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ABSTRACT 23 

We investigated the geomorphology and environmental variables in which early- and late-24 

run chum salmon groups spawn in an urban section of the Toyohira River, northern Japan, 25 

in relation to egg mortality, where a braided riverbed had been developing before river 26 

improvement occurred. Geomorphic units in the river channel having the highest 27 

proportions were riffles > the upwelling zone of gravel bars > pools > secondary channels. 28 

Most redds (> 60%) in the early-run group were built in the upwelling zone of gravel bars 29 

in the primary stream, indicating that salmon chose this geomorphic unit for spawning. A 30 

greater proportion of spawning redds in the late-run group occurred in secondary channels 31 

(i.e. smaller subsidiary channels that branch from the main, active channel). The buried-32 

egg experiment showed that egg mortality was lower in the early-run group and higher in 33 

spawning redds that were shallower and had a higher maximum water temperature in 34 

winter. Late-run salmon need to select habitat with relatively higher water temperatures 35 

for spawning to compromise between egg mortality risk and the later timing of offspring 36 

hatching. Annual variation in the number of out-migrating fry was most associated with 37 

the number of spawning redds of the early-run group. A metropolitan river system may 38 

be highly regulated by humans and represents a monotonous river morphology, which 39 

nonetheless provides favorable spawning habitat for certain run-time populations because 40 

wild salmon may facultatively utilize limited diverse environments for natural 41 

reproduction. 42 
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INTRODUCTION 47 

Human activities are causing biodiversity declines at an alarming rate, including 48 

genetic, species, and ecosystem diversity globally (Cardinale et al. 2012). The 49 

coexistence of humans and wildlife in urban areas has received much attention in recent 50 

years (Gehrt et al. 2009; Jokimaki et al. 2011; Thatcher et al. 2020; Wookey 2022). In 51 

particular, there is a need to understand how cities affect biodiversity and how urban 52 

biodiversity affects humans (Zari 2018). 53 

Pacific salmon (Oncorhynchus spp.) are less vulnerable to anthropogenic impacts 54 

during their growth period in the open ocean but are more susceptible during their 55 

juvenile downstream migration to the sea and upstream migration to fresh water, as 56 

human land use affects spawning and offspring habitats. Adult migration and juvenile 57 

out-migration of Pacific salmon through urban waterways are particularly vulnerable to 58 

human activities. For example, high pre-spawning mortality rates have been reported in 59 

heavily populated cities having Pacific salmon runs, such as San Francisco and Seattle 60 

in the United States, and Vancouver, Canada, because of the influx of pollutants into 61 

rivers (Feist et al. 2011; Scholz et al. 2011; Spromberg et al. 2016). In northern Japan, 62 

the Toyohira River flows through the city of Sapporo which has a population of over 1.9 63 

million. The chum salmon (Oncorhynchus keta) run there had once almost disappeared, 64 

but since the 1980s the run has recovered following water-quality rehabilitation and 65 

hatchery releases of fry. The majority of chum salmon that now migrate to the Toyohira 66 

River are wild salmon originating from natural spawning (Aruga et al. 2014).  67 

The spawning habitat of Pacific salmon is known to be closely related to river 68 

geomorphology (Montgomery et al. 1999; Hanrahan 2007; Mouw et al. 2014). Various 69 

environmental components can determine the location of spawning redds, such as sites 70 



of downwelling into the riverbed, upwelling of subsurface water at gravel bars, and the 71 

influence of groundwater on spring channels. Diverse spawning environment lead to 72 

variation in the choice of spawning habitat utilization and in the run-times of Pacific 73 

salmon species (Geist et al. 2002). It is now widely recognized that genetic 74 

differentiation based on different breeding times in the same river (isolation by time) is 75 

as important as allopatric differentiation (isolation by distance), which has long been 76 

considered the most common type of genetic differentiation (Hendry and Day 2005; 77 

Braga-Silva and Galetti 2015). Habitat diversity leads to different optimal spawning 78 

times, resulting in a population with varied run-timing. Two races of chum salmon, 79 

summer-run and fall-run, are well known in the Yukon River in Alaska and in the Amur 80 

River in Russia. The summer-run salmon enter the river in summer and spawn in 81 

downwelling areas of the river, while the fall-run salmon enter in fall and spawn in river 82 

areas with groundwater upwelling (Olsen et al. 2008). Populations with diverse 83 

reproductive timing improves abundance stability (portfolio effect) and enhances 84 

resilience (Schindler et al. 2010).  85 

River engineering works for flood control and urban water utilization alter river 86 

geomorphology and hyporheic flows, thereby affecting the spawning habitat of salmon. 87 

Previous studies on salmon spawning habitats have been conducted in natural rivers in 88 

large watersheds, such as in Alaska and the Kamchatka Peninsula (Leman 1993; Mouw 89 

et al. 2014), but scarce research has examined the spawning habitats with respect to 90 

river morphology in metropolitan areas. Moreover, salmon in large urban rivers often 91 

die before they complete spawning (Feist et al. 2011; Scholz et al. 2011; Spromberg et 92 

al. 2016). Rivers that have been straightened by channelization projects present a more 93 

homogeneous environment than natural rivers which have meandering and braided 94 



channels, and thus the portfolio effect whereby diverse population structures contribute 95 

to ecosystem stability is unlikely to function. Urban rivers with artificially altered 96 

environments may not provide favorable spawning habitat for certain run-time 97 

populations. To clarify those hypotheses, it is necessary to examine not only adult 98 

spawning habitats but also egg mortality and egg-to-fry survival, which have seldom 99 

been elucidated for an urban river. Such investigations are needed to formulate 100 

conservation plans for wild salmon in urban rivers, which in turn would contribute to 101 

strategies to reconcile wildlife–human conflicts in urban areas. Ecosystem services 102 

provided by nature in urban areas also support the physical and mental health of urban 103 

residents (Coutts and Hahn 2015; Banerjee et al. 2021). 104 

Significant improvements in the water quality of Japanese rivers, including the 105 

