Received: 22 February 2021 | Revised: 17 November 2021

Accepted: 22 November 2021

DOI: 10.1111/fwb.13862

ORIGINAL ARTICLE

Freshwater Biology WILEY

Spatially variable hydrological and biological processes shape
diverse post-flood aquatic communities

Hiromi Uno®?
Osamu Kishida*

1Center for Ecological Research, Kyoto
University, Otsu, Japan

2Faculty of Environmental Earth Science,
Hokkaido University, Sapporo, Japan

3Department of Fish, Wildlife, and
Conservation Biology, Graduate Degree
Program in Ecology, Colorado State
University, Fort Collins, Colorado, U.S.A.

“Tomakomai Experimental Forest, Field
Science Center for Northern Biosphere,
Hokkaido University, Tomakomai, Japan

>Nakagawa Experimental Forest, Field
Science Center for Northern Biosphere,
Hokkaido University, Nakagawa, Japan

SUryu Experimental Forest, Field Science
Center for Northern Biosphere, Hokkaido
University, Uryu, Japan

’Field Science Center for Northern
Biosphere, Hokkaido University, Sapporo,
Japan

Correspondence

Hiromi Uno, Faculty of Environmental
Earth Science, Hokkaido University,
N10WS5 Sapporo, Hokkaido, 060-0810,
Japan.

Email: hiromiunol@ees.hokudai.ac.jp

Funding information

River Foundation; Japan Society for the
Promotion of Science, Grant/Award
Number: 18H03408, 21H04784 and
17H03725

| Mizushi Yokoi' | Keitaro Fukushima®
| Wataru Mamiya>® | ReiSakai® | Shunsuke Utsumi’

| Yoichiro Kanno®*® |

Abstract

1. Diverse aquatic environments in floodplains support high biodiversity, including

plankton, benthos, nekton (fish), and amphibians. Variation in aquatic communi-
ties among waterbodies should be explained not only by the spatial variation in
the environment at low flow but also by the hydrological dynamics and biologi-
cal responses over flood and recession periods. However, very few studies have
examined the formation processes of floodplain aquatic communities over flood

periods.

. In this study, we aimed to obtain a mechanistic understanding of the assem-

bly of aquatic communities on a temperate floodplain by conducting intensive
fieldwork during and after seasonal flooding. The study was conducted in the
Butokamabetsu River catchment in northern Hokkaido, where snowmelt causes
annual spring floods. At peak flow, floodwater not only flow through main stream
river and the extant side channels, but also flow through some palaeo-side chan-
nels, which are usually isolated from the mainstream river and harbour stagnant
water. As the floods recede, palaeo-side channels become isolated from the
mainstream river and their flow cease, but the timing of the flow cessation var-
ied among palaeo-side channels. We hypothesised that this spatial asynchrony
in the timing of flow cessations shapes diverse floodplain aquatic communities.
Therefore, we conducted field surveys of four faunal groups (plankton, benthos,

nekton [fish], and amphibian) during and after the spring flood in 2019.

. The post-flood aquatic communities varied spatially, according to the flow at

peak flood, the timing of flow cessation, and the flow at low flow. Plankton com-
position was influenced by the water flow at peak flood, and they were more
abundant in waterbodies that were never flushed by floodwaters. Fish composi-
tion was also influenced by the water flow at peak flood; in particular, salmonids
were more abundant in waterbodies that were hydrologically connected to the
main stream at peak flood. The presence of amphibian eggs was influenced by
the timing of flow cessation; eggs were laid in waterbodies with stagnant water
during breeding season. The benthic composition was influenced by flow at low
flow. After the flood had receded, these different distribution patterns of the
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are highlighted.

