recruitment for
each spawning brood year. This recruitment is then partitioned
by age, and the age 4 and age 5 estimates from separate brood
years combined appropriately to forecast returns (Materials and
Methods). Note that the time series of spawning abundance and
recruitment already account for the effects of the fishery (this
information is contained within the time series; Materials and

Methods), which enables us to focus on just the natural population
dynamics.
Second, to investigate the causal influence of the oceanic en-

vironment, we consider forecasts produced by the extended
Ricker model and equivalent multivariate EDM formulations. In
both cases, if the inclusion of environmental variables signifi-
cantly improves forecasts (Materials and Methods), those varia-
bles are taken to have a causal influence on salmon recruitment.
Last, to avoid arbitrary fitting and to obtain a robust measure

of forecast skill, we apply a fourfold cross-validation scheme for
each model: the model is fit to three-fourths of the data to predict
the remaining one-fourth out-of-sample, and the procedure is
repeated for each one-fourth segment of the time series.

Results
Comparison of Spawner–Recruit Forecast Models. As a fair com-
parison with the standard Ricker model where spawner abun-
dance is used to predict recruitment, we examine an equivalent
EDM spawner–recruit model, but which actually has fewer fitted
parameters (Materials and Methods). Fig. 4 shows that this simple
EDM model has significantly higher accuracy (ρ, correlation
between observations and predictions) than the Ricker model,
with more accurate forecasts in eight of nine cases and signifi-
cantly lower error overall [mean absolute error (MAE); SI Ap-
pendix, Fig. S3]. Nonetheless, predictions for several stocks
(Birkenhead, Chilko, Stellako, and Weaver) are not very skillful
(ρ < 0.3), suggesting that in these cases, there is no simple
spawner–recruit relationship (parametric or otherwise). Instead,
environmental factors (e.g., SST, food availability) may domi-
nate, and better performance can be obtained by accounting for
these external drivers.
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Fig. 2. Combined returns of Fraser River sockeye salmon. Total returns
(Dataset S1) for Fraser River sockeye salmon combined across stocks (1954
cycle line in black). Although not all stocks exhibit cyclic dominance, and those
that do are not synchronized, cycles are still visible in the aggregated returns.
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Fig. 3. Early ocean environment for Fraser River sockeye salmon. Upon
exiting the Fraser River, juvenile sockeye salmon migrate north through the
Strait of Georgia, spending up to a month moving through this ecosystem
(31), before continuing through Queen Charlotte Strait and into Queen
Charlotte Sound. Red labels for the nine stocks studied in this work are lo-
cated at the approximate spawning sites. Blue triangles denote the locations
of the two lighthouses where SST is recorded. Image courtesy of DFO.
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Baumgartner et al. (1992)

We need a lot of data 
to understand ecological systems



Ecosystem monitoring is the key process to understand the 
ecological complexity

“Big Data” and sophisticated analysis enables better understanding:

Ø Knowing the present status

Ø Forecasting the future dynamics
(Ye et al. 2015, McGowan et al. 2017)

Ø Understand the mechanism behind the dynamics
(Deyle et al. 2016, Ushio et al. 2018)

Understanding complex systems requires large amount of data 
(“Big Data”), which allow determining the parameters that 
characterize the complex system (high dimensionality, nonlinearity)



fishing nets

acoustic survey

 

Methods 
Conduct surface snorkel surveys parallel to shore along a 75 m transect 
at high tide. Have two snorkelers in the water and a shore-based 
observer. The water depth and distance from shore may vary with the 
site – for deep sites target 3 m and 10 m from shore, for shallower sites 
target 1.5 m water depth. These are good ranges for juvenile Chinook 
salmon. Smaller juvenile chum and pink salmon may be in shallower 
water. Record observations of fish species, number (approximate if 
over 20), length range (2.5 cm increments), water column position 
(surface, mid-water, bottom), and feeding behavior. Swim slowly and 
consistently, scanning the water column with a focus near the water’s 
surface where juvenile salmon are likely to be (tilt your head sideways 
for this). Pause to record data as appropriate. Data can be written on 
either an underwater writing tablet or clipboard with datasheet printed 
on waterproof paper. Use the transect tape to measure the transect 
length, water depth, and underwater visibility (horizontal distance that 
you can see the writing tablet underwater – needs to be at least 2.5 m). 
May is a good month to target the peak outmigration of juvenile chum 
and pink salmon, June and July are good peak months for Chinook. 
 
