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Abstract Geographic variations in reproductive traits are
important for evolutionary biology, but often difficult to
investigate because of the need for a large-scale survey
and the ephemeral nature of secondary sexual charac-
teristics. Here, using web image searches (Google Images
and Twitter), we revealed large-scale geographic varia-
tions (> 1500 km) in breeding timing and nuptial col-
oration in the mutually ornamented fish, Japanese dace
(Tribolodon hakonensis). As this fish is easily caught and
many anglers upload their photographs on the web, we
were able to find a total of 401 high-resolution pho-
tographs from all over Japan. Breeding periods were
determined from dates of photographs with/without
nuptial coloration, which matched with previous studies.
We also found that breeding periods might have ad-
vanced three weeks over the last 80 years in the Chitose
River, potentially because of climate change. Addition-
ally, the pattern of latitudinal cline for breeding timing
revealed delayed timing in higher latitudes, although
regional variations were also high. Finally, we quantified
the patterns of nuptial coloration for this mutually
ornamented fish, and confirmed that over 80% of indi-
viduals showed typical colorations, but others showed
rare phenotypes that were never previously described,
including an intermediate coloration between T. hako-
nensis and a potentially hybridizing species, 7. brandtii.
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Our web-based method for estimating breeding phe-
nology could be adopted for organisms with temporal
sexual characteristics, such as plants (e.g., flowering
time) and some fishes. Web image analyses are still
preliminarily with many limitations, but could be
promising for investigating variations in visible traits.
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Introduction

Massive amounts of information have been made
available on the web by people worldwide, and the
quantity of information is growing at an overwhelming
rate. Scientists are aware of the importance and useful-
ness of information on the web. In particular, biologists
have tried to actively acquire data from citizens via web-
based projects (e.g., eBird); that is, researchers encour-
age citizens to send biological information to the re-
searchers’ websites or e-mail addresses. Such projects
have successfully revealed phenology (Hurlbert and
Liang 2012) and temporal changes in distribution
(Taylor et al. 2014). However, in other research areas,
such as linguistics and environmental science, re-
searchers have been gathering information in an easier
way by using internet search engines such as Google and
Yahoo (e.g., Blair et al. 2002; Schade et al. 2013).
Three types of biological information can be obtained
from web searches: search queries, videos, and pho-
tographs. These data often include dates and localities.
Although the search query itself only represents citizen
interest in the query, the frequency of searching for a
certain organism could relate to the abundance of that
organism, and temporal change in search frequency
could represent temporal change in biological phenom-
ena (i.e., phenology). In fact, search query frequency has
been used to detect flu epidemics (e.g., Ginsberg et al.
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2009), range expansion, and phenology via Google
Trends (Proulx et al. 2014). Videos and photographs
contain biological information, and could be used in
various ways: videos can be used to study animal
behavior (Nelson and Fijn 2013; Yamazaki and Koizu-
mi 2017); photographs have been used to detect invasive
species (Miyazaki et al. 2016), color variations between
(Allen et al. 2013; Sanz et al. 2013) and within species
(Leighton et al. 2016), and for morphological study.
These topics are crucial for ecological and evolutionary
studies, and ecosystem management, but are often dif-
ficult to study because long-term or wide-range surveys
are required. Because web-based citizen science can be
cost-effective and well suited to macro-ecology (Kobori
et al. 2016), web search-based research is becoming
increasingly popular (Newman et al. 2012; Proulx et al.
2014; Leighton et al. 2016).

Japanese dace (Tribolodon hakonensis), a cyprinid fish, is
a potentially good target for citizen science. Because they
are easy to catch by fishing, many anglers upload pictures
on the web. Japanese dace is distributed in Far East Asia,
and ranges from Kyushu to Sakhalin and Sea of Japan
(Sakai 1995). In this fish, males and females exhibit
remarkable nuptial coloration during breeding season
(e.g., Nakamura 1969). Current theories argue that such
mutual ornamentation evolves via mutual sexual selection
(i.e., both males and females are sexually selected) and/or
social selection (i.e., ornamentation reflects status regard-
less of sex) (reviewed in Kraaijeveld et al. 2007). However,
the dace shows little territoriality (Ogawa and Katano
2016) and high promiscuity (Ito 1975); thus, the mutual
nuptial coloration is enigmatic. This nuptial color is known
to intra-specifically vary, and may be affected by
hybridization with similar heterospecific, T. brandtii, in
Russia (Sviridov et al. 2003). In Japan, geographic varia-
tion in coloration is suggested (Nakamura 1969), and
hybridization with T. brandtii is also reported (Hokkaido,
northeastern Japan; Sakai and Hamada 1985), but there
has been no detailed description of nuptial color variation.
Understanding inter- or intra-population variation in
nuptial coloration could be important for revealing the
function of this ornamentation. Additionally, because this
species ranges widely in latitude, breeding period varies
geographically: February to March in Kyushu, south-
western Japan (Tabeta and Tsukahara 1964), and July in
Hokkaido, northeastern Japan (Okada 1935). However,
reports of breeding periods are relatively sparse.