KEYWORD

1 | INTRODUCTION

Floodplains are one of the most dynamic landscape ecosystems.
Many waterbodies on floodplains are formed by fluvial processes
such as channel migration and abandonment. Extant and palaeo-
side-channels, a representative waterbody type on floodplains,
have diverse degrees of hydrological connectivity to a river's main
stream: some are permanently connected to the river, some are con-
nected to the river only at times of high flow, and others are never
connected to the river (Amoros & Roux, 1988). In many temperate
floodplains, spring snowmelt causes long-lasting floods that season-
ally expand and gradually contract river channels, thus supporting
spatially and temporally dynamic aquatic habitats for various faunal
groups, including plankton, benthos, nekton (fish), and amphibians
(Tockner et al., 2000).

Although an increasing number of studies have investigated
floodplain ecosystems at low flow, few have addressed the spatial
and temporal dynamism of floodplain ecosystems during periods
of flood (Amoros & Bornette, 2002; Hauer et al., 2016). Studies
conducted at low flow have shown that the composition of aquatic
communities on a floodplain varies among waterbodies (Amoros
& Bornette, 2002; Tockner et al., 2000), and this variation is often
attributed to differences in hydrological connectivity to the river.
However, most of the floodplains are isolated from river mainstream
at low flow when most studies are conducted, and the concept of
the connectivity is not well defined. In fact, aquatic communities in
floodplain waterbodies are not only influenced by the environmental
variation that is observed at low flow; they are also strongly influ-
enced by the hydrological and biological processes during flood and
flood recession periods (Larsen et al., 2019; Thomaz et al., 2007). For
example, flow pulses may differently modify the physical and chem-
ical environment of each waterbody, thereby altering the suitabil-
ity of habitats for aquatic organisms over time and space (Tockner
et al., 2000; Ward et al., 1999). Isolation of aquatic organisms from
the river limits their dispersal and migration and thus constrains their
distributions(Crooketal.,2020; Ward etal., 1999). Geomorphological

four biological groups led to gradual variation of aquatic communities among
waterbodies on a floodplain.

4. Overall, this study showed that hydrological dynamics during flood recession
shapes the post-flood aquatic communities, and the spatial variability in the
hydrological dynamics and the different responses of the four faunal groups
support diverse aquatic communities on a floodplain. Importance of the natural
geomorphological complexities, where paleo-side channels with wide range of
hydrological connectivity to the river channel co-occur, as well as the natural hy-
drological dynamics of snowmelt recession, where the flooding discharge gradu-

ally decrease over a certain period in spring for floodplain aquatic communities

biodiversity, floodplain, hydrological dynamics, snowmelt recession, spatial heterogeneity,

and hydrological characteristics may also influence breeding site se-
lection by amphibious organisms such as frogs (Kupferberg, 1996)
and aquatic insects (Encalada & Peckarsky, 2006). Therefore, to gain
a mechanistic understanding of aquatic community assembly on a
floodplain, it is necessary to closely examine the spatial and tempo-
ral components of the hydrological dynamics over flood periods and
investigate the respective responses of diverse faunal groups.

Different responses of different faunal groups to the hydrolog-
ical dynamics over flood periods may drive the diversity of aquatic
communities in floodplain waterbodies. In floodplain waterbod-
ies, we observe at least four biological groups, namely, plankton,
benthos, nekton (fish), and amphibians, whose responses to the
hydrological dynamics should differ according to their ecological
characteristics. For example, limitations to dispersal and migration
may be critical for mobile organisms such as fish (Bolland et al., 2012;
Crook et al., 2020). Flow pulses during flood periods may have a
large influence on plankton, which might be flushed downstream by
floodwaters (Van der Brink et al., 1994), and on benthos, through
mobilisation of substrate materials (Arscott et al., 2005). A growing
number of studies have addressed the use of floodplain habitats by
different taxonomic or faunal groups (Brink et al., 1994; Gallardo
et al., 2014; Morand & Joly, 1995), but only a few studies have si-
multaneously examined the distributions of the distinct faunal
groups that inhabit a river-floodplain system (Tockner et al., 1998).
However, given that hydrological dynamics influences each faunal
group differently, by focusing on a single faunal group, the critical
environmental gradient that is required to support diverse aquatic
communities may be underestimated. Variation in responses to hy-
drological dynamics among faunal groups is one factor that supports
diverse aquatic communities on a floodplain, and gradients that in-
clude a wider range of hydrological environments may support more
diverse aquatic communities.

