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Abstract

The study of changes in intraspecific habitat use when closely related species coexist aids our understanding of the relation-
ships between intra- and interspecific interactions in fishes. However, evidence of this phenomenon is few and shown in a
very limited number of taxa. In particular, the stream goby [Rhinogobius flumineus (Mizuno, 1960)] is known for intraspe-
cific variation in habitat use. We used underwater visual surveys to investigate this species’ size-dependent habitat use,
both in isolation and in the presence of a sympatric congener, Rhinogobius nagoyae Jordan & Seale, 1906. A generalized
linear mixed model and multiple comparison tests revealed that in the absence of R. nagoyae, R. flumineus body length was
positively correlated with river flow velocity. This correlation disappeared when R. flumineus coexisted with R. nagoyae.
Additionally, R. nagoyae density increased with flow velocity. Observations of interspecific territorial behavior revealed that
larger individuals dominated in male-male competition regardless of species combination. Of the two species, R. nagoyae
is significantly larger, so it was likely to exclude even relatively big R. flumineus individuals from fast riffles, the habitat
preferred by both species. This study demonstrated that interspecific competition dominates intraspecific competition under
sympatric conditions with larger related species.
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Introduction

In multiple fish species, individuals exhibit resource use
variation, likely as a consequence of intraspecific inter-
actions. Such variation may affect food web connectivity
or drive evolutionary diversification (Bolnick et al. 2007;
Svanbick et al. 2008; Quevedo et al. 2009). Many stream
fishes (e.g., salmonids, cyprinids, cottids, and plecoglossids)
have intraspecific differences in habitat use that often relate
to body size (e.g., Grant and Noakes 1988; Katano 1990;
Nakano 1995; Usio and Nakano 1998; Davey et al. 2005).
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Intraspecific variation in resource use is primarily caused
by intraspecific competition, whereas the variation can be
affected by interspecific competition. For example, trophic
niche width of threespine sticklebacks narrows or expands
depending on the presence or absence of competitors, such
as cutthroat trout or prickly sculpin (Bolnick et al. 2010).
Likewise, in northern Japanese streams, size-dependent
habitat use (SHU) of fish varies in response to seasonal
alterations in species composition (Usio and Nakano 1998).
These cases suggest that interspecific competition can over-
ride intraspecific niche variation. However, this effect has
not been sufficiently demonstrated in a field study that fac-
tors out confounding variables, such as seasons and growth
stages.

Intra- and interspecific niche differentiation, especially
in terms of habitat use, are well known in Rhinogobius gob-
ies, such as Rhinogobius flumineus. This species lives in rif-
fle, pool, and shoreline habitats along the middle and upper
reaches of rivers. Males compete to acquire and protect nest-
ing sites during the spawning season (Ishino et al. 2005).
Larger males of Rhinogobius gobies can tend to pair with
large females; size therefore is advantageous in accessing
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quality spawning grounds regardless of sex (Ito and Yanagi-
sawa 2003). Indeed, large R. flumineus males are more likely
to use fast riffles during the spawning season (Ishida et al.
2005). This period also sees an increase in resource com-
petition with sympatric congeners. One major interspecific
competitor is Rhinogobius nagoyae, a species with overlap-
ping spawning seasons (R. flumineus from May to August;
R. nagoyae from May to July) (Ishino et al. 2005). The two
species also deposit their eggs under stones in riffles (Ishino
et al. 2005; Hirashima and Tachihara 2006; Yamazaki et al.
2006).

Because R. nagoyae adults are generally larger than
R. flumineus, the latter should be at a disadvantage when
competing for spawning grounds. Changes in R. flumineus
SHU when coexisting with R. nagoyae are thus likely to
be an enlightening example of piscine resource use parti-
tioning resulting from interspecific competition. Therefore,
this study aimed to characterize such SHU variation in R.
Sflumineus. We first investigated environmental parameters
reflecting relevant habitat conditions to quantify SHU in
this species. Next, we evaluated R. flumineus SHU with and
without R. nagoyae present. Finally, we performed labo-
ratory behavioral experiments to test whether competition
between males of different species occurs, and the degree to
which its outcome depends on body size.