Here, we investigated the variations in breeding season
and nuptial coloration in Japanese dace using web image
searches with four specific analysis components. (1) First,
we investigated the characteristics of photographs found
from the web, such as locality and years, especially
focusing on whether the frequency of photographs rep-
resent the relative abundance of the species (Ginsberg
et al. 2009; Proulx et al. 2014). (2) Second, we estimated
breeding periods based on the dates of photographs with/
without nuptial coloration from three regions where
breeding period has been reported. (3) Third, we evalu-
ated latitudinal cline in breeding timing across Japan (ca.

1700 km), which is a basic but important macro-ecolog-
ical pattern (e.g., O’Malley et al. 2010; Kobayashi and
Shimizu 2013). (4) Finally, we assessed inter- and intra-
population variations in nuptial coloration, and consid-
ered allopatric and sympatric distributions with the
potentially hybridizing species 7. brandtii. To our
knowledge, this is the first study to estimate breeding
season from web image searches, which might be a
promising approach for phenology studies.

Methods
Web search methods

We slightly altered the search methods for photographs
based on analysis components (Table 1). Web search
was conducted over a total of eight days in November
2016 (8-10, 14, 17-18, 20, and 27; see Table 1).

1. The first aim was to describe general characteristics of
web photographs (e.g., frequency, locality, date). To
find photographs from all over Japan with equal
search effort among regions, we used the search query
“Ugui” (the common name of Japanese dace in Ja-
pan), “Haya” (Japanese dace in the dialect of central
and eastern Japan), or “Ida” (the dialect of western
Japan) in Google Images. To find as many pho-
tographs as possible, we searched photographs every
month from January 2008 to November 2016 by
setting a custom date range (for example, we searched
photographs uploaded from April to May 2008, then
searched from May to June 2008). Exchangeable
Image File Format (EXIF) data contain the date and
time of photographs and camera settings, which are
automatically recorded by the camera, and were used
to investigate timing. If photographs did not contain
EXIF data, photograph dates followed uploaders’
descriptions. Photograph localities followed upload-
ers’ descriptions, because none of the photographs
contained localities in the EXIF data. Photographs
without localities were omitted from the analyses. If
uploaders did not describe the localities in detail, we
defined their localities at the end point of the rivers
described or the municipal office of the city, town, or
village described. This should not significantly bias
the results, because the potential maximum error (i.e.,
0°3527.60 in Sapporo city) is much smaller than the
range we analyzed (i.e., 12°13’17.49 from Nobeoka,
Kyushu to Teshio, Hokkaido). In addition, we only
used only photographs with the date provided and
visible nuptial coloration, because dace species in
Japan can be easily distinguished by nuptial col-
oration. Species identification followed Amano and
Sakai (2014) and the Japan Game Fish Association
(2010); we omitted instances of nuptial coloration
with broad black band and red cheeks (7. sachali-
nensis type) or one black and one red band (7.
brandtii type, including two subspecies: T. b. maruta,



Sample size

218
203
218

63

29
310
313
401

Filtering criteria®

CD
D
CD
CD
CD
Total

Web search dates

8-9 Nov 2016

17-18, 20, and 27 Nov 2016
10, 14, and 26 Nov. 2016
Total in all procedures

To find as many river-specific photographs as possible, the
names of rivers were added to the search queries, and

Twitter in addition to Google Images was used

Photos found during (1) were used
From all photos found during the above procedures, the

region where samples were sparse were added to the search
photos with clear nuptial coloration were selected

To find photographs from all over Japan, the names of the
query

Photos with nuptial coloration were selected from the

To reduce bias in search effort among regions, common
photos found during (2)

name and local dialects were used as search queries

Collection method

of
the
local

on

Characteristics
images

Estimating

Table 1 Sample collection and number of photographs used for each analysis component
# C photos with nuptial coloration were used, D photos with the date taken were used

(4) Variation in nuptial

(3) Latitudinal cline in
coloration

Analysis component
breeding timing

breeding periods

photo
Internet
(2)

1
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which is distributed from Tokyo Bay to southern
Iwate Prefecture; and 7. b. brandtii, which is dis-
tributed from the Sea of Japan and Hokkaido; Sa-
kai and Amano 2014) from analysis.

We also calculated the proportion of pho-
tographs that could be utilized for the analyses. We
resampled photographs with nuptial-colored Japa-
nese dace, and recorded the frequency of pho-
tographs for which the localities and dates were
available. Here, we used “Ugui” as the search query
and searched photographs every three month from
2014 to 2015. This search was conducted on 21
March 2017. Photographs found using this proce-
dure were not used in the other analyses.