Toyohira River, since the 1980s (Morita et al. 2006), allowed us to direct our attention 106 

to river geomorphology, which has been degraded by river regulation. This study aimed 107 

to reveal the geomorphology and environment in which early-run and late-run groups of 108 

chum salmon spawn in the Toyohira River, where it flows through Sapporo City, in 109 

relation to egg mortality. Thus, we investigated the geomorphic characteristics of 110 

spawning sites, egg mortality, and egg-to-fry survival, using data from three different 111 

field studies. We examined specific geomorphic units, defined based on riverbed 112 

morphology and hyporheic flow, where salmon tend to spawn in different seasons. 113 

Environmental variables at spawning redds were also studied to understand their 114 

relationship to egg survival, and the numbers of out-migrating fry were estimated by 115 

trap surveys. Channels of the Toyohira River flowing through the city have been 116 

narrowed and straightened. The number of secondary channels has been substantially 117 

reduced by river regulation. Secondary channels have higher water temperatures than 118 



the main channel during the winter (Swale et al. 1986). In addition, the groundwater 119 

level has dropped significantly because of urbanization (e.g., reduction of rain seepage 120 

due to paving material, overuse of groundwater, and development of subways). 121 

Therefore, we hypothesize that late-run chum salmon, which depend on the warm 122 

groundwater seepage (Mouw et al. 2014) in secondary channels, are more impacted in 123 

this metropolitan area. Based on the results, we discuss factors that help to maintain the 124 

natural reproduction of wild salmon in an urban river and share perspectives for future 125 

conservation measures. 126 

 127 

MATERIALS AND METHODS 128 

Study area and salmon monitoring 129 

The Toyohira River is a 72.5-km long tributary of the Ishikari River and has a 130 

watershed of ~902.4 km2; the confluence is ~17.5 km upstream of the river mouth (Fig. 131 

1). Old maps indicate that prior to development the Toyohira River was wide and 132 

consisted of braided river channels. At the fan ends, springs originating from 133 

groundwater appeared and created ponds and numerous small streams. The river runs 134 

through Sapporo city, which has a population of more than 1.9 million. The riverbed 135 

gradient in the urban residential area is 1/150–1/300, which is relatively steep for a river 136 

flowing through a metropolitan area. Since the late 19th century, artificial levees and 137 

revetments have been constructed to manage frequent flooding (Kudo et al. 2012). 138 

Though the river once exhibited a braided channel pattern extending as much as 700 m 139 

in width, it has been narrowed to 130–280 m for the last hundred years (Ishida 2002). 140 

Where the floodplain is now used for a baseball park and cycling road, the low-flow 141 

channel has been especially narrowed by revetments (Fig. 2). The flow rates and 142 



discharge volumes of the Toyohira River did not change significantly from 2003 to 2020 143 

(Fig. S1). Chum salmon spawn in the river at a distance of ~10–21 km upstream of the 144 

confluence of the Ishikari River (Fig. 1). The riverbed in this segment consists of sandy 145 

gravel originating from alluvial sediment which has accumulated to ~50 m thick. 146 

Groundwater upwelling can be observed at an elevation of approximately 6 m above sea 147 

level where the railroad bridge crosses the Toyohira River (Sakata et al. 2011). 148 

The Sapporo Salmon Museum has monitored chum salmon spawning redds in the 149 

Toyohira River since 1990. We used data from spawning redd surveys conducted 150 

approximately every 14 days between late September and early January, from 2015 to 151 

2020, along the approximately full spawning area (~11 km in length). The spawning 152 

redds were located using a handheld global positioning system (Garmin GPS 153 

MAP62SJ). Observation error of surveyors when counting spawning redds includes 154 

missing, mispositioning, or double-counting redds. Since the same investigators, 155 

including the first author, conducted the surveys each time, we believe that the precision 156 

was sufficiently high. Chum salmon in the Toyohira River Basin may have formerly 157 

spawned in a more diverse landscape than they do today, when small spring-origin 158 

streams once remained. Currently, salmon in Japan are managed based on their run 159 

timing, with separate early-run and late-run groups (Kitada 2014; Abe et al. 2019). 160 

However, this management approach does not necessarily correspond to genetically 161 

separable populations; previous studies in North America have analyzed run timing for 162 

convenience, even in cases where bimodality was not present (Beacham 1984). The 163 

adult chum salmon in the Toyohira River have an approximately 4-month run from 164 

September to January, which we divided into early-run (spawned before 15 November) 165 

and late-run (spawned after 15 November) groups. During the spawning redd surveys, 166 



post-spawn salmon carcasses were also collected and measured for fork length and their 167 

scales were analyzed to infer age. 168 

Spawning redd distribution with respect to geomorphic units of the riverbed 169 

The study reach of the Toyohira River is 11.45–14.95 km upstream of the 170 

confluence (elevation 5.4–27 m), where ~80% of all chum salmon spawning redds are 171 

distributed. We inspected the river geomorphology where the salmon constructed their 172 

spawning redds. The redds used in the analysis were located through eight field 173 

observations, conducted approximately every 14 days, from 29 September 2020 to 6 174 

January 2021.  175 

The geomorphic units of the river were defined primarily by pool–riffle sequences 176 

in the channels (Leopold et al. 1964; Montgomery and Buffington 1997; Hanrahan 177 

2007). In consideration of the effect on spawning by chum salmon, classification of the 178 

units was also based on hyporheic water flows (Brunke and Gonser 1997; Tonia and 179 