Materials and methods

Study sites. Habitat use surveys were conducted at three
stream reaches, including riffle and pool habitats, of the
Isazu River, northern Kyoto Prefecture, which flows into
the Sea of Japan (Fig. 1). At site 1, Rhinogobius flumineus

is numerically dominant to Rhinogobius nagoyae, but both
species occur regularly. At sites 2 and 3, R. nagoyae is either
very rare or does not occur, probably because the sites are far
from the river mouth and weirs are present, hindering their
amphidromous migration.

Field observation with underwater visual surveys. Under-
water visual surveys were conducted during the spawning
season from May to July 2015, either on a single day or over
two consecutive days; five separate surveys were conducted
for each site. At site 1, six transects measuring 7-30 X 2 m
were set in select riffles and pools to maximize observa-
tion, as shallow areas and obstacles (e.g., fallen trees) often
hampered visibility. At sites 2 and 3, where large riffles and
pools were adjacent to each other, the five and six transects
(10 x 2 m), respectively, were placed at random. All tran-
sects were over 10 m apart. Transect position per site was
determined by randomly changing the distance between
river sides (lateral direction) and the most upstream point
(longitudinal direction). During underwater observations, R.
flumineus and R. nagoyae were counted and their standard
lengths visually estimated to within 1 cm (e.g., 4-5 cm).
One-year-old R. flumineus measuring approximately 3 cm
are on the threshold of maturity (Miyaji et al. 1976), and
individuals measuring > 3 cm were categorized as adults.
Only one observer recorded data to minimize errors in esti-
mating fish size. Visual assessments were periodically cali-
brated through capturing and measuring fish. The observer
approached transect lines from downstream and moved
upstream to avoid disturbing fishes. Because both species
often hide among boulders or cobbles, rocks were turned
over to locate as many individuals as possible.

Abiotic data. In each transect, boulder density, flow
velocity, and water depth were measured as abiotic variables.

Fig.1 Location of the (a) Isazu
River and (b) survey stations.
(c) Spatial arrangement of tran-
sects at the stations. Transects
were placed in pre-selected,
specific pools or riffles at site 1.
At sites 2 and 3, transects were
placed at a random location and
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Boulders (diameter > 256 mm; Wentworth 1922) per tran-
sect were counted unless they were more than half-buried,
as such cases could not be used for nesting or shelter. Flow
velocity in the upper water column was measured using the
float method (e.g., Dobriyal et al. 2017); this involved sub-
merging a styrene foam board (10 X 10 X 5 cm) with a lead
weight and averaging turbulence patterns caused by obsta-
cles in riffles. Flow velocity per transect was measured five
successive times to minimize error (Dobriyal et al. 2017).
Flow velocities < 10 m/min were regarded as 0 m/min,
because wind effects were likely to increase in the upper
water column at low velocities. Water depth was measured at
one or more points every 5 m along the central line parallel
to the longest side of the transect. Because site-1 transects
were fixed, five random 10 X 2 m plots were set up per sur-
vey day to better characterize overall stream structure.

Observation of territorial behavior in laboratory. Experi-
ments were conducted to observe intra- and interspecific
male-male competition between R. flumineus and R. nago-
yae males exhibiting breeding coloration. Fish were captured
in the Isazu River and Saburi River (Fukui Prefecture) dur-
ing July 2016 and transported to Yoshida Campus, Kyoto
University. Aeration was provided during the 3 h transport
to the laboratory. Fish were kept in three 150 L tanks at a
density of < 0.24 individuals L™! and fed bloodworms (chi-
ronomid larvae; Sanmi, Hyogo, Japan) at approximately 2.9
g tank ™! daily. The room temperature was 22 °C.

Experimental tanks measured 30 X 18 X 24 cm, with the
water level at 10.5 cm. Three sides of the tanks were cov-
ered with opaque blue sheets. Removable opaque partitions
(height 14.5 cm) divided the tanks into two. For behavio-
ral experiments, two tanks were placed in a compartment
covered with a dark curtain and illuminated with aquarium
lighting (1,070 Im X 2). Two observation holes were cut in
the fabric for video cameras that recorded fish interactions
(HDR-XR550V, SONY, Tokyo, Japan). One male per spe-
cies (n = 19 each) was separately introduced into the two
partitioned areas of the tanks and given 2 h to acclimatize.
Subsequently, the partition was removed to allow interspe-
cific interactions. Individuals were considered aggressive
if they displayed either intimidation or attack behavior (or
both). Intimidating behavior occurred before attack behav-
ior. Intimidation involved simultaneously spreading fins and
opening the mouth. Fin spreading or mouth opening that
occurred separately from each other were not considered
intimidation. Attack behaviors were biting and subsequent
chasing of opponents. These behaviors were recorded until
one male became the primary chaser; this male was consid-
ered dominant. Once chasing occurred, there was no case
where the individual being chased made a retaliation. If no
chasing behavior was initiated after 30 min, the experiment
was terminated and no data were recorded.