In this study, we aimed to obtain a mechanistic understand-
ing of the assembly of aquatic communities on a floodplain that
would enable us to predict the distribution of aquatic biota on a
floodplain from the hydrological dynamics. We hypothesised that
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spatial asynchrony in flow cessations associated with side channel
isolation from the main stream during flood recession shapes di-
verse floodplain aquatic communities, which is driven by the dif-
ferential responses of various faunal groups to the hydrological
dynamics. First, to examine the link between hydrological dynam-
ics and biological responses, we collected biological data at mul-
tiple times during the flood recession period from four selected
waterbodies with different hydrological connectivity to the river
over the flood recession period (hereafter, the flood-recession
survey). Second, we evaluated the residency of fish in palaeo-side
channels by using an isoscape approach, because some fish may
be mobile whereas other faunal groups unlikely move between
sites. Finally, after the flood had receded, we surveyed aquatic
communities in 26 waterbodies where we had recorded different
hydrological patterns over the flood recession period (hereafter,
the post-flood survey). Considering the results of both surveys,
we examined how the hydrological dynamics of snowmelt reces-
sion shaped the post-flood aquatic community and showed how
a range of hydrological connectivity to the river supported co-

existing diverse aquatic communities on a floodplain.

2 | METHODS

2.1 | Studysystem
The study was conducted on the Butokamabetsu River floodplain,
located in the Hokkaido University Uryu Experimental Forest,
northern Japan (44°24'N, 142°07'E; Figure 1). The floodplain is
covered predominantly by 1-2 m high broad-leaf bamboo (Sasa sen-
anensis) and a sporadic mix of deciduous trees such as alder (Alnus
japonica) and Japanese white birch (Betula platyphylla). Some wet-
lands and some areas of humic soils are distributed on the floodplain
(Ogawa et al., 2006; Shibata et al., 2004). The main stream of the
Butokamabetsu River, which is about 10 m wide under summertime
low-flow conditions, has many extant and palaeo-side channels.
Extant side channels remain connected to the main stream even
during periods of low flow and the water remains flowing all year
around. Palaeo-side channels are old side channels that have become
isolated from the main stream through the loss of their upstream
connection with the river as a result of fluvial sediment and debris
accumulation and flood dynamics. Many palaeo-side channels, in-
cluding our study sites, harbour stagnant water during low flow (also
called oxbow lakes). Floodwater flows into some of the palaeo-side
channels at high flow, and the water keeps flowing through palaeo-
side channels until the river water level drops to certain levels for
respective paleo-side channel depending on their geomorphology.
Therefore, a gradient of hydrological connectivity to the river ex-
ists among waterbodies on the floodplain: extant side channels, sea-
sonally connected palaeo-side channels, and permanently isolated
palaeo-side channels.

The study area receives mean annual precipitation of 1,236 mm,
largely as snow, and snow cover usually lasts from late November
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to early May, with a maximum depth of c¢. 3 m (Aoyama et al., 2011).
Snowmelt typically occurs from April to May, and the river discharge
is elevated over this period (Figure 2). Amphibians, including the Ezo
brown frog (Rana pirica) and the Ezo salamander (Hynobius retarda-
tus), breed and their larvae mature during the snowmelt period on
the floodplain. Fish fry of various species develop in the floodplain
waterbodies. We conducted a field study in 2019 from the peak of
the snowmelt season through the flood recession to the low-flow
period (10 May to 17 June).