Buffington 2011) and the presence of subsidiary channels branching from the main 180 

channel (Mouw et al. 2014). Consequently, the riverbed was classified into seven 181 

geomorphic units: gravel bar, riffle, pool, secondary channel, downwelling zone of 182 

gravel bar, upwelling zone of gravel bar, and artificial structure, using aerial 183 

photographs and field surveys (Fig. 2). Gravel bar refers to either bare or vegetated land 184 

that is above the water level during the salmon spawning season. A riffle included rapids 185 

and runs, with fast water velocities and shallow depths. A pool denoted areas of slow 186 

water velocities and deeper depth, typically situated between two riffle areas. A 187 

secondary channel was smaller subsidiary channels that branch from the main, active 188 

channel and tend to flow parallel or subparallel to the main channel before rejoining it 189 

downstream (Moir and Pasternack 2008; Wohl et al. 2016). The secondary channels are 190 



influenced by groundwater seepage because the area is located at the foot of an alluvial 191 

fan where the surrounding groundwater level is higher than the river water (Aruga et al. 192 

2014). Hyporheic upwellings and river downwellings can generally be observed at the 193 

edges of gravel bars (Brunke and Gonser 1997; Tonia and Buffington 2011; Zhou and 194 

Endreny 2013). Therefore, we classified the upstream and downstream areas of gravel 195 

bars into downwelling and upwelling zones. Finally, artificial structures signify 196 

groundsill structures or riverbed protection works. 197 

QGIS software (version 3.20.3) was used to overlay the geomorphic units with the 198 

locations of spawning redds. A 10- × 10-m mesh was created based on the planar 199 

rectangular coordinates, and the number of spawning redds relative to the geomorphic 200 

units were counted for each mesh. We found that 41.4% of the riverbed was occupied by 201 

gravel beds with a height above the water level; but, because the terrestrial area was not 202 

available for salmon to spawn, we used only the submerged area for the analysis. 203 

Chi-square tests with a Bonferroni correction were used to determine differences 204 

between geomorphic units available for spawning and units actually used for spawning, 205 

in relation to the two run-times. There were two null hypotheses: 1) spawning redds 206 

occur randomly in available areas, regardless of geomorphic units; 2) there is no 207 

difference in the geomorphic units available for the early-run and late-run groups to 208 

spawn. Furthermore, multinomial logistic regression analysis was used to assess 209 

whether the composition of geomorphic units supporting spawning redds varied with 210 

time across the surveys. 211 

Buried-egg experiment: egg mortality in relation to run-times and environmental 212 

variables 213 



To examine egg mortality during incubation in relation to environmental variables 214 

and adult run-times, we set up an experiment in which artificially fertilized eggs were 215 

buried in the spawning ground. The sites used for the buried-egg experiments are shown 216 

in Fig. 1. The data shown here are a re-analysis of that of Aruga and Suzuki (2009). 217 

Eggs obtained from the Toyohira River chum salmon hatchery program were used in 218 

this experiment. Eggs artificially fertilized from two females and two males on 8 219 

October 2003 were used for the early-run group, and eggs artificially fertilized from 220 

four females and two males on 10 December 2003 were used for the late-run group. The 221 

fertilized eggs were incubated in a hatching tank until the eyed-egg stage, when they 222 

were then planted in river redds. 223 

Eyed eggs were placed in Whitlock–Vibert boxes (200 eggs per box) and buried to a 224 

depth where naturally spawned eggs were found. The Whitlock–Vibert box system 225 

comprises a top tray filled with eyed eggs, which are allowed to develop and hatch until 226 

slipping through to the bottom nursery chamber as sac fry, until they start to swim and 227 

are able to eventually leave the box. Eyed eggs of the early-run group were buried on 5 228 

November 2003 into spawning redds where early-run salmon had spawned; those of the 229 

late-run group were buried on 5–7 January 2004 into spawning redds where late-run 230 

salmon had spawned. Five redds were selected in each the early-run and late-run 231 

groups, with six Whitlock–Vibert boxes buried in each redd. In total, 10 redds × 6 boxes 232 

× 200 eggs were planted. Of the 6 boxes buried in a single redd, 3 boxes were recovered 233 

at the time of hatching and the number of dead eggs was then counted. The remaining 3 234 

boxes were covered with nets that were water permeable and allowed space (and 235 

therefore would not affect fry survival) to prevent fry from escaping, and kept buried 236 

until the time of fry emergence, when the number of dead individuals (eggs and fry) 237 



were then counted. Hence, the egg-to-emergence process included hatching. During the 238 

period between hatching and emergence, one spawning redd in the early-run group 239 

became frozen in the river, and in the late-run group the Whitlock–Vibert boxes at one 240 

spawning redd were washed away, so those data were not available.  241 

The number of dead individuals in each box was counted at the time of hatching and 242 

again at emergence (with the boxes covered with nets), and data-loggers were used to 243 

monitor the water temperature at the redds. The times until hatching and fry emergence 244 

differed between the early-run and late-run groups. In the early-run group, dead eggs 245 

were counted at the time of hatching 52 days after burial of the eyed eggs, and at the 246 

time of emergence 144 days after egg burial. In the late-run group, dead eggs were 247 

likewise counted after 81–83 days, and after 158–160 days. These differences in the 248 

time (number of days) until hatching and emergence between the two run-time groups 249 

are attributable to differences in the water temperatures at the redds, which influenced 250 

the required cumulative temperature for each event (400–600 degree-days to hatching 251 

and 700–1,000 degree-days to emergence: Salo [1991]). The mortality rate was 252 

expressed as the number of dead eggs or fry divided by 200 (total buried eggs).  253 

The environmental variables characterized at the spawning sites where the 254 

Whitlock–Vibert boxes were buried were water depth, flow velocity, particle size 255 

composition, and water temperature. Depth (cm) was measured as the height from a 256 

raised spawning redd (mount) to the water surface. The flow velocity (cm/s) was 257 

measured 10 times just above each spawning redd, using a propeller-type meter, and the 258 

average value was used for the analysis. A sediment sample from the spawning redd 259 

(25-cm length and width, 20-cm depth) was collected with a shovel and sieved through 260 

0.25-mm mesh. The Fredle index, an indicator of the water permeability and therefore 261 



suitability of the spawning gravel, was calculated from the particle size distribution 262 