. To estimate local breeding periods, we compared
the photograph dates with and without nuptial
coloration (i.e., breeding and non-breeding status,
respectively) within single rivers. We selected three
rivers (Fig. la: Chikuma, Tama, and Chitose Riv-
ers), because the estimated breeding periods were
reported (Koyama and Nakamura 1955, Naka-
mura 1969 and Okada 1935, respectively) and en-
ough  photographs  were available (>30
photographs) in these rivers. To find more pho-
tographs, we searched via Twitter in addition to
Google Images. Because the three rivers are located
in eastern Japan, the search queries were “Ugui”
and “Haya,” which are the names of the dace in
eastern Japan, combined with the name of the river
(for example, “Ugui OR Haya Tama River”).
Among the photographs without nuptial col-
oration, we selected the photographs that were
clear enough to identify species from number of
pre-dorsal scales or locality. In Tama and Chitose
Rivers, because other similar species occur (7.
brandtii and/or T. sachalinensis), we discarded the
matching photographs that had more than 36 pre-
dorsal scales (which is not in the range of Japanese
dace, but of T. brandtii and T. sachalinensis)
(Amano and Sakai 2014). As those two species are
not distributed in Chikuma River, we did not select
photographs based on scale number.

. To infer latitudinal cline, breeding timing was esti-
mated from the dates of photographs with nuptial-
colored Japanese dace. We used photographs from
the above two procedures except for those without
dates or nuptial coloration. In addition, to cover as
many regions as possible, we searched specific re-
gions where samples were sparse by adding the
names of regions or rivers to the search query (e.g.,
“Ugui” OR “Haya” OR “Ida” “Osaka”).

. To elucidate variation in nuptial coloration, we se-
lected the photographs based on the above three
procedures. Photographs without dates were in-
cluded in the analysis, and photographs with clear
nuptial coloration were selected; photographs taken
in turbid waters with nuptial-colored Japanese dace
were omitted from the analysis.
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Fig. 1 a Distribution of the Japanese dace, Tribolodon hakonensis,
including sympatric and allopatric regions with a similar species
with which it is potentially hybridizing, T. brandtii (T. b. maruta is
distributed from Tokyo Bay to southern Iwate Prefecture, and 7.
b. brandtii is distributed from the Sea of Japan and Hokkaido:

Characteristics of photographs from the web

We summarized photographs from the web based on
prefecture, and analyzed the relationship between
number of photographs and relative abundance of Ja-
panese dace. Here, we hypothesized that photograph
frequency is correlated with local abundance or bio-
mass of the species. However, it is difficult to estimate
local abundance or biomass in many places. Therefore,
we used the relative abundance (i.e., proportion of the
target species to the total species) from a large
nationwide dataset (described below). Relative abun-
dance is widely used as a good surrogate for abundance
or biomass (e.g., Wang et al. 1995; Pearce and Ferrier
2001). We also considered the effect of human popu-
lation size, because the number of photographs up-
loaded to the web should also correlate with human
population size.

We used three datasets: (1) the number of pho-
tographs in each prefecture, (2) relative abundance of

Sympatric with  /

(d) Number of photographs
60

40

20 4

Number of photos

2004 2008 2012 2016

Sakai and Amano 2014). Stars indicate the three rivers where local
breeding periods were estimated. b Relative abundances of
Japanese dace calculated from the National Census on River
Environments data. Numbers of photographs found for ¢ each
prefecture and d each year from 2002 to 2016

Japanese dace in each prefecture calculated from Na-
tional Census on River Environments data (data avail-
able at  http://mizukoku.nilim.go.jp/ksnkankyo/03/
index.htm; accessed 20 December 2016), and (3) hu-
man population size in each prefecture in 2014 (data
available at Statistics Japan, http://www.stat.go.jp/
data/nihon/02.htm; accessed 27 December 2016).

In the river census dataset, we chose the most recent
dataset available for each river, and did not use datasets
from before 2010. Datasets were available for at least
one river in every prefecture, with a maximum of five
datasets used for a single prefecture. The census was
conducted throughout each year (four seasons per year),
and, because we used data from all seasons, the dace
should be detected if present even though Japanese dace
partially migrate. In each river, the proportion of Ja-
panese dace to all fishes captured were calculated from
the catch per unit effort standardized by the National
River Census. The relative abundance in each prefecture
was estimated by averaging the dace proportions cal-
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culated from the rivers surveyed in the prefecture. We
only used the individuals identified as Japanese dace (7.
hakonensis), and did not use unidentified individuals
(i.e., T. spp.) which can contain other species of Tri-
bolodon.

We constructed a generalized linear model (GLM)
with log link and Poisson error distribution. The number
of photographs was used as a response variable, and the
relative dace abundance and human population sizes
were used as independent variables. All statistical anal-
yses were performed using R (R Development Core
Team 2016).