2.2 | Flood-recession survey

We conducted a flood-recession survey to characterise the temporal
dynamics of hydrology and water chemistry, as well as the biological
responses of the four faunal groups to the environmental changes
as floodwater receded. As focal study sites for the flood-recession
survey, we selected four representative waterbodies with differ-
ent degrees of connectivity to the mainstream river (Figure 2): No
flow sites A and B, a Early site C, and a Late site D, as determined
during the post-flood survey (see Section 2.4). At these four focal
sites and at one mainstream site (site E), we recorded environmental
data approximately every 5 days from 14 May to 17 June 2019. At
each site, we measured pH and conductivity with a portable pH/
COND meter (D-74, HORIBA, Kyoto, Japan) and dissolved oxygen
and water temperature with a portable multimeter (HQ-30d, HACH,
Loveland, CO, U.S.A.). We collected 200-ml water samples in pre-
washed polyethylene bottles for nutrient analysis. Water samples
were filtered through a GF/F filter within 24 hr, and both the GF/F
filter and the filtered water were frozen for later chlorophyll-a analy-
sis (as an indicator of phytoplankton density) and nutrient analysis
in the laboratory. Furthermore, 20 L of water was filtered through a
70-pm-mesh plankton net and preserved in Lugol solution for zoo-
plankton analysis.

To examine the distributional shift of fish from the peak flooding
season to the end of the flood, we conducted fish surveys on 22 May
and 12 June 2019. Fish were captured with a backpack electrofish-
ing unit (Model LR-24, Smith-Root Inc., Vancouver, WA, U.S.A.) using
a pulsed direct current setting (300-400 V, 30-45 Hz, and 25% duty
cycle). A crew of three or four study participants sampled in an up-
stream direction. The entire area of small waterbodies or the first
20-120 m of palaeo-side channels at the site longer than 120 m were
sampled by the single-pass method. All fish collected in the survey
on 22 May were identified to species and released back to the same
site alive, but some individuals collected on 12 June were sacrificed
for the stable isotope analysis (described below). The fish catch per
unit effort was calculated by dividing the fish count by the total hab-
itat area sampled.

To examine the timing of amphibian breeding, we recorded the
presence/absence of amphibian eggs by species on 15 and 29 May
and 11 June 2019. This survey was conducted at all 26 sites, includ-
ing the four focal sites, where the post-flood survey was conducted
(see Section 2.4).
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FIGURE 1 Locations of the flood-
recession and post-flood survey sites with
different connectivity to the main stream
of the Butokamabetsu River, Hokkaido,
Japan. Spatial sampling was conducted at
26 palaeo- or extant side channels of the
Butokamabetsu River (coloured circles)
distributed along a 10-km segment of the
H river and divided into five blocks. The
. "' . :"- flood-recession survey was conducted at
BI "k‘ 5 "':. ' - four focal sites (sites A-D; bold circles)
oc ssntEs
Block4
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: (& Block3
St.D
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2.3 | Isoscape analysis of the stable carbon waterbody for a few weeks before the sampling date should match

isotope ratio

To infer the residency of fish within each palaeo-channel, we con-
ducted a spatial analysis of stable carbon isotopes (isoscape analysis:
see Bowen, 2010) in fishes and benthic invertebrates, which are the
main prey of the fishes. We focused on the natural spatial variation of
stable carbon isotope ratios among the waterbodies, which in anoxic
ponds reflects the contribution of methane-derived carbon (Kohzu
et al., 2004). The stable carbon isotope ratio of consumer species re-
flect that of their diet (DeNiro & Epstein, 1978). Therefore, fish car-
bon isotope ratios should reflect the carbon isotope ratios of items
that they had consumed some days before they were captured; the
duration of the prey signals reflected in the fish tissue can vary from
a few days to a few weeks, depending on the fish species and con-
ditions and environmental factors (Weidel et al., 2011). Therefore,
the stable carbon isotope ratios of fish that have inhabited a local

those of their local prey (i.e., benthic macroinvertebrates). In con-
trast, the stable carbon isotope ratios fish that have moved between
waterbodies with different environments should be more spatially
homogeneous than those of their prey items. Further, if only some
fish have moved between waterbodies, then stable carbon isotope
ratios should exhibit large variation among individuals.