Statistical analysis. All statistical analyses were con-
ducted in R 3.4.0 (R Core Team 2017). Average abiotic vari-
ables were compared across the three stations using pairwise
t-tests with Bonferroni correction. Abiotic environmental
variables that best explain body size were determined using
generalized linear mixed model (GLMM, glmmML func-
tion in R). Body size was a discrete variable and assumed
to follow a Poisson distribution. The response variable was
the standard length of an adult fish (= 3 cm), while pre-
dictor variables were boulder density, flow velocity, water
depth, and R. nagoyae density (the latter for site 1 model
only). Survey dates were included as random effects. When
standard length was modeled, the ranges of 3—4, 4-5, 5-6,
and 6-7 cm were converted into 3.5, 4.5, 5.5, and 6.5 cm,
respectively. After factoring in the presence or absence of all
response variables and interactions among them, 51 models
were generated for site 1, as well as 14 models each at sites 2
and 3. The three best-fit models were selected based on low-
est Akaike’s Information Criterion (AIC). Pairwise -tests
with Bonferroni corrections were used to establish whether
parameters included in the best-fit models of sites 2 and
3 differed significantly among body length classes at each
station. In addition, Spearman rank correlations between
the above parameters and densities for both species were
calculated.

A binominal test was used to test the effects of size on
competition outcome. Separate analyses were performed for
R. nagoyae victories and R. flumineus victories. A Fisher’s
exact test was then applied to determine whether R. nago-
yae won more frequently when they were larger than R. flu-
mineus, compared to when they were smaller.

Results

Abiotic parameters. The average boulder density and flow
velocity in transects did not differ significantly among the
three stations (Bonferroni pairwise #-test, boulder density: P
> 0.06; flow velocity: P > 0.50; Table 1). Water depth was
significantly deeper at site 3 than at sites 1 or 2 (P < 0.01).

Size-dependent habitat use. The two subject species were
the only Rhinogobius representatives recorded at our study
sites. While both were present in site 1, only one Rhinogo-
bius nagoyae was observed at site 2 and none at site 3.
Rhinogobius flumineus was significantly smaller than R.
nagoyae (t-test, P < 0.01; Fig. 2).

Only flow velocity was included in the best model for
sites 2 and 3, with a positive coefficient (Table 2). At site
1, the best model included boulder density and water depth,
but not flow velocity.
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Table 1 Environmental
parameters in sites 1, 2, and 3

(mean + SD)

Environmental parameters Site 1 Site 2 Site 3
Boulder density (/m?) 0.05 +0.08 0.13 +0.17 0.16 + 0.30
Flow velocity (m/s) 0.39 +0.27 0.45 +0.20 0.46 +0.22
Water depth (cm) 15.9 + 8.82% 12.2 + 5.14° 28.7 +15.7°
Density of Rhinogobius flumineus (/m?) 0.74 +0.42 0.90 +0.59 0.72 + 0.49
Water temperature (°C) 21.8+1.7 20.4 +3.3 21.1 +£3.0
Distance from the river mouth (km) 4.8 7.6 8.2

Different lowercase letters indicate that there is significant difference between sites (Bonferroni pairwise

t-test, P < 0.05)

1000 r

100 +

10

Number of individuals

6-7 7-8 8-9

Standard length (cm)

Fig.2 Standard length distribution of Rhinogobius flumineus (n =
589, solid bars) and Rhinogobius nagoyae (n = 105, dotted bars) at
site 1, based on visual surveys. Note that the Y-axis is in the logarith-
mic scale. No R. flumineus was larger than 7 cm

In multiple comparisons at sites 2 and 3, 4-5 and 5-6
cm fish resided in habitats with significantly greater mean
flow velocity than 3—4 cm fish (Bonferroni pairwise #-test,
P < 0.01; Fig. 3). No such difference existed at site 1 (P >
0.19). Larger (67 cm) individuals did not differ significantly
from smaller fish at any station, probably because only 1-8
individuals were 67 cm long (P > 0.69).