Local breeding period estimation

During breeding season, Japanese dace of both sexes
show obvious nuptial coloration, which typically
consists of a combination of three red/yellow and two
black bands (Fig. 2b, ¢, Nakamura 1969). During
non-breeding season, they show silver to greyish color
with two inconspicuous grey bands (however, lower-
most orange/red bands may occasionally exist;
Nakamura 1969). Therefore, we assigned one of two
scores to photographs: the dace showed obvious or-
ange/red bands or patches, score 1; pale/no orange/red
band or patches, score 0. When multiple individuals
with different body colorations were in the same
photographs, we separately scored those individuals.
However, individuals showing the same coloration
pattern within one photograph were treated as a single
data point. Dates of photographs were transformed
into the number of days from 1 January regardless of
year (i.e., May 30 was transformed into 150); inter-
year difference was not considered because of limited
sample sizes.

As Japanese dace spawns from spring to early sum-
mer, the average scores of breeding color (presence = 1,
absence = 0) should be lower from late summer to early
spring, and higher in spring and early summer. There-
fore, a quadratic relationship is expected between dates
and color scores. Hence, we employed a logistic regres-
sion using the date and its quadratic term as explanatory
variables. Here, the ranges of days for which regression
lines predicted >0.5 color score were defined as esti-
mated breeding periods. To reduce potential scoring
biases, a single person (KA) scored all the photographs,
and consistency was confirmed by a blind test that used
50 random photographs (94% of scores were consis-
tent). We also confirmed little observer bias with an
additional blind test: 96% of scores judged by another
person were consistent.

Latitudinal cline in breeding timing

As spawning of Japanese dace is strongly affected by
water temperature (e.g., Tabeta and Tsukahara 1964;
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Nakamura 1969), we expected a latitudinal cline in
breeding timing, which is usually found in many taxa
(e.g., O’Malley et al. 2010; Kobayashi and Shimizu
2013). Therefore, we regressed the dates of photographs
that showed the individuals with nuptial coloration
against latitude. We assumed that the regression line
represented the mean breeding timing at the given lat-
itude. Although estimating local breeding period re-
quires a relatively large dataset (see “‘Local breeding
period estimation” in the “Results”), collecting many
photographs from nearby areas should allow insight
into the mean breeding timing around the region.
Altitude may also affect regional temperature (Caissie
2006), but we did not consider altitude, because altitude
can be sensitive to error caused by uncertain pho-
tograph localities. Longitude was not considered either,
because latitude and longitude were strongly correlated
(r = 0.74).

Variation in nuptial coloration

Detailed coloration was evaluated based on seven fea-
tures: Rpl and Rp2, red patches on the head located on
the upper operculum and lower cheek, respectively; Rbl,
Rb2, and Rb3, red bands on the body located above
Bbl, on the lateral line, and below Bb2, respectively; and
Bbl and Bb2, black bands on the body located between
Rbl and Rb2, and Rb2 and Rb3, respectively (Fig. 2a).
We subjectively evaluated the colors with identifiable
criteria: we did not use color hue from compressed
photographs (e.g., jpeg and png), because actual color
hue in those images at pixel scale may significantly differ
from what we perceive (Stevens et al. 2007). Coloration
of each region was categorized into four ranks (red/or-
ange, 2; pale red/yellow, 1; silver/grey, —0; black/dark
grey, —1). To reduce potential scoring biases, a single
person (KA) scored all the photographs, and consistency
was confirmed from a blind test that used 210 points
from 30 random photographs (92.4% of scores were
consistent). Additionally, 80.5% of scores were consis-
tent with those from another person. When multiple
individuals with different body coloration were taken in
the same photograph, we separately scored those indi-
viduals. However, individuals that showed the same
coloration in one photograph were treated as a single
data point.

To reduce the dimensions of the data, principal
component analysis (PCA) was conducted. By checking
the contribution of each trait to PCs, we can easily
evaluate overall trait combination patterns. As the first
two PCs accounted for most of the variance (75.9%), we
used PCI1 and PC2 values in subsequent analyses.

Geographical pattern in nuptial coloration was
investigated. First, we examined correlation between PC
values and latitude, because secondary sexual traits of-
ten show a latitudinal cline that is more elaborate in
lower latitudes (Chui and Doucet 2009; Kawajiri et al.
2009). Second, we assessed a potential effect of
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Fig. 2 a Schematic diagram of Japanese dace from seven regions
used to evaluate nuptial coloration. b-h Some photograph
examples of variations in nuptial coloration (b, ¢ typical coloration
with difference in the color of Rb1-2): b orange/red Rp1-2 and
Rb1-2, and black/dark grey Bb1-2 sampled in Sapporo, Hokkaido;
¢ orange/red Rp1-2, yellow Rb1-2, orange/red Rb3, and black/dark
grey Rb1-2 in Chiba, central Honshu; d orange/red Rp1-2 and
Rbl1-2, and grey Bb1-2 sampled in Bibi River, Hokkaido; e grey
Rpl, pale red Rp2, grey Rbl-2, pale red Rb3, and grey Bbl-2
sampled in Akkeshi, Hokkaido; f orange/red Rp1-2 and Rbl-3,
and white/orange Bbl-2 in Gifu, central Honshu; g orange/red
Rpl-2, Rbl-3, and Bbl-2 sampled in Fukuoka, Kyushu; and