We collected fish and their potential prey items at the four focal
sites at the end of the recession period. We collected representative
benthic invertebrates with dip nets on 17 June 2019. At each site, we
collected 7-13 individuals belonging to 12 taxa. We collected most
fish samples during the second fish survey on 12 June 2019 (see
Section 2.2). We collected two supplementary fish samples from site
B on 19 June 2020, together with benthic macroinvertebrate spec-
imens. We confirmed that the stable carbon and nitrogen isotope
ratios did not differ significantly between sampling years; thus, we
pooled the data from 2019 and 2020 for the isoscape analysis. We
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FIGURE 2 Seasonal hydrological
changes of the Butokamabetsu River. (a)
Total discharge of the Butokamabetsu
River from 1 April to 1 July 2019.

(b) Examples of spatial changes in
hydrological connectivity and flow of
various palaeo- and extant side channels
during the spring snowmelt and flood
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research. Sampling sites were assigned
to a hydrological connectivity category

(b)

based on repeated observations of
hydrological connectivity and flow at
each site. (d) Changes in flow speed at the
four focal sites where the flood-recession
survey was conducted
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collected two to 10 individuals of the dominant fish species at each
site for stable isotope analysis. All fish and benthic invertebrate sam-
ples were immediately frozen and transported to Kyoto University

for later analysis.

2.4 | Post-flood survey

To examine how the biological responses during the flood, observed
in the flood-recession survey, shaped the spatial distribution of the
aquatic biota at low flow (post-flood), we conducted a post-flood sur-
vey of waterbodies on 12-13 June 2019, after snowmelt had ceased.
A total of 26 waterbodies (including both palaeo- and extant side

channels) with different degrees of connectivity to the main stream
in five spatial blocks along a 10-km segment of the Butokamabetsu
River were selected (Figure 1). We confirmed that there was no sig-
nificant bias in the distribution of connectivity among the blocks
(one-way analysis of variance [ANOVA]; p = 0.95). Before the post-
flood survey, during and after the flood recession from early May to
mid-June, we visited each site every 5 days to record its connectiv-
ity to the river's main stream. During these visits, we visually ex-
amined the surface water connection to the main stream at both
the upstream and downstream ends of each waterbody. When there
were surface water connection upstream, mainstream river water
flew-in from the upstream end, flew through the waterbodies, and
flew-out from the downstream end. Therefore, in all cases when
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we observed upstream connection in this study, we also observed
downstream connection, and the waterbodies were flushed by flow.
In contrast, downstream connection did not make as much influence
on the physical environment of the entire waterbodies as the up-
stream connection. However, we assumed the downstream connec-
tion could enable the immigration and emigration of fishes. Based
on these observations, we categorised the study sites into six con-
nectivity categories (Figures 1 and 2). Isolated sites were never con-
nected to the river, even at peak discharge. No flow sites were never
flushed by floodwaters, because the upstream end of the palaeo-
side channel was always closed, but at flood peak they were hydro-
logically connected to the main stream at their downstream end. At
the Early, Middle, and Late sites, each waterbody was flushed by flow
at peak discharge and isolated from the main stream at low flow, but
differed by the timing of flow cessation. At Early, Middle, and Late
sites, flow cessation occurred on 23 May, 28 May, and 6 June 2019,
respectively. At Flowing sites, flow was continuous throughout the
study period. Among the 26 sites, 2 were categorised as Isolated, 7
as No flow, 6 as Early, 4 as Middle, 3 as Late, and 4 as Flowing sites.

In the post-flood survey, in addition to measuring the water
chemistry, we surveyed four faunal groups: plankton, benthos, nek-
ton (fishes), and amphibians. Water chemistry measurements and
water, plankton, and fish sampling were conducted following the
same methods as for the flood-recession survey. Benthic inverte-
brates were sampled with core samplers (13 cm diameter; five times)
at most sites, but at 12 sites where the substrate materials were
larger than the core size, Surber net samplers (30 cm x 30 cm) were
used, and two samples were collected at each site on each sam-
pling date and combined. Benthic samples were immediately sieved
through a 0.5-mm mesh and preserved in 99% ethanol for later
sorting. Fish were sampled by the same method as for the flood-
recession survey, and the presence or absence of amphibian eggs or

larvae was also recorded during the post-flood survey.