(Lotspeich and Everest 1981; Rubin and Glimsäter 1996; Dumas and Marty 2006; Iida 263 

et al. 2017). An underwater data logger (StowAway TBI32-20+50, Onset) was placed in 264 

each of the 10 experimental redds where eyed eggs were buried, at a depth of ~30 cm, 265 

to measure water temperature at 1-h intervals; the analysis used the highest water 266 

temperature recorded between 1 and 20 January in 2004 as the maximum riverbed 267 

temperature during winter. Winter was defined as the period from 26 December 2003 to 268 

25 March 2004, the season when the average river water temperature is below 3°C.  269 

Differences in environmental variables at the spawning redds of the early-run and 270 

late-run groups were tested using general linear models (GLMs) with a Gaussian 271 

distribution. The environmental parameters were aggregated by principal component 272 

analysis. The numbers of dead eggs between the two run-time groups were tested using 273 

generalized linear mixed models (GLMMs). The GLMM with negative binomial 274 

distribution, and with spawning redds as random effects for the buried-egg experiments, 275 

was described as: 276 

Number of dead eggs ~ Run time + Stage 277 

where the run time (early-run or late-run) and stage (hatched or emerged) are 278 

categorical variables. Or, alternately, the run-time effect was replaced by environmental 279 

variables, as follows: 280 

Number of dead eggs ~ PC1 + PC2 + Stage 281 

where PC1 and PC2 are the principal component scores (continuous variables) of the 282 

environmental variables. 283 

Estimation of the number of out-migrating fry and egg-to-fry survival 284 



Trap surveys were conducted to estimate the numbers of out-migrating fry. Note that 285 

fry born from adult salmon with different run-times had the same out-migrating timing, 286 

so fry could not be distinguished by the parents’ run-time. Out-migrating fry traps were 287 

periodically set at the downstream end of spawning redds, each day for on average 7.3 288 

days (1–14 days) during the period 9 March to 10 May, in 2016–2020. The trapping was 289 

carried out from 30 minutes after sunset until a maximum of 3.5 h after sunset, as this is 290 

reported to be the time when salmon fry primarily out-migrate (Kobayashi 1953; Hoar 291 

1958; Ali et al. 1959; Hasegawa and Takahashi 2013). In 2016 and 2017, 900-cm2 area 292 

nets (length 30 cm, width 30 cm, and mesh size 3 mm) were used to trap the out-293 

migrating fry; the number of trapping attempts ranged from 14 to 24, with 1 min of 294 

capture followed by an interval of several minutes, for a total of at least 70 min of 295 

trapping time. From 2018 to 2020, the out-migration traps used were made of 5-mm 296 

plastic mesh and had an area of 2,150–2,500 cm2 (length 50 cm, width 43–50 cm) and 297 

were affixed to the riverbank structure. One trapping time varied depending on the 298 

amount of debris coming in, but ranged from 3 to 37 min per trap. The trapping was 299 

done at least three times per night for a total of at least 30 min. 300 

Based on the water velocity and discharge volume at the time of the trap survey, the 301 

filtration rate was determined and the number of out-migrating fry per unit time was 302 

estimated. River discharge data were obtained from the Water Information System of 303 

the Ministry of Land, Infrastructure, Transport and Tourism (http://www1.river.go.jp). 304 

The survey was conducted during the primary out-migration diel period of chum salmon 305 

fry (for 3.5 h, sometime after sunset); 24-h continuous monitoring showed that the 306 

hourly counts of out-migrating fry during the primary out-migrating time constituted 307 



22.8%–32.3% of the total daily counts of out-migrating fry (Table S1). The daily 308 

number of out-migrating fry was estimated using the formula: 309 

Estimated number of out-migrating fry per day = observed number of fry per hour / 310 

[(out-migrating fry per hour corresponding to the observed time in the 24-h monitoring 311 

period) / (total number of out-migrating fry in the 24-h monitoring period)] 312 

In addition, fry out-migration abundance for the entire season was estimated by 313 

integrating the out-migration abundance for the entire study period by calculating the 314 

area under the curve (Hilborn et al. 1999). Although the area under the curve method is 315 

prone to errors, we assumed a linear trend across the survey dates and estimated the 316 

number of fry that out-migrated during the surveyed year. 317 

Only wild salmon fry born from natural spawning were used in the analysis. Some 318 

hatchery-reared fry had been released upstream and were also captured, but most were 319 

easily identified by their larger size (>50 mm) due to artificial feeding before release; 320 

however, some smaller sized individuals were identifiable from the otolith thermal 321 

marks applied to hatchery fish. Therefore, from 2016 to 2019, some fry were sacrificed 322 

and checked for otolith thermal marks (68–159 fish/year). Although we found that 323 

hatchery and wild fish were mostly distinguishable by body size in 2020, the individuals 324 

sacrificed (n = 16, 10.2%) still ranged in size, so we again checked for thermal marks.  325 

The total numbers of eggs produced in the brood years 2015–2019 was estimated by 326 

multiplying the number of spawning redds by the average number of eggs per redd 327 

(Table S2). The average number of eggs per redd was estimated based on the mean fork 328 

length of spawned females in each year, following the method of Okamoto (2001). 329 

Because salmon eggs can be lost after spawning (e.g., washed away, predated, dug up, 330 



or unfertilized), we did not assume that all eggs deposited by females remained in the 331 

spawning redds.  332 

Egg-to-fry survival was determined from the estimated total number of eggs and the 333 

estimated number of out-migrating fry in the same brood year. The total number of eggs 334 

was calculated by multiplying the average number of eggs per redd by the number of 335 

redds counted (Table S2). Next, we examined the relationship between the total number 336 

of eggs produced and the subsequent number of out-migrating fry (i.e., the stock-337 

recruitment relationship). In addition to the relationship between the total number of 338 

spawning redds and the total number of out-migrating fry, the relationship was also 339 

analyzed for the number of spawning redds between the early-run and late-run groups 340 

using Pearson’s correlation analysis.  341 

 342 

RESULTS 343 

Geomorphic composition of riverbed in the Toyohira River used by chum salmon for 344 

spawning redds  345 

The geomorphic units of the riverbed where adult salmon constructed redds differed 346 

significantly from the geomorphic units available to them (χ2 = 492.86, df = 5, p < 0.01; 347 