Atsite 1, R. flumineus density was negatively correlated
with flow velocity (Spearman rank correlation test, r =
—0.44, P = 0.02; Fig. 4); in contrast, R. nagoyae density and
flow velocity were positively correlated (r = 0.61, P < 0.01).
Atsites 2 and 3, R. flumineus density was not correlated with
flow velocity (site 2: r = 0.10, P = 0.62; site 3: r = —0.13,
P =0.49).

Territorial behavior. We successfully determined com-
petitive outcomes in 19 trials. Of these, nine trials involved
mutual intimidation and subsequent attack behavior. In the
remaining 10 trials, the battle was one-sided, with one fish

Table 2 Parameter coefficients

Parameters Site 1 (Sympatric) Site 2 (Allopatric) Site 3 (Allopatric)
for the standard lengths
of Rhinogobius flumineus Best! 2nd 3rd Best 2nd 3rd Best 2nd 3rd
estimated with the three best-fit
GLMM models Boulder density 0.16 0.16 -0.02 0.10
P? <0.05 <0.05 0.91 0.14
Flow velocity 0.23 0.30 0.25 0.30 0.20
P 0.05 <0.01 0.07 <0.01 0.05
Water depth 0.003  0.005 0.004 -0.002
P 0.09 <0.05 0.51 0.14
Density of R. nagoyae®
P
(Intercept) 1.33 1.22 1.40 1.22 1.20 1.23 1.35 1.35 1.41
AIC 68.3 69.0 69.2 40.1 41.7 42.1 524 539 54.0
At 0.0 0.7 0.9 0.0 1.6 2.0 0.0 1.5 1.6

ICoefficients in bold represent those in the best-fit models

2p-values determined with Wald’s test show whether estimated coefficients were significantly positive or

negative

3Density of R. nagoyae and interactions between parameters were not selected in any model

4AIC difference from best-fit model
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Fig.3 Flow velocity of transects where Rhinogobius flumineus indi-
viduals of different size classes (based on standard length) were
observed. Size classes did not differ significantly in their habitat flow
velocity at site 1 (triangles), whereas in sites 2 (solid circle) and 3
(open circle), 4-5 and 5-6 cm classes resided in areas with signifi-
cantly faster flow velocities than the 3—4 cm class (Bonferroni pair-
wise z-test, P < 0.01). Bars show SEs

finally chasing the other. When R. nagoyae won, they were
significantly larger than the losers (binominal test, P < 0.01;
Fig. 5), with only one smaller individual winning. When R.
Sflumineus won, they were larger in all cases, but the pau-
city of trials precluded a significant difference (n =4, P =
0.13). When R. nagoyae were larger than R. flumineus, they
won contests more frequently than when they were smaller
(Fisher’s exact test, P < 0.01). Thus, larger body size signifi-
cantly enhanced the chances of victory regardless of species.

Discussion

This study demonstrated that Rhinogobius flumineus exhib-
ited SHU: large individuals used fast riffles when the spe-
cies was alone, but were outcompeted for those preferred
habitats in the presence of Rhinogobius nagoyae, a larger
congener. Rhinogobius exhibit strong intraspecific competi-
tion over territory, especially during spawning season, with
both males and females prone to aggressive encounters (e.g.,
Takahashi et al. 2001; Ishino et al. 2005; Ito et al. 2016).
Larger individuals usually win male—-male competitions and
mate with large females, forming a relationship between size
and spawning-ground quality regardless of sex (Takahashi
et al. 2001; Ito and Yanagisawa 2003).

Clear correlations between flow velocity and body size
or density indicate that despite the two subject species
being benthic, upper-layer water current provides benefits
to them. Indeed, our findings corroborate previous reports of
a positive correlation between upper-water-column velocity
and R. nagoyae habitat use, whereas bottom velocity had

25 | site 1

Fish density (/m*2)

25 | gite2 °

05 ° ° o %

25 | site3

15

05 b ° ¢ e

0 05 1
Flow velocity (m/s)