Data to record in the field 
Date, time, site name, transect length, water depth, distance from 
shore, underwater visibility, fish data. An underwater digital camera 
can help document fish presence. 
 
Processing 
Enter the field data into computer spreadsheets. Fish counts are 
standardized by numbers/m2 as: fish number/(transect length x 
underwater visibility). 
 
 

 

Materials 
x Snorkel gear – drysuit or wetsuit, 

mask, snorkel, fins, ankle weights 

x 50 m or longer transect tape 

x Underwater writing tablet, or 
clipboard with datasheet printed on 
waterproof paper 

Sampling Summary 
x 75 m transect parallel to shore 

x 3 m and 10 m from shore for deep 
sites, 1.5 m water depth if shallow  

x Need at least 2.5 m water visibility 

x SAFETY: Highly advised to be a 
skilled swimmer and have snorkel 
or SCUBA dive experience. Always 
stay at the surface, be aware of any 
boat traffic or hazards, and have a 
shore-based observer 

Fish 
 

Scale of Effort 
$$$ Cost – high, snorkel gear is 

expensive, SCUBA divers may already 
have gear which would greatly 
reduce costs 

$ People – low, 2 snorkelers and 1 
shore observer can establish 
transects and record data 

$$$ Fieldwork time – high, base effort 
2x/month at high tides May-July 

$$ Processing time – medium, entering 
field data into computer format, 
possible verification of fish ids 

$$$ Technical expertise – high, snorkel 
surveys and fish identifications both 
require background knowledge 

 
Additional Resources 
Reports that have used this method: 
Toft et al. 2007, 2013   
 

Improving habitat for out-migrating juvenile salmon is often a goal of nearshore restoration efforts. Direct 
observation of fish use of a site is desirable to assess function of the site. Surface snorkel surveys are 
recommended as an observational method that can generate data without handling fish. Observations are 
focused on juvenile salmon abundance, feeding behaviors, and records of other nearshore fishes. 

Suggested citation: Shoreline Monitoring Toolbox. 
Washington Sea Grant. 
Website: wsg.washington.edu/toolbox 

diving survey

ROV

Not easy to get “Big Data”, as contemporary methods 
are costly and destructive and/or less effective to 
identify species or cover a large area



degradation
(bacteria, UV radiation…)

living organisms
(fish, mammals, birds…)

DNA fragments
(feaces, urine, gametes, mucus…)

Ø Environmental DNA (eDNA) is DNA that can be extracted 
from environmental samples, such as water, soil and air.

Ø eDNA originates from various sources such as feaces, urine, 
muscus, gametes, etc.

Ø eDNA in the water are decomposed within a week and can 
be used to detect organisms or determine the species 
composition

Ø eDNA allows non-invasive, species-resolved monitoring of 
biodiversity.



Credit: Nature Metrics

eDNA metabarcoding – how to know the fish using water samples 

blood test for ecosystem





Ø Okinawa Churaumi Aquarium (one of the world’s largest )
Ø 249 fish species in the four large tanks (36~7500 m3)
Ø 10L of water sampled from each tank and analysed by eDNA metabarcoding



Ø 93.3% of the fish species (168 species of 59 family, 123 genus) detected 
only from a “bucket of water”
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Table 5. (Continued.)

primer sequence (5′ − 3′)
reverse primers for the second PCR (D series)

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

2nd_PCR_R_D701 CAAGCAGAAGACGGCATACGAGATCGAGTAATGTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

2nd_PCR_R_D702 CAAGCAGAAGACGGCATACGAGATTCTCCGGAGTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

2nd_PCR_R_D703 CAAGCAGAAGACGGCATACGAGATAATGAGCGGTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