1
PC1 57.7%

h orange/red Rp1-2 and Rbl, black/dark grey Rb2, orange/red Rb3,
and black dark grey Bbl-2, which is an intermediate phenotype
between Tribolodon hakonensis and T. brandtii maruta sampled in
Tama River, Tokyo. i, j PCA results; samples from allopatric and
sympatric areas with T. brandtii are shown as circles and triangles,
respectively. i Sample sizes are represented by plot size, and color
variations of each region are indicated by arrows. j Variations in
allopatric/sympatric areas are represented as box plots, and
variation ranges within rivers (Chikuma, Tama and Chitose) are
shown. b-h were photographed by citizens or researchers, and
printed with their permission. Color version is in the online article



hybridization with 7. brandtii on nuptial coloration
(Sviridov et al. 2003) by comparing the variance and
mean values of PCs between sympatric and allopatric
areas using the F-test and Welch’s ¢ test, respectively.
Sympatric and allopatric areas were categorized at the
basin scale based on Sakai and Amano (2014). Body
conditions and environmental factors may affect nuptial
coloration (e.g., Morrongiello et al. 2010). However,
because such information was rarely described by
uploaders, we could not consider those factors.

Results
Characteristics of photographs from the web

Overall, we found a total of 401 photographs of Japa-
nese dace from most areas of Japan (Table 1); of the 42
prefectures in which Japanese dace were found during
the National River Census and the 46 prefectures that
make up their known range, we acquired Japanese dace
photographs from a total of 39 prefectures. We were
able to utilize approximately half of the photographs
from the web: among the 115 resampled photographs
with nuptial coloration, both locality and date were
available for 43.5% of the photographs. Among 401
photographs, 136 photographs (33.9%) contained dates,
but no photograph contained localities in their EXIF
data.

The number of photographs found during this anal-
ysis component (characteristics of photographs from the
web) varied among regions, from 0 (nine prefectures in
western Japan) to 52 (Tokyo) (Fig. 1¢). GLM showed
that both dace relative abundance and human popula-
tion size positively affected the number of photographs
(P < 0.001, Fig. 1b; Table 2). Most photographs dated
from 2002 to 2016 (Fig. 1d), with a rapid increase from
2008 to 2011. We also analyzed relative abundance and
phenology with Google Trends: the overall pattern
showed peaks during early summer—early autumn,
which might represent spawning season, but regional
analysis was impossible because of small sample sizes
(Online Resource Fig. S1C).

Local breeding period estimation

We found 33, 98, and 72 photographs taken in Chiku-
ma, Tama, and Chitose Rivers, respectively. Regression

Table 2 Results of the Poisson regression model testing effects on
the number of photographs

Parameter Estimate £ SE zvalue P
Intercept 0.638 £ 0.121 5.274 <0.001
Japanese dace relative  0.028 + 0.004 7.649 <0.001
abundance

Human population 0.0002 £+ 0.00002  13.106 <0.001
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curves were convex-shaped in Tama and Chitose Rivers
(Fig. 3b, ¢). In Tama River, estimated range was almost
the same at the ending, and two weeks earlier at the
beginning of the previously reported breeding period
(Nakamura 1969). In Chitose River, length of the
breeding period was four times longer, and the peak of
the curve was approximately three weeks prior to the
peak of the breeding period reported 80 years ago
(Okada 1935). In Chikuma River, the regression curve
was sigmoid-shaped, and its peak was located outside of
the known breeding period, which is due to the lack of
data from January to March. However, the ranges of the
dates of photographed nuptial-colored fish were well
within the reported breeding periods (Fig. 3a).

Latitudinal cline in breeding timing
We found a clear latitudinal cline in the dates of pho-

tographs that showed individuals with nuptial col-
oration across the Japanese archipelago (Fig. 4), which

1 { ————Of @O o)
| ! (a) Chikuma
! River
0 — O ® | O O

P9

(b) Tama River

(c) Chitose
River

Coloration score
(0: no/pale breeding coloration, 1: obvious breeding coloration)