Fig. 3). The geomorphic units used for spawning redds also differed significantly 348 

between the early-run and late-run groups (χ2 = 38.59, df = 5, p < 0.005). In the 349 

surveyed reaches, the most common geomorphic units were riffle (31%), upwelling 350 

zone of gravel bar (22%), pool (19%), secondary channel (13%), and downwelling zone 351 

of gravel bar (11%). However, more than 60% of the spawning redds of the early-run 352 

group were constructed in the upwelling zone of gravel bars, even though that 353 

represented only 22% of the whole geomorphology. The second major geomorphic unit 354 



used for spawning redds was secondary channels, which was selectively used for 355 

spawning habitat by the late-run group. The spawning habitat utilized also changed 356 

depending on the run-timing (polynomial logistic regression model, χ
2
 = 52.18, df = 5, p 357 

< 0.001; Fig. 4). Early-run salmon spawned mainly in the upwelling zone of gravel bars, 358 

whereas late-run salmon spawned equally as often in secondary channels as in the 359 

upwelling zone of gravel bars. Therefore, secondary channels were significantly 360 

selected by the late-run group as compared with the early-run group. 361 

Egg mortality during incubation in relation to environmental variables and adult run-362 

times 363 

The number of dead eggs differed significantly between the redds of the early-run and 364 

late-run groups irrespective of the stages (χ2 = 67.93, df = 1, p < 0.001; Table 1). In 365 

addition, the maximum riverbed temperature during winter was significantly higher for 366 

the spawning redds of late-run salmon compared with that of early-run salmon (F1,8 = 367 

8.541, p = 0.019; Table 1). The principal components PC1 and PC2 had eigenvalues 368 

greater than 1.0, with explained variances of 56.0% and 27.5%, respectively. PC1 was 369 

negatively correlated with maximum riverbed temperature during winter and positively 370 

correlated with water depth and flow velocity; PC2 was positively correlated with the 371 

Fredle index, an index of gravel permeability based on particle size composition (Table 372 

1). The number of dead eggs was significantly less in association with PC1 ( χ2 = 6.60, df 373 

= 1, p = 0.010; Fig 5), but no relationship was found with PC2 (χ2 = 0.44, df = 1, p = 374 

0.507) (Table 1).  375 

Egg-to-fry survival and stock-recruitment relationship 376 

An average of 634 spawning redds (range 497–824) were counted annually in the 377 

surveys from 2015 to 2019, yielding an average of 1.8 million eggs produced annually 378 



in the Toyohira River (Table S2). The fry trap surveys showed an estimated 112,000–379 

457,000 out-migrating fry were produced by natural spawning in a given year, with egg-380 

to-fry survival rates of 6.1%–23.9% during the survey period (Table S2). There was no 381 

correlation between the total number of spawning redds and the number of out-382 

migrating fry for the survey years (r = 0.438, p = 0.461; Fig. 6). However, when data for 383 

the early-run and late-run redds were analyzed separately, significant positive 384 

correlation was found between the number of out-migrating fry and the number of 385 

spawning redds for the early-run group, whereas there was no correlation for the late-386 

run group (early-run redds: r = 0.994, p < 0.001; late-run redds: r = −0.015, p = 0.982; 387 

Fig. 6), indicating that early-run spawners contribute significantly to the chum salmon 388 

fry production in the Toyohira River. 389 

 390 

DISCUSSION 391 

We investigated spawning habitat characteristics and egg mortality in relation to 392 

river geomorphology and the adult run-times of chum salmon in a metropolitan river in 393 

northern Japan. Areas of the Toyohira River where salmon spawned were concentrated 394 

in certain geomorphic units, indicating that the salmon chose specific habitats for 395 

spawning. The geomorphic units where spawning redds were built differed between the 396 

early-run and late-run groups, revealing that the former preferred the upwelling zone of 397 

gravel bars, whereas the latter preferred sites with groundwater seepage. The buried-egg 398 

experiment revealed higher egg mortality in the spawning redds of late-run salmon, in 399 

which maximum riverbed temperature during winter was high. We surmise that early-400 

run spawners currently contribute most to fry production in the Toyohira River. 401 

Importantly, wild salmon in this metropolitan waterway, which is highly regulated by 402 



humans and represents a monotonous river morphology, are able to facultatively utilize 403 

spatiotemporally changing environments for natural reproduction.  404 

In this study we assessed the geomorphology of the active channel that was a 405 

spawning ground for chum salmon and found that >40% of the area constituted gravel 406 

bars that extended above the water level during the spawning season, and therefore 407 

could not be used as spawning habitat. This morphology is due to channel incisions 408 

associated with immobilization of the low-flow channel with revetment (Aruga et al. 409 

2021). Previous studies have likewise found that early-run spawning sites were more 410 

often influenced by subsurface water discharge into the river, and late-run spawning 411 

sites by groundwater seepage (Leman 1993; Mouw et al. 2014). However, in the 412 

Toyohira River, ~60% of the total spawning redds were built at sites influenced by 413 

subsurface water, whereas in the Kamchatka River of the Russian Far East ~60% of 414 

where chum salmon spawned was influenced by groundwater seepage (Leman 1993). 415 

This difference may be attributable to differences in groundwater temperatures, which 416 

were as low as 4–5 °C year-round in the Kamchatka River, as well as to higher 417 

dissolved oxygen content. Thus, redds built at groundwater seepage sites would enable 418 

the best timing for summer salmon embryos to hatch and so ensure higher egg survival.  419 