2nd_PCR_R_D704 CAAGCAGAAGACGGCATACGAGATGGAATCTCGTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

2nd_PCR_R_D705 CAAGCAGAAGACGGCATACGAGATTTCTGAATGTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

2nd_PCR_R_D706 CAAGCAGAAGACGGCATACGAGATACGAATTCGTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

2nd_PCR_R_D707 CAAGCAGAAGACGGCATACGAGATAGCTTCAGGTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

2nd_PCR_R_D708 CAAGCAGAAGACGGCATACGAGATGCGCATTAGTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

2nd_PCR_R_D709 CAAGCAGAAGACGGCATACGAGATCATAGCCGGTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

2nd_PCR_R_D710 CAAGCAGAAGACGGCATACGAGATTTCGCGGAGTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

2nd_PCR_R_D711 CAAGCAGAAGACGGCATACGAGATGCGCGAGAGTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

2nd_PCR_R_D712 CAAGCAGAAGACGGCATACGAGATCTATCGCTGTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Table 6. A summary of the BLAST searches for the four aquarium tanks.

number of readsa total Kuroshio tropical fish deep-sea mangrove
more than or equal to 97% identity

with reference sequences
(number of libraries)

4 322 882 (14) 2 568 008 (5) 1 299 788 (4) 259 191 (3) 212 643 (2)

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

tank fish 4 053 184 (93.4%) 2 375 892 (92.5%) 1 237 546 (95.2%) 245 201 (94.6%) 194 545 (91.5%)
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

non-tank fish 286 446 (6.6%) 192 116 (7.5%) 62 242 (4.8%) 13 990 (5.4%) 18 098 (8.5%)
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

number of tank species 249 75 159 15 8
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

number of tank species with
reference sequences

180 63 105 13 8

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

number of tank species detected in
MiSeq analysis

168 (93.3%) 61 (96.8%) 95 (90.5%) 13 (100%) 8 (100%)

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

water volumes of tank (m3) 8465 7500 700 230 35.6
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

aThose reads with less than 97%sequence identity are excluded from the above table for simplicity. They are 285 172 reads in total;57 572 reads from the
Kuroshio, 222 897 reads from the tropical fish, 1093 reads from the deep-sea and 3610 reads from the mangrove tanks, respectively.

than 10 m in total length). It predominantly keeps large-sized fishes characteristic to areas around the
Kuroshio, one of the western boundary currents flowing northeastwards along the entire length of Japan,
including the Okinawa Islands. Preliminary experiments showed that the exclusive use of an MiFish-U
primer pair was unable to detect most species of the elasmobranchs (including whale sharks); subsequent
development of MiFish-E primers and application of multiplex PCR (MiFish-U/E), however, enabled us
to detect all species of the elasmobranchs contained in the tank (table 7).

Out of the 63 fish species with reference sequences in the custom database, we detected 61 species
(96.8%) including 17 and 44 species of elasmobranchs and teleosts, respectively, which are collectively
distributed across 17 families and 44 genera (table 7). The two undetected species (3.2%) are carangids
(Carangoides orthogrammus and Pseudocaranx dentex; table 8) and we visually confirmed their presence in
the tank. There were no extra carangid sequences referable to those two species in the MiSeq outputs,
suggesting that they may represent an example of false negative in our metabarcoding analyses.

Although yellowfin and Pacific bluefin are the only tuna species contained in the Kuroshio tank, our
custom bioinformatic pipeline erroneously assigned assembled reads into supposedly six tuna species
(table 9). This is apparently owing to small interspecific nucleotide differences among the seven species
of tunas, with a mean pairwise p-distance of only 2.22 (range 0–5; figure 3) in the MiFish sequences. To