T I
0 90 180 270 360

Photograph dates

Fig. 3 Estimation of breeding periods in a Chikuma, b Tama, and
¢ Chitose Rivers by quadratic logistic regression. Photograph dates
were calculated taking 1 January as day 1 (i.e., 30 May was
transformed into 150). Dashed lines indicate the day for which the
regression curve predicted 0.5 breeding color value. Solid lines
indicate the breeding periods reported in previous studies (for the
respective rivers, Koyama and Nakamura 1955; Nakamura 1969;
Okada 1935)
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Fig. 4 Latitudinal cline in breeding timing of Japanese dace
estimated from the dates of photographs with nuptial coloration.
Photograph dates were calculated taking 1 January as day 1 (i.e., 30
May was transformed into 150). Vertical lines indicate previously
reported breeding periods in @ Matsuura River (northern Kyushu,
Tabeta and Tsukahara 1964); b Toba (central Honshu, Ishizaki
et al. 2009); ¢ Tama River (Tokyo, see Fig. 1a, Nakamura 1969);
d Tochigi Prefecture (central Honshu, Iwamoto and Kanoki 1983);
e # Chikuma River (central Chubu, see Fig. la, Koyama and
Nakamura 1955); f Mu River (central Hokkaido, Sakai 1995); g*
Chitose River (central Hokkaido, see Fig. la, Okada 1935); and
h Teshio River (northern Hokkaido, Ito 1975). (Hash) Rivers for
which breeding periods were also estimated in this study (Fig. 3).
*P < 0.01, **P < 0.001

revealed that the mean breeding period was delayed in
higher latitudes. This relationship was still significant
after removing samples from Tama, Chikuma, and
Chitose Rivers (r = 0.27, P < 0.01), where sample sizes
were large. Estimated breeding timing was within the
reported breeding periods except for a few cases (Fig. 4).
Estimated breeding timing is mid-March in Kyushu,
which is the southern margin of the distribution, and
May in northern Hokkaido, northeastern Japan. We
also found large variations in the dates when the dace
showed nuptial coloration within the same latitude,
which can indicate regional variation or long breeding
periods within the same rivers. Additionally, five indi-
viduals showed nuptial coloration in late August and
early September.

Breeding color analyses

Of the total of 313 photographs, 80.8% (253) showed
the typical nuptial coloration reported in Nakamura
(1969), with two red patches on the head (Rp1-2), three
red (to yellow) bands (Rb1-3), and two black (to gray)
bands (Bbl-2) (Fig. 2b—d). The other 60 individuals
lacked some of the red patches/bands (i.e., showing sil-
ver/greyish color), but some general patterns (clusters)
appeared. For example, 8.3% (26) lacked Rb1-2, 5.8%
(18) lacked Rpl and Rbl1-2 (Fig. 2e), 3.5% (11) only
lacked Rb2, and less than 1% lacked Rp2 and Rb3. Of
the 11 individuals that lacked Rb2, three from Tama

River had dark-grey Rb2 (Fig. 2h). Most individuals
showed black to grey Bbl-2. However, in two individ-
uals from central Honshu and northern Kyushu, Bb1-2
were orange/white and orange, respectively (Fig. 2f, g).
Correlations in colorations of Rp2 to Rb3, Rbl to Rb2,
and Bbl to Bb2 were strong (r > 0.80, P < 0.001 after
Bonferroni correction), and those of Rpl-2 and Rb3 to
Bb1-2 were significant but weak (—0.29 < r < — 0.22,
P < 0.001 after Bonferroni correction, see Fig. 2i). This
means that (1) red patches/bands largely co-vary posi-
tively, (2) two black bands co-vary positively, and (3) red
patches/bands vary independently from black bands. We
could not find orange/red spots within Bb1-2, which are
frequently found in Primorye, Russia (Sviridov et al.
2003).

PC1-2 values were not significantly correlated with
latitude (r = — 0.05, P = 0.44 and r = 0, P = 0.94 for
PC1 and PC2, respectively). Additionally, variance and
average of PCI values did not differ between allopatric and
sympatric regions with 7. brandtii (average, t = — 0.46,
P = 0.64, Welch’s t-test; variance, F = 1.30, P = 0.14,
F-test). However, PC2 showed greater variance in allopa-
tric regions (F = 0.44, P < 0.001, F-test), mainly because
of the two individuals that had orange Bbl, as mentioned
above (Fig. 2j), whereas average did not differ between
allopatric and sympatric regions (t = — 1.70, P = 0.09,
Welch’s t-test). Variations within Chikuma, Tama, and
Chitose Rivers were large and overlapping but not equal

(Fig. 2j).

Discussion

Potential of web-based data for studying reproductive
biology

We demonstrated the usefulness of web-based citizen
data to investigate breeding season and the associated
latitudinal cline, and nuptial color variations of a
mutually ornamented fish, Japanese dace. It is now
widely recognized that global climate change signifi-
cantly affects organismal phenology, including breeding
period (Walther et al. 2002). Web image searching can
facilitate comparison between current and past phe-
nologies in a wide range of species. In our case, the mean
breeding period of Japanese dace in Chitose River was
mid-July in the 1930s (Okada 1935), but was estimated
to be mid-June based on photographs taken after 2009,
which might be due to climate change or anthropogenic
impacts.

Breeding period can directly influence population
divergence via temporal reproductive isolation (reviewed in
Ketterson et al. 2015) and candidate genes for phenology,
such as clock genes, are known to vary with latitude (e.g.,
O’Malley et al. 2010). Empirical evidence on the latitudinal
cline of breeding phenology, however, is limited (but see
Berthold 1996; O’Malley et al. 2010). We successfully
estimated the latitudinal pattern of breeding timing in Ja-
panese dace over 1500 km, with only several days of web



searching. Differences of 30-40 days in average breeding
timing might contribute to intra-specific divergence. Fu-
ture research can utilize this geographic variation to elu-
cidate the temporal and spatial components of genetic
variations within this species.