Most rivers studied as spawning habitat for chum salmon have been large rivers 420 

with widths of several kilometers, large meanders, and numerous flood plains and 421 

spring channels formed by abundant groundwater (Leman 1993; Mouw et al. 2014). In 422 

contrast, the Toyohira River is an alluvial fan river with a fairly steep gradient, but 423 

because it flows through a large city the watercourse and floodplain have been heavily 424 

regulated and altered, resulting in a low-flow channel constrained by revetments. Areas 425 

with upwelling and downwelling around gravel bars offer strong hyporheic fluxes with 426 



short residence times, which maintains the oxygen concentration (Tonia and Buffington 427 

2011). Subsurface water flowing through gravel bars can acquire a higher temperature 428 

than river water—conditions that would promote the growth of salmon eggs during 429 

winter (Geist et al. 2002). Furthermore, subsurface water at the upwelling zone of gravel 430 

bars may contain high dissolved oxygen. In the Toyohira River, the minimum water 431 

temperature at the upwelling zone of gravel bars during the winter was higher than the 432 

river temperatures. Together, these findings suggest that the upwelling zone of gravel 433 

bars in this river remains a suitable environment for chum salmon to spawn. 434 

The second-largest number of spawning redds was found in secondary channels, and 435 

late-run salmon tended to choose secondary channels for building redds. The spawning 436 

redds of both early-run and late-run chum salmon in the Toyohira River are mainly 437 

located in the reach at the foot of the alluvial fan, where the groundwater level is higher 438 

than the riverbed elevation, and where seepage of groundwater past low-water 439 

revetments can be observed (Aruga et al. 2021). For instance, on 24 February 2005 the 440 

groundwater temperature was 10.2°C and the river water was 0.8°C (unpublished data). 441 

In rivers with high groundwater levels, the winter water temperatures in secondary 442 

channels can be higher than in the main channel because of upwelling (Mouw et al. 443 

2014). The chum salmon spawning period in the Toyohira River is about 4 months, 444 

from late September to early January; for juveniles to survive on the coast, the fry must 445 

out-migrate during a limited period (~1 month) in spring (March to May) (Morita and 446 

Nakashima 2015; Iida et al. 2018). Eggs spawned in areas with higher water 447 

temperatures during the winter showed faster growth than eggs spawned in other 448 

habitats (Leman 1993; Webb and McLay 1996; Lisi et al. 2013). In the Toyohira River 449 

this situation would allow fry from late-run salmon to out-migrate simultaneously with 450 



fry from early-run salmon. This suggests that geomorphology and hydrology interact to 451 

produce a heterogeneous thermal template to influence salmon spawning times (Lisi et 452 

al. 2013). There is heritability in the time of spawning (Morita 2018), but there might 453 

also be heritability in the location of spawning as aligned with different spawning 454 

periods. Even if the area of secondary channels is not large, the presence of a 455 

geomorphic unit with different water temperatures in winter may sustain the natural 456 

reproduction of different run-time groups of salmon in an urban river. 457 

The buried-egg experiment revealed that shallower water depths, lower flow 458 

velocity, and higher water temperatures in winter were associated with increased egg 459 

mortality. Pacific salmon eggs are buried ~20 cm deep from the top of the redd (Burner 460 

1951; Smith 1973; Aruga and Suzuki 2009), and therefore eggs spawned in shallower 461 

water are more likely to eventually emerge above the water level, resulting in 462 

mortalities. Moreover, as the flow velocity increases, the deeper areas within redds 463 

become more oxygenated (Cardenas et al. 2016). Because egg survival is highly 464 

dependent upon the dissolved oxygen concentrations of hyporheic water (Rubin and 465 

Glimsäter 1996; Malcolm et al. 2003), the high flow velocities probably reduced the 466 

rate of egg mortality. In contrast, the dissolved oxygen content of groundwater tends to 467 

be low (Fraser and Williams 1998; Winter et al. 1998), and this condition may 468 

contribute to egg mortalities. Oxygen consumption by salmonid embryos varies with the 469 

stage of development, water temperature, and dissolved oxygen concentration (Greig et 470 

al. 2007). In particular, low dissolved oxygen increases the risk of mortality because of 471 

the increased oxygen requirement from the time of hatching to fry emergence (Peterson 472 

and Quinn 1996). The low oxygen concentration of groundwater seepage in the 473 

secondary channels may have contributed to egg mortality. The relationship between 474 



PC1 and egg mortality was significant, yet egg mortality was comparatively higher in 475 

the late-run group at the same PC1 values. Groundwater seeping into the Toyohira 476 

River, as compared with that in other rivers, has reportedly low dissolved oxygen 477 

content as well as high electrical conductivity, which could indicate water pollution 478 

(Negishi, unpublished data). These groundwater qualities may collectively increase egg 479 

mortality. The late-run group spawned in secondary channels with higher water 480 

temperatures despite the risk to egg mortality, which could be explained by a trade-off 481 

between egg mortality and post-hatching fry mortality. Because the timing of 482 

outmigration affects fry survival (Morita and Nakashima 2015), females in late-run 483 

groups would need to spawn at sites with warmer water temperatures to accelerate the 484 

time to hatching. If the fry hatch later in the season (if they even survive to the fry 485 

stage), they are less likely to survive after entry into the ocean. Therefore, the spawning 486 

sites where the late-run group is currently spawning would provide the highest fitness 487 

for late-run spawners. In other words, there may be a trade-off between choosing a 488 

spawning site with warmer water temperatures during winter (which would allow for 489 

faster embryo development) although the site has lower dissolved oxygen (causing a 490 

risk of egg mortality) (Mouw et al. 2014) in addition to the disadvantage being 491 

influenced by the potentially polluted groundwater entering the river. Therefore, the 492 

environmental variables examined in this study will not explain all factors contributing 493 

to egg mortality.  494 

In this study, there was no significant relationship between PC2, which represents 495 

the Fredle index, and the numbers of dead eggs. The mortality of salmonids eggs and 496 

alevins abruptly increases when the Fredle index, an indicator of the water permeability 497 

of the gravel bed, is <4.8 (Suzuki 2008). Because chum salmon construct spawning 498 



redds in the river section examined, and because sufficient permeability of the spawning 499 

gravel was maintained at the study sites (average Fredle index of ≥4.8), we believe this 500 

was not a factor contributing to egg mortality. 501 

More precise daily counts of out-migrating fry would require multiple 24-h 502 

continuous monitoring surveys over multiple years and in different seasons, but this was 503 

not logistically feasible in the present study. However, several previous studies have 504 

shown that emerging fry begin their migration to the ocean several hours after sunset 505 