Ø 2L water sampling from 47 stations covering 10km2 of Maizuru-Nishi Bay
Ø Detected from the 6H survey were 128 local fish species, which include 
>60% of the 80 species observed in the past 140 diving surveys
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(c) Freshwater fish
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Figure 3. Species diversity detected by MiFish metabarcoding at each station. Circles on each map indicate 
the number of detected species for (a) all fish species, (b) fishery targets and (c) freshwater fish. Both size 
and colour reflect the species number. This map was created using QGIS version 2.8 (http://www.qgis.org/
en/site/) based on the Administrative Zones Data (2016) [(c) National Spatial Planning and Regional Policy 
Bureau, Ministry of Land, Infrastructure, Transportation and Tourism (http://nlftp.mlit.go.jp/ksj/gml/datalist/
KsjTmplt-N03-v2_3.html), edited by Satoshi Yamamoto].
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Environmental DNA metabarcoding 
reveals local fish communities in a 
species-rich coastal sea
Satoshi Yamamoto1, Reiji Masuda2, Yukuto Sato3, Tetsuya Sado4, Hitoshi Araki5, 
Michio Kondoh6, Toshifumi Minamoto1 & Masaki Miya4

Environmental DNA (eDNA) metabarcoding has emerged as a potentially powerful tool to assess 
aquatic community structures. However, the method has hitherto lacked field tests that evaluate its 
effectiveness and practical properties as a biodiversity monitoring tool. Here, we evaluated the ability 
of eDNA metabarcoding to reveal fish community structures in species-rich coastal waters. High-
performance fish-universal primers and systematic spatial water sampling at 47 stations covering 
~11 km2 revealed the fish community structure at a species resolution. The eDNA metabarcoding 
based on a 6-h collection of water samples detected 128 fish species, of which 62.5% (40 species) 
were also observed by underwater visual censuses conducted over a 14-year period. This method 
also detected other local fishes (≥23 species) that were not observed by the visual censuses. These 
eDNA metabarcoding features will enhance marine ecosystem-related research, and the method will 
potentially become a standard tool for surveying fish communities.

Over 18,000 fish species that use the sea for their reproduction and/or growth have been scientifically described1,2. 
At least 20% of species remain to be further described, and thus global marine fish diversity is a vital issue in 
marine ecology3,4. In addition, local diversity is also a pivotal issue for the management, conservation, and eco-
logical understanding of marine ecosystems. For example, the spatial accumulation of local fish communities has 
revealed biodiversity hotspots5,6, and chronological accumulation has revealed the impact of industrial fishing 
on both species and communities7,8. However, investigating marine fish community structures is often difficult 
because it is restricted by a lack of taxonomic expertise and requires extensive fieldwork. Moreover, there are 
some marine areas in which it is difficult to observe fish communities (e.g. the deep sea). Therefore, ecological 
and conservation research often requires costly surveys to examine a specific hypothesis and to reveal the species 
diversity in specific areas. In addition, given that previous studies suggest that fishing9,10 and environmental fac-
tors11 result in precipitous changes in community structure, rapid and continual investigations of marine commu-
nities are becoming increasingly essential.

A method that retrieves DNA from environmental samples has been used to explore aquatic organisms in 
conservation and ecological studies12–15. In such surveillances, genetic material shed by organisms, hereafter 
referred to as environmental DNA (eDNA), is collected by filtering the water, and species-specific DNA sequences 
are detected by polymerase chain reaction (PCR) or sequencing. Because this method does not require locating 
and capturing target organisms during fieldwork, aquatic and semi-aquatic organisms can be detected nonin-
vasively16,17. In addition, the detection performance of eDNA-based surveys may be higher than that of alterna-
tive surveillance methods (e.g. fishing and visual observations)18–21. Therefore, surveillance based on eDNA has 
been conducted to detect rare or endangered aquatic species22–24 and invasive species25–27, and also to describe 
biodiversity28,29.