We also found large variation in nuptial coloration
across Japan. The variation had some common trends,
such as correlated changes within similar color patches/
bands (i.e., red—yellow or black—gray) but not between
the color patches/bands. Variation within populations
was also large, although some geographic patterns still
existed. Nuptial color variation has been occasionally
mentioned in Japanese dace (Nakamura 1969; Sviridov
et al. 2003), but this web-based approach is the first to
quantitatively describe the variation in Japan.

Web-based data collection is useful for species that
are frequently photographed by citizens and their pho-
tograph localities are easy to obtain (e.g., not conserved
species). In particular, we were able to use web pho-
tographs with a relatively high proportion (i.e., 43.5%)
that had available locality and date data compared with
another similar study (26% in Leighton et al. 2016). This
is probably because many photographs were uploaded
on anglers’ blogs, which provide accurate date and
approximate localities (e.g., names of rivers, cities, or
villages) in many cases. Phenological traits may be able
to be estimated for species that (1) change body col-
orations or shapes (e.g., plants, cyprinid, and salmonid
fishes) or (2) migrate to spawning habitat during
breeding seasons (e.g., migratory birds). In addition,
variations in coloration could be revealed using citizen
photographs, especially in organisms with discrete traits
such as number of bands/spots, which can prevent
observational errors. Although coloration and mor-
phology seem easy to analyze using citizen photographs,
various potential biases may exist because these char-
acteristics are highly sensitive for to photography con-
ditions (e.g., light conditions such as weather, and
distance and angle to the targets) (Stevens et al. 2007;
Sanz et al. 2013). Therefore, as a first step, categorical
analysis of multiple spots/bands/patches, as used in this
study, is preferable.

Although a web-based approach is cost-effective for
describing large-scale patterns, it is important to recog-
nize some limitations. First, inter-annual variation was
not considered in this study, because we could not find
enough photographs within years. To estimate the
breeding period, photographs from before, during, and
after the breeding period were needed: we could not
estimate the breeding period in Chikuma River, mainly
because of the lack of photographs in the spring. A
balanced, relatively large dataset is needed to evaluate
inter-annual variations (possibly 50-100 photographs
per year based on the three rivers examined). If breeding
period varies among years, and if the dace with nuptial
coloration are more likely to be photographed than non-
nuptial-colored dace, our analyses could overestimate
the length of the breeding period. Second, non-random
sampling is suggested, because the number of pho-
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tographs was affected by human populations and rela-
tive abundance of Japanese dace. In addition, if rivers
are long and the fish spawn in several places with dif-
ferent timing within rivers, estimation will be more dif-
ficult, because detailed localities are barely available
from web images (only the names of rivers or towns,
villages, and cities were available for most photographs).
Another potential sampling bias is that uncommon
phenotypes might be more likely to be photographed.
This could be problematic if researchers are trying to
evaluate the frequency of morphs or variations. How-
ever, it may be beneficial for describing overall variation
if citizens tend to take photographs of rare phenotypes.
Third, we subjectively categorized colorations, because
qualitative evaluation of color hue from compressed
photographs (e.g., jpeg and png) can have some biases
(Stevens et al. 2007). Nonetheless, Leighton et al. (2016)
subjectively evaluated color patterns of various animals
using citizen photograph data on the web, and yielded
results consistent with previous studies. We believe that
evaluated patterns in this study were biologically
meaningful, because the consistency with a previous
study was high: over 80% of individuals were catego-
rized with the same coloration as reported by Nakamura
(1969). In addition, repeatability between persons was
fairly high: consistency with another person was (1) 96%
for judging the presence or absence of nuptial color, and
(2) 80.5% in -categorizing color patterns. Higher
repeatability in judging presence or absence than scoring
coloration could be due to evaluation simplicity.

Some limitations will be rapidly overcome by
methodological advances. In particular, by asking pho-
tographers to include a color reference and scale bars in
high-resolution photographs (e.g., Casanovas et al.
2014), citizen-based science might allow us to quantita-
tively analyze color hue and investigate the effect of
body size on coloration. Therefore, we started gathering
photographs for scientific use on the web site “Ugui
nuptial  coloration  project”  (http://ugui-guigui.
wix.com/ugui-guigui), in which we ask citizens to take
pictures with some forms of scale information, such as
tobacco cases and postcards. Finally, the reproductive
behavior of Japanese dace can also be studied based on
data from the web: over 40 videos on the spawning of
Japanese dace and closely related species (7. brandtii and
T. sachalinensis) were uploaded to YouTube as of 31
December 2016, which will facilitate comparative
studies.