(Kobayashi 1953; Hoar 1958; Ali et al. 1959; Hasegawa and Takahashi 2013). Thus, our 506 

estimate derived from one 24-h continuous monitoring period conducted in just one 507 

year may not have caused a large source of error in the overall results. Although the 508 

estimated number of out-migrating fry in this study might include substantial 509 

uncertainty, it is valuable for estimating the efficiency of wild fry reproduction in an 510 

urban river. 511 

The average egg-to-fry survival rate for chum salmon in the Toyohira River was 512 

estimated at 12.7% (though the precision may not be high). This rate is lower than for 513 

salmon in the Chitose River (~20%), another tributary of the Ishikari River, though less 514 

altered by urbanization (Morita et al. 2013). Egg-to-fry survival might be expected to be 515 

low in an urban river, as represented by the Toyohira River. We speculate that the major 516 

contributor to low egg-to-fry survival is large numbers of dead eggs among late-run 517 

spawners, as proven by our buried-egg experiment, and because the annual variation in 518 

the number of out-migrating fry was correlated only with the spawning redds of the 519 

early-run group.  520 

Most previous investigations of salmon spawning in relation to river morphology, 521 

such as in Alaska or the Kamchatka Peninsula, were conducted in meandering gravel-522 



bed rivers. In these river systems, flood channels and spring channels are formed that 523 

connect with the main channel, with different magnitudes of inundation, and late-524 

spawning groups predominantly selected channels influenced by groundwater seepage 525 

(Leman 1993; Mouw et al. 2014). The Toyohira River was once an extensively braided 526 

channel with many spring channels originating from groundwater (Fig. 1); salmon 527 

bones and fishing gear for catching salmon have been found at ruins along the river 528 

(Amano 2009), suggesting an environment that could once support abundant 529 

reproduction by late-spawning salmon. By the 1920s, however, with the urbanization of 530 

Sapporo city, streams originating from groundwater vanished (Ishida 2002), artificial 531 

embankments were largely completed, and low-water revetments started to be 532 

constructed (Kudo et al. 2012). In the 1920s, most of the salmon run occurred in early 533 

October to mid-November (Hokkaido Salmon Hatchery 1929), suggesting that the 534 

Toyohira River salmon population consisted mainly of early-run salmon, and that late-535 

run salmon could spawn only under limited conditions where groundwater seeped into 536 

secondary channels. Currently, the natural reproduction of wild chum salmon 537 

populations in the Toyohira River depends on the early-run group, and the upwelling 538 

zone of gravel bars is an especially important geomorphic unit for their spawning. The 539 

population of wild salmon forming the late-run group in the river has deteriorated 540 

following urbanization, and yet it should be recovered for sustaining a diversity of life-541 

history traits and to enhance portfolio effects (Schindler et al. 2010). 542 

We conclude that the natural reproduction of chum salmon in the Toyohira River is 543 

most sustained by the early-run salmon which build redds mainly in the upwelling zone 544 

of gravel bars, where higher water velocity, deeper water, and a lower maximum 545 

riverbed temperature during winter result in less egg mortality. This habitat has been 546 



preserved even in the regulated urban river and is especially important for the early-run 547 

group. Secondary channels have relatively warm water temperatures in the winter and 548 

thereby provide essential habitat for the late-run group, even though the egg mortality 549 

rate may be higher, which contributes to the life-history diversity of this salmon 550 

population. We suggest that these geomorphic features of a river in a metropolitan 551 

watershed are key for maintaining the diversity of a wild salmon population. 552 

 553 

CONSERVATION IMPLICATIONS 554 

Gravel bars are an important geomorphic unit for maintaining the wild chum salmon 555 

population in the Toyohira River; this morphological feature is typically maintained 556 

dynamically by hydrologic forces in natural rivers. However, the current situation in 557 

many Japanese rivers, including the Toyohira River, is problematic as salmon habitat, 558 

because controlled flows by reservoir dams and reduced sediment supplies owing to 559 

erosion-control dams and gravel extraction promote immobilized gravel bars and 560 

vegetation expansion over natural gravel bars and floodplains (Takahashi and Nakamura 561 

2011; Nakamura et al. 2017; Aruga et al. 2021). To solve these problems, we believe 562 

that restoration of the natural flow regime and sediment regime (Nakamura et al. 2017) 563 

and a redesign of the river channel morphology are necessary. In addition, in regard to 564 

late-run salmon, the impact of the current quality of the groundwater seepage on salmon 565 

egg survival should be examined and remedial measures taken if necessary. Although 566 

the proportion of the late-run group is not large, these salmon perform several 567 

ecosystem functions, such as providing an important food resource for overwintering 568 

animals such as eagles (Ueta et al. 1999; Kamauchi et al. 2012). Moreover, the late-run 569 



group is necessary to maintain the genetic diversity of the wild chum salmon population 570 

in the Toyohira River. 571 

There is also a need to boost the interest of river managers and citizens in wild 572 

salmon. The Sapporo Wild Salmon Project, launched in 2014, is an NGO devoted to 573 

conserving wild salmon, and its conservation efforts in the Toyohira River have 574 

gradually received greater support from the general public and river managers. For 575 

example, with the cooperation of a construction company who offered to participate in 576 

the conservation of wild salmon, we were able to improve spawning habitat by restoring 577 

a secondary stream channel. Although this restoration was a localized improvement, 578 

many late-run chum salmon have since spawned in this secondary channel, thereby 579 

contributing to the natural reproduction efficiency of the salmon (Aruga et al. 2019). 580 