The eDNA detection method will become more valuable and essential if it could reveal the entire fish diversity 
in a given area30,31. One approach to this end is metabarcoding combined with massively parallel sequencing. 
One far-sighted study actually detected 15 fishes from seawaters by using two generic and four species-specific 
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primer sets18. Kelly et al.32 also described the species diversity in large mesocosms by metabarcoding using a 
single generic primer pair. More recently, fish-universal primers for eDNA metabarcoding have been developed, 
which will promote fish diversity research33,34. In this regard, the set of fish-universal PCR primers, MiFish33, are 
suitable for eDNA metabarcoding. These MiFish primers amplify hyper-variable regions of the mitochondrial 12S 
ribosomal RNA (rRNA) gene and enable taxonomic identity to be distinguished mostly at the species level. The 
fact that eDNA metabarcoding using these primers detected > 90% of fish species (i.e. 168 species from 14 orders) 
in aquarium tanks indicates that the primers can cover phylogenetically diverse species. Moreover, because the 
amplicon length is ~170 bp, the target region can be PCR-amplified even from degraded genetic material, and 
the short amplicons are suitable for massively parallel sequencing using MiSeq. Thus, eDNA metabarcoding is 
becoming an increasingly useful approach for revealing the composition of entire fish communities.

Similar to species-specific detection using the eDNA method, the performances of eDNA metabarcoding and 
alternative survey methods have been compared. In previous comparative studies, > 50% species observed by 
alternative survey methods were detected by eDNA metabarcoding (e.g. 100% in Thomsen et al.18, 63–100% in 
Valentini et al.34, 92% in Port et al.35, and 72% in Shaw et al.36). In addition to detection performance, Port et al.35 
suggested that eDNA metabarcoding can reveal fine-scale community structure. On the other hand, although 
these previous studies referred to eDNA metabarcoding performance, the efficiency of this technique is still 
unclear under field conditions because examinations are lacking. In the present study, we evaluated the spe-
cies detection performance of eDNA metabarcoding and the spatial scale of fish assemblages detected by eDNA 
metabarcoding. We used eDNA samples collected in a systematic grid survey (Fig. 1) within a species-rich bay37. 
More than 80 fish species have been observed in the bay by underwater visual censuses that would have the high-
est detection performance among alternative methods18. These multiple samples and censuses provide an oppor-
tunity to compare the performances of eDNA metabarcoding and visual surveys. Moreover, multipoint sampling 
using a grid survey enabled us to evaluate the spatial scale of eDNA metabarcoding. Thus, we applied eDNA 
metabarcoding using MiFish primers (hereafter referred to as MiFish metabarcoding) to the eDNA samples. Our 
objectives were (1) to compare species detection by underwater visual census and MiFish metabarcoding, and 
(2) to examine whether eDNA metabarcoding reveals the structure of local fish communities. These approaches 
will allow us to clarify how efficiently eDNA metabarcoding detects the composition of local fish communities.

Results
MiSeq sequencing, assignment, and negative controls. We obtained 8,094,567 MiSeq reads, of 
which 2,784,828 passed the quality control processes (Table 1; Supplementary Table S1). Of these reads, only 
8.1% (226,966 reads) were singletons and the other 2,557,862 reads clustered into 19,260 unique sequences. A 
majority of the unique sequences (15,972 sequences) were assigned to 147 operational taxonomic units (OTUs). 
However, after possible contaminant sequences (i.e. sequences that also occurred in the negative controls) were 
removed and read number cut-off (see Materials and Methods) was applied, the number of OTUs subjected to 

Isazu Riv.
Wholesale fish market

Maizuru bay

Figure 1. Sampling stations in Maizuru Bay (n = 47). Water sampling was conducted using a bucket for 
surface water and a van Dorn sampler for bottom water at each station on 18 June 2014. Further details can 
be found in our previous paper (ref. 37). This map was created using QGIS version 2.8 (http://www.qgis.org/
en/site/) based on the Administrative Zones Data (2016) [(c) National Spatial Planning and Regional Policy 
Bureau, Ministry of Land, Infrastructure, Transportation and Tourism (http://nlftp.mlit.go.jp/ksj/gml/datalist/
KsjTmplt-N03-v2_3.html), edited by Satoshi Yamamoto]. Maizuru-Nishi Bay



1. High-frequency eDNA Monitoring
How to maximize the potential merit



Weekly monitoring with eDNA metabarcoding for >3 years
The amount of eDNA quantified for all detected fish species

3

Figure 1. Location of the research site (a). The arrow indicates our research site. A floating pier in the Maizuru Fishery
Research Station of Kyoto University, Maizuru, Kyoto, Japan, where the weekly water sampling was performed (b). Photo
taken in winter season by R. Masuda.