Potential factors that affect nuptial coloration

Although our nuptial coloration analyses were prelimi-
nary, several important findings were yielded: (1) color
co-varied within black bands and red bands/patches but
not between black and red bands/patches, (2) nearly
20% of individuals lacked a few red bands/patches with
some exceptional phenotypes (see Fig. 2f-h), and (3)
large color variations existed within rivers. We also
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found that variation in color pattern was greater in al-
lopatric than sympatric areas with a closely related
species, T. brandtii, which can potentially hybridize with
T. hakonensis (Fig. 2j). Potential factors that affect
nuptial coloration include the conditions of individuals,
such as nutritional status (Craig and Foote 2001); local
environment, such as predation risk (Andersson 1994)
and light conditions (Reimchen 1989), and timing (Ko-
dric-Brown 1998).

Nuptial coloration of Japanese dace varied at a small
spatial scale (i.e., within rivers). Red/orange coloration in
Japanese dace is based on carotenoids (Matsuno and
Katsuyama 1976), which animals can only acquire from
diet (Goodwin 1984). Carotenoids are plant-synthesized
pigments; thus, their abundance and coloration should co-
vary with primary productivity (Leavitt 1993). Japanese
dacemigrate to the ocean or residein rivers (e.g., Sakaiand
Imai 2005), which can shape substantial variation in body
size within rivers (Nakamura 1969). Therefore, such tac-
tics might result in a nuptial color variation via nutritional
status, as is known in salmonids (Craig and Foote 2001).
In addition, because variations within spawning schools
were small (we only found one or two phenotypes within
each photograph), such variations may also be due to
temporal change. For example, Nakamura (1969) stated
that Rb3 occasionally existed in the non-breeding season,
which indicates that each coloration component appears/
disappears at different timing.

Together with variations within rivers, geographic
variations in nuptial coloration may also exist, because
unique phenotypes were found in some areas (Fig. 2f-h:
central Honshu, northern Kyushu, and Tama River,
respectively). Hybridization with T. brandtii might also
change nuptial coloration, because the two species differ
in the coloration: 7. brandtii has one dark grey/black
band on the lateral line and one red (not orange) band
below the lateral line (Nakamura 1969; Sviridov et al.
2002; Sakai and Amano 2014). We found three samples
with an intermediate phenotype in nuptial coloration:
two obvious orange bands above and below the lateral
line, and one dark grey band on the lateral line. These
samples were photographed in Tama River (Fig. 2h),
where both species are abundant. The number of pre-
dorsal scales (33-35) was also intermediate between the
two species: it was within the range of Japanese dace
(29-36: Amano and Sakai 2014), but also the range of 7.
brandtii (34-41: the range of the subspecies T. b. maruta,
Sakai and Amano 2014). Because cranial morphology of
the three individuals resembled 7. brandtii (cheek wider
than eye diameter), these individuals may be 7. brandtii.
However, the presence of an orange band above the
lateral line, which is a characteristic of Japanese dace,
has never been reported in 7. brandtii (Nakamura 1969;
Sviridov et al. 2002; Sakai and Amano 2014). These
individuals are potentially hybrids, although hybridiza-
tion between the daces is rare in northeastern Honshu
(Tohoku district: Hanzawa et al. 1984; Sakai et al. 2007).
Further study utilizing genetic markers in unexplored
regions, including Tama River, is required. If coloration

in daces prevents heterospecific matings, as previously
suggested (Gritsenko 1974), species-specific coloration
should be more conserved in sympatric than allopatric
areas, because there is no risk of hybridization in allo-
patric regions (i.e., reinforcement: e.g., Higgie and Blows
2008).

We also suggest that the nuptial coloration of Japa-
nese dace may differ between Japan and Primorye,
Russia: in Japan, red/orange spots were absent from
black/grey bands and Rb2 rarely reached the caudal fin;
alternatively, in Primorye, Sviridov et al. (2003) reported
that spots tended to be present (approximately 40% of
individuals surveyed) and Rb2 reached the caudal fin
(approximately 90% of individuals). This could be due
to either the conditional or environmental factors dis-
cussed above, or genetic differences; Japanese dace in the
eastern Sea of Japan, including Primorye, are genetically
different from those in the Japanese archipelago (Sakai
et al. 2002; Polyakova et al. 2015).

Mutual ornamentation is taxonomically widespread,
but its function is still debated (Kraaijeveld et al. 2007).
Promising approaches include comparative studies that
analyze inter- or intra-specific variations in mutual
ornamentation or degree of sexual difference, and other
ecological or social factors that affect natural/sexual/so-
cial selection. Our findings regarding nuptial color vari-
ation within/between populations provides a foundation
for investigating ecological/social factors that affect
mutual ornamentation. In addition, some uploaders in
western Japan suggested that nuptial coloration is more
elaborate in males than females. Citizen-based science
could facilitate studies that focus on intra-specific vari-
ation in strength of sexual difference, which is important
for revealing the function of mutual ornamentation.
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