2.5 | Laboratory analysis

All analyses were conducted at the Center for Ecological Research,
Kyoto University, Otsu, Japan. Nitrate (NO;) nitrogen was quanti-
fied by first reducing nitrate to nitrite using a cadmium coil followed
by diazotisation with sulfanilamide and coupling with N-(1-naphthyl)
ethylenediamine dihydrochloride. Ammonium (NHZ) nitrogen was
quantified by the indophenol blue method. Soluble reactive phos-
phorous (SRP) was quantified by the molybdenum blue method.
A continuous flow auto-analyser (QuAAtro 2-HR, BLTEC, Osaka,
Japan) was used for these analyses.

Chlorophyll-a was extracted with dimethylformamide, and
the mean chlorophyll-a content per unit of water was measured
by spectro-fluorometry (RF-5300PC, Shimadzu, Kyoto, Japan).
Zooplankton individuals >0.5 mm in size were counted at the sub-
order level, and their density per water volume was estimated.
Benthic macroinvertebrates were identified to family, and the den-
sity of each family per unit area was estimated.

Stable carbon and nitrogen isotope analyses were also conducted
at the Center for Ecological Research, Kyoto University. Benthic in-
sect samples were freeze-dried, and their whole bodies were indi-
vidually ground prior to the analysis. For fish samples, a sample of
muscle tissue was dissected out, then freeze-dried and ground for
the analysis. A subsample of fish muscle tissues was immersed in
chloroform/methanol (2:1) solution for 24 hr and then rinsed with
methanol to remove lipids. Stable nitrogen isotope ratios of samples
without lipid removal and stable carbon isotope ratios of samples
after lipid removal were used as the representative values of fish
muscle, as described by Sotiropoulos et al. (2004). Stable carbon
and nitrogen isotopes were measured with an elemental analyser/
isotope ratio mass spectrometer (EA/IRMS; DELTA-V plus, Thermo
Fisher Scientific, U.S.A.). Carbon (5!°C) and nitrogen (5'°N) isotope
ratios are expressed as per mil (%o); 5'3C and 8N of standard sam-
ples and the analytical methods described above were referenced
from Tayasu et al. (2011).

2.6 | Data analysis

To examine spatial and temporal variations in water chemistry, we
conducted a principal component analysis (PCA) of pH, conductivity,
DO,NO3, NH; and SRP data collected at all sites in all seasons. To ex-
amine the spatial variation in water chemistry during the post-flood
survey, scores on the first PCA axis (PCA1) were compared with the
connectivity of each site, where spatial block was included as a ran-
dom factor in a linear mixed model, by using the Imer function in the
Ime4 package (Bates et al., 2021) and the ANOVA function in the
ImerTest package (Kuznetsova et al., 2020) in the R software envi-
ronment (R Core Team, 2018). To examine differences in the tem-
poral variation in water chemistry at among the four focal sites with
different degrees of connectivity to the main stream, we compared
the PCA1 score of the focal sites with the Julian date by one-way
ANOVA, including sampling site as a random factor. Additionally,
the same analyses were conducted for pH, conductivity, DO, NOj,
NH4+, and SRP, as well as chlorophyll-a and zooplankton density. To
compare the temporal shift in fish species composition from the
peak flood to the end of the flood season and the spatial variation
of fish species composition across waterbodies, we performed per-
mutational multivariate analysis of variance (PERMANOVA) using
the adonis function in the vegan package (Oksanen et al., 2020).
Plankton and fish density data were log-transformed prior to all
analysis.