DNA was extracted from the filters using a DNeasy
Blood and Tissue Kit (Qiagen, Hilden, Germany) in
combination with a spin column (EZ-10; Bio Basic,
Markham, Ontario, Canada). After removal of the at-
tached membrane from the spin column (EZ-10), the fil-
ter was tightly folded into a small cylindrical shape and
placed in the spin column. The spin column was cen-
trifuged at 6,000 g for 1 min to remove excess water from
the filter. The column was then placed in the same 2-ml
tube and subjected to lysis using proteinase K. For the
lysis, sterilized H2O (200 µl), proteinase K (10 µl) and
buffer AL (100 µl) were mixed, and the mixed solution
was gently pipetted onto the folded filter in the spin col-
umn. The column was then placed on a 56◦C preheated
aluminium heat block and incubated for 30 min. After
the incubation, the spin column was centrifuged at 6,000
g for 1 min to collect DNA. In order to increase DNA
yields from the filter, 200 µl of sterilized TE buffer was
gently pipetted onto the folded filter and the spin column
was again centrifuged at 6,000 g for 1 min. The collected
DNA solution (ca. 100 µl) was purified using a DNeasy
Blood and Tissue Kit following the manufacturerʟs pro-
tocol.

C. Preparation of standard fish DNAs

Extracted DNAs of five fish species (Saurogobio im-
maculatus, Elopichthys bambusa, Carassioides acumina-
tus, Labeo coubie, and Acanthopsoides gracilentus) that
are all freshwater fishes from Southeast Asia or Africa
and have never occurred in the sampling region were
used as internal standard DNAs. A target region (mito-
chondrial 12S rRNA) of the extracted DNA was ampli-
fied using MiFish primers (without MiSeq adaptors), and
the amplified and purified target DNA (ca. 220 bp) was

excised using E-Gel SizeSelect (ThermoFisher Scientific,
Waltham, MA, USA). The DNA size distribution of the
library was estimated using an Agilent 2100 BioAnalyzer
(Agilent, Santa Clara, CA, USA), and the concentration
of double-stranded DNA of the library was quantified
using a Qubit dsDNA HS assay kit and a Qubit fluo-
rometer (ThermoFisher Scientific, Waltham, MA, USA).
Based on the quantification values obtained using the
Qubit fluorometer, we adjusted the copy number of the
standard DNAs and added these DNAs as follows: S. im-
maculatus (500 copies/µl), E. bambusa (250 copies/µl),
C. acuminatus (100 copies/µl), L. coubie (50 copies/µl),
and A. gracilentus (25 copies/µl). The numbers of in-
ternal standard DNA copies added to samples were de-
termined by quantification of the number of total fish
eDNA copies (i.e., MiFish primer target region) using the
SYBR-GREEN quantitative PCR method (see below for
the detailed method).

D. Paired-end library preparation

Work-spaces and equipment were sterilized prior to the
library preparation, filtered pipet tips were used, and sep-
aration of rooms for pre- and post-PCR was carried out
to safeguard against cross-contamination. We also em-
ployed negative controls to monitor contamination dur-
ing the experiments.
The first-round PCR (1st PCR) was carried out with

a 12-µl reaction volume containing 6.0 µl of 2 ʷ KAPA
HiFi HotStart ReadyMix (KAPA Biosystems, Wilming-
ton, WA, USA), 0.7 µl of each primer (5 µM), 0.6 µl of
sterilized H2O, 2 µl of standard DNA and 2.0 µl of tem-
plate. The final concentration of each primer (MiFish-U-
F/R) was 0.3 µM. The sequences of MiFish primers are:
GTC GGT AAA ACT CGT GCC AGC (MiFish-U-F)