Because urban rivers are greatly affected by human activities, we believe that improving 581 

the awareness of city residents and communities is a key component of wild salmon 582 

conservation. 583 
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Table 1 Inter-spawning group comparison of environmental variables (mean ± SD) and numbers of dead eggs by run-times of chum 850 

salmon in the Toyohira River, Japan (The original data is presented in Table S3). The number of dead eggs reported from the buried-egg 851 

experiment is the number of dead eggs per 200 eggs initially buried, with the corresponding mortality rate (%) in parentheses. The 852 

loadings of each environmental factor on PC1 and PC2 (with eigenvalues of >1.0), the proportion of each PC’s account variability (%), 853 

and the results of each GLMM model are shown. 854 

  855 



 856 

Variable Early-run Late-run 

  
Factor loading 

  PC1 

(56.0%) 

PC2 

(27.5%) 

Environmental variables     F p-value   

 

Flow velocity (cm/s) 31.0 ±11.5 22.0 ± 19.7 0.776 0.404 0.756 −0.339 

Water depth (cm) 32.9 ± 5.6 23.2 ± 12.8 2.382 0.161 0.965 0.054 

Fredle index 11.3 ± 8.6 9.4 ± 2.2 0.233 0.642 −0.046 0.947 

Maximum riverbed temperature 

during winter (°C) 

2.7 ± 0.8 5.5 ± 1.9 8.541 0.019 −0.857 −0.289 

Number of dead eggs  
        

 Egg to hatching stage 11.1 ± 3.3  (5.6%) 25.0 ± 7.9   (12.5%)     

Egg to emergence stage 4.8 ± 6.4  (2.4%) 58.7 ± 31.1   (29.4%) 

 

Model χ2 p-value 
  

 
RunTime model: Dead eggs ~ RunTime + Stage 

  RunTime 

  Stage 

 67.93   

0.66   

<0.001 

  0.418 

  

 

PC model: Dead eggs ~ PCs + Stage 

  PC1 

  PC2 

 Stage 

   6.60   

0.44   

0.25   

0.010 

0.507 

0.616 

  

 857 



FIGURE LEGENDS 858 

Fig. 1 Map showing the current, straightened channel of the Toyohira River (dark blue), 859 

Hokkaido, Japan, and the likely configuration of the river’s meandering or braided 860 

channels circa 1900 (light blue) (sources: Geospatial Information Authority of Japan 861 

[1918, 2021]; Sapporo City History Editorial Board [1953]; and The Japan Map 862 

Center [1995]). Dashed lines mark the study area of the geomorphic units; red 863 

squares denote locations in the buried-egg experiment; open arrows show the 864 

locations of fry out-migration traps; and open circles signify the spawning redds of 865 

chum salmon in 2020. The thinner dark blue line labeled the Sosei River is an 866 

artificially excavated waterway created in the 1870s. The discharge volumes on Fig. 867 

S1 is recorded at the Kariki point indicated by a star symbol.  868 

Fig. 2 Schematic diagram of the Toyohira River riverbed and floodplain geomorphology 869 

in the metropolitan area (Sapporo city), depicting hyporheic and groundwater flows 870 

(modified from Geist and Dauble [1998]; Tonia [2005]). The riverbed is demarcated 871 

into two distinct zones: the floodplain, which is utilized for human activity, and the 872 

low-flow channel, where river water flows between revetments during normal water 873 

levels. The channel was divided into riffles (thin blue arrows) and pools (thick blue 874 

arrows); there is a downwelling zone upstream of gravel bars (open arrows), with 875 

hyporheic flows through the gravel bar (dashed blue lines), and an upwelling zone 876 

downstream or to the side of gravel bars (gray arrows). Because the groundwater 877 

level was higher than the lowest riverbed elevation, groundwater would seep into 878 

the secondary channels (dashed red arrows). A series of groundsills (parallel black 879 

lines) have been constructed across the riverbed. 880 

Fig. 3 Proportion of the geomorphic units available for spawning chum salmon (hatched 881 



bars, n = 1,665 total units) and the units where salmon built redds (early-run group: 882 

filled bars, n = 518 redds; late-run group: open bars, n = 132 redds).   883 

Fig. 4 The proportion (a) and numbers (b) of chum salmon spawning redds by 884 

geomorphic unit, as recorded in each survey that was conducted over one spawning 885 

season, from September 2020 to January 2021. The geomorphic units suitable for 886 

chum salmon to spawn were categorized as: upwelling zone of gravel bars (dark 887 

gray), riffles (light gray), secondary channels (unfilled), or other morphology 888 

(vertical stripes). Fitted logistic regressions show the accumulated probability for 889 

the habitats: upwelling zone of gravel bars (solid black line), riffles (solid grey line), 890 

and secondary channels (dashed black line).  891 

Fig. 5 Relationship between the principal component score (PC1) and the numbers of 892 

dead eggs in the buried-egg experiment (per 200 eggs) at the end of the egg-to-hatch 893 

stage (solid line, filled circles: early-run group; filled squares: late-run group), and 894 

at the end of the egg-to-emergence stage (dashed line, open circles: early-run group; 895 

open squares: late-run group). Regression lines are from the GLMM in Table 1. 896 

Fig. 6 Relationships between the total number of chum salmon spawning redds (gray 897 

circles), the number of spawning redds of the early-run group (filled circles), the 898 

number of spawning redds of the late-run group (open circles), and the estimated 899 

total number of out-migrating fry. A liner regression line is shown for a significant 900 

relationship. r is the Pearson’s correlation coefficients for the early-run, the late-run, 901 

and the total spawning redds. Asterisk denotes significance at p < 0.001. 902 
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