Mean §'3C of benthic macroinvertebrates and fish were esti-
mated at each site. The relationship between hydrological connectiv-
ity and the mean §'3C of benthic macroinvertebrates was examined
by Spearman's rank correlation test. We conducted a regression
analysis between the mean §'3C of benthic macroinvertebrates and
the mean §'3C of fish at five sites.

Using the post-flood survey data, we examined how the tem-
poral hydrological dynamics influenced each faunal group by com-
paring the density and diversity (taxonomic richness) of each faunal
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group with the hydrological changes over time at each site. We fit
five linear mixed models to the data assuming five different distri-
bution threshold (Figure 2c), and compared their goodness of fit
based on their Akaike information criterion (AIC) values. All models
included a connectivity factor, described below, and habitat area as
fixed effects, and block as a random effect, to control for inherent
longitudinal habitat heterogeneity. The first model assumed a hydro-
logical connection at flood peak (river connection on 15 May) influ-
enced the biota, and included as binary factors Isolated sites versus
all other sites. The second model assumed that the presence of flow
at peak flood (on 15 May) influenced the biota, and included the bi-
nary factors Isolated + No flow sites versus other sites. The third and
fourth models assumed that the timing of the flow cessation at each
site influenced the biota. The third model assumed that the presence
of flow on 23 May influenced the biota and included Isolated + No
flow + Early sites versus Middle + Late + Flowing sites as binary fac-
tors. The fourth model assumed that the presence of flow on 28 May
influenced the biota, and included Isolated + No flow + Early + Middle
sites versus Late + Flowing sites as binary factor. The final model as-
sumed that the aquatic communities were structured primarily by
the flow at the time of sampling, and included Flowing sites versus all
other sites as binary factors. We fit these five models to the data on
the total density of each respective faunal group and calculated the
AIC value of each model. We then selected the model with the low-
est AIC value as the best model for that faunal group. We analysed
the diversity (taxonomic richness) of the four faunal groups similarly.

We used multivariate techniques to examine the influence of hy-
drological connectivity on the aquatic community, including the four
faunal groups. Density data of all faunal groups were standardised
by using the decostand function in the vegan package (Oksanen
et al., 2020) in R prior to analysis. Then we analysed the data of all
faunal groups by non-metric multidimensional scaling using Bray-
Curtis dissimilarity index as pairwise -diversity values. We applied
PERMANOVA procedures to the p-diversity values to test for sta-
tistical differences in the biota along the connectivity gradient. To
account for spatial patterns, we included block as a random effect
in this analysis. Finally, we applied a similarity percentage analysis
(SIMPER) to examine the contribution of each taxon to the differ-
ences in the whole biota. The contribution of each faunal group was
inferred by summing the contributions of all taxa belonging to each
faunal group.

3 | RESULTS

3.1 | Physical environment

The all 26 studied waterbodies ranged in width from 0.7 m to 2.9 m,
in length from 4.7 m to 160 m, and in depth from 0.08 m to 0.54 m
at the time of the post-flood survey (i.e., after the snowmelt flood-
ing). Bottom sediment composition differed among the waterbodies
depending on connectivity to the main stream; more connected sites
had a lower proportion of organic sediments and contained larger
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rocks. Width, depth, and water velocity at the four focal sites gradu-

ally decreased as the river discharge decreased over the study period.

3.2 | Water chemistry

The multivariate analysis of the water chemistry data collected dur-
ing flood-recession and post-flood surveys revealed a link between
the spatial and temporal water chemistry patterns. PCA1 explained
42% of the total variation in the chemistry data (Figure 3) and was
inferred to represent temporal changes in habitat characteristics
(ANOVA, Fi,9 =703, p < 0.05). Sites with different degrees of
connectivity were arranged along PCA1 such that more isolated
sites exhibited lower scores (ANOVA, Fs,1345 = 4.6, p < 0.05). Over
the course of the flood-recession survey, conductivity and NH:lr in-
creased, and pH, DO, and NOj decreased, but temporal changes