. CC-BY-NC 4.0 International licensenot peer-reviewed) is the author/funder. It is made available under a
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Figure 6. Quantitative and multispecies fish eDNA time series in Maizuru Bay, Japan. Time series of eDNA of 10 dominant 
fish species. In the eDNA analysis, two Takifugu species were detected as dominant species and were designated Takifugu sp1 and 
sp2. A representative sequence of Takifugu sp1 is highly similar to that of T. niphobles/T. snyderi (>99% identity). A representative 
sequence of Takifugu sp2 is identical with that of T. pardadalis/T. xanthopterus/ T. poecilonotus (100% identity). Different colours 
indicate different fish species. The numbers of eDNA copies were normalised to have zero mean and unit variance.
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Figure 5. Dynamics of the total fish eDNA (a), Japanese anchovy (Engraulis japonicus; b) and Japanese jack mackerel (Trachurus 
japonicus; c) quantified by qMiSeq and qPCR. Solid and dashed lines indicate the number of eDNA copies quantified by qMiSeq 
and qPCR, respectively. Note that the copy numbers of total fish eDNA were normalised to have zero mean and unit variance.

quantification of eDNA from only one fish species in a 
single experiment, this method is much more efficient 
compared with qPCR. In addition, this method can take 
effects of PCR inhibition into account. Although it should 
be mentioned that fish eDNA copy numbers are still only 
a rough index of fish biomass/abundance (or population 
size) and this problem should be addressed in a future 

study (e.g. estimating taxon-specific correction factors 
is a promising direction; see Krehenwinkel et al. 2017), 
these results show that eDNA metabarcoding with the in-
clusion of internal standard DNAs can be a promising tool 
to monitor fish biodiversity. This method will improve the 
efficiency of obtaining data and may contribute to more 
effective resource management and ecosystem monitoring.
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2. Multi-site eDNA Monitoring

How to maximize the potential merit



Date Started：5 June, 2017

Date Completed：30 August, 2017

Monitoring Sites：567 sites

Northernmost: Soya Misaki (lat. 45.52°N)

Southernmost: Minami-Io Island (lat. 24.22°N）
Westernmost: Nosappu Misaki (long. 145.82°E)

Easternmost: Yonaguni Island (long. 122.68°E）
Number of people Joined：114 (accumulated)

eDNA Monitoring of 567 coastal sites in 3 months



The top 10 species most frequently detected from the 567 sites

Ø 1,218 fish species of 136 family detected

Ø This is 43.5% of all Japanese “coastal” species (2,800 species)

Largescale Blackfish
メジナ
Girella punctata

Japanese black porgy
クロダイ
Acanthopagrus schlegelii

Japanese rock fish
メバル属
Sebastes spp.

Japanese anchovy
カタクチイワシ
Engraulis japonicus

Grass puffer
クサフグ
Takifugu niphobles

285 sites

284 sites

279 sites

279 sites

276 sites

232 sites

229 sites

191 sites

184 sites

179 sites

Spotbelly Greenling
クジメ
Hexagrammos agrammus

Snake blenny
ヘビギンポ
Enneapterygius etheostomus

Motleystripe rainbowfish
ホンベラ
Halichoeres tenuispinis

Surfperch
ウミタナゴ
Ditrema temmincki temmincki

Blenny
イソギンポ
Parablennius yatabei



Ø eDNA provide a non-destructive tool for species-resolved 
biodiversity monitoring of fish, enabling high-frequent or multi-
site biodiversity monitoring

Ø eDNA monitoring provides “Big Data”, which may provide more 
information than the contemporary monitoring methods

Ø We believe that eDNA monitoring will open a new era of data-
driven marine ecology

Ø How the eDNA data should be analyzed is an open question, 
given some weakness of eDNA monitoring (contamination, 
dead/alive not distinguishable, unclear whether eDNA amount 
reflects fish amount, spatial/temporal scale of monitoring 
unclear)

Ø eDNA is a “young” method and more study is required to 
confirm its utility



ü The eDNA Society was founded on 27th April 2018 to promote the 
eDNA science and its social implementation with an aim to realize the 
sustainable use of ecosystem service.

ü The 1st Annual Meeting was held in Tokyo on 29th-30th September 
2018 with 309 participants.

The eDNA Society