Fig.4 Relationships between Rhinogobius (R. flumineus: circles,
R. nagoyae: triangles) density and flow velocity at sites 1, 2, and
3. A linear regression was run (R. flumineus: solid line; R. nagoyae:
dashed line) only if there was a significant correlation (Spearman
rank correlation test, P < 0.05)

no relation (Sone et al. 2001). Because Rhinogobius eggs
require oxygen and are laid under stones (Mizuno 1961;
Suk and Choe 2002; Maruyama et al. 2008; Tamada 2011),
breeding adults may prefer riffles with rapid flow in the
upper to middle layers, a condition that elevates dissolved
oxygen levels. These fast-flowing habitats also aid feed-
ing efficiency through increasing the availability of aquatic
insects and their larvae (Allan and Russek 1985), the pri-
mary prey of Rhinogobius (Sone et al. 2001; Hirashima and
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Fig.5 Difference in standard lengths (SL) between winners and los-
ers during laboratory fighting trials when Rhinogobius nagoyae (tri-
angles) or Rhinogobius flumineus (circles) won

Tachihara 2006). Stream-dwelling Rhinogobius are adapted
to fast-flowing habitats by possessing an abdominal suction
disc that allows them to occupy and feed on river substrates
(e.g., stones) without heavy energy expenditure (Ito et al.
2006; Kondo et al. 2013). In addition, the irregularity and
high velocity of surface flow in shallow riffles might provide
protection from predators, such as waterfowl (e.g., Harvey
and Stewart 1991). Therefore, upper/mid-layer water flow
is important for stream Rhinogobius. This preference for
rapid flow bolsters our findings regarding R. flumineus and
R. nagoyae behavior, with large adults preventing smaller
individuals from occupying fast riffles regardless of species.

Competition with R. nagoyae removed SHU in R. flu-
mineus, as demonstrated by flow velocity being absent from
the best-fit model for R. flumineus SHU when the two spe-
cies coexisted (at site 1). Flow velocity also did not dif-
fer significantly across differently sized R. flumineus at this
location. Therefore, while larger R. flumineus tended to use
fast-flowing habitats at sites 2 and 3, they did not do so at
site 1. Furthermore, R. nagoyae increased in density with
increasing flow velocity at the latter location. Consistent
with previous research (Mizuno 1961), R. flumineus was
smaller on average than R. nagoyae. Thus, the presence of
a larger congener negatively influenced R. flumineus SHU,
with the species’ density and flow velocity being negatively
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correlated at site 1. The inability to compete with R. nagoyae
for fast riffles led to R. flumineus using inferior habitats with
slower currents.

Analysis of territorial behavior in the laboratory sup-
ported field observations of SHU, revealing that larger males
dominated through intense chasing, regardless of species.
Similar size-dependent hierarchy between conspecific or
heterospecific individuals has also been observed in salmo-
nid fishes (Nakano and Furukawa-Tanaka 1994; Usio and
Nakano 1998). Notably, R. nagoyae body size increases
from downstream to upstream habitats (Tamada 2009).
Thus, SHU in R. flumineus may be differentially influenced
by R. nagoyae depending on how far upstream it is located.

This study has two major limitations. First, flow velocity
was measured only for the upper layer, despite the fact that
bottom flow would likely play an important role in benthic
Rhinogobius. However, because our primary goal was to
compare intra- and interspecific differences in habitat, we
felt that surface current should be a sufficient reflection of
habitat variation. Second, our study was conducted in one
stream only, meaning the results may not be generalizable
to interspecific interactions between the two Rhinogobius
species. Indeed, river size and coastal character affect the
density and body size of amphidromous R. nagoyae (Uehara
1996; Tamada 2009). Therefore, the two species may inter-
act differently in other streams.

In conclusion, we successfully described how interspe-
cific competition from R. nagoyae influenced habitat use
variation in R. flumineus. Our observations accord with ear-
lier work showing that many stream fishes exhibit intraspe-
cific SHU when feeding or spawning (e.g., Grant and Noakes
1988; Katano 1990; Nakano and Furukawa-Tanaka 1994;
Nakano 1995; Usio and Nakano 1998; Davey et al. 2005).
Importantly, we found that interspecific competition over-
rides intraspecific size-dependent habitat differentiation
when the competitor’s body size is significantly larger. This
study also provided some insight into interspecific interac-
tions between congeners with distinct life histories. Though
R. flumineus life history occurs entirely in freshwater, influ-
ence from the marine environment can occur via an amphi-
dromous congener. Since R. nagoyae spends the larval
period in coastal areas, its recruitment to a stream would
heavily depend on marine environmental conditions, such as
food availability (Mizuno 1960; Mizuno 1961; Takagi et al.
2012). Our study offers an example of how we can describe
dynamic relationships between inter- and intraspecific inter-
actions in stream fishes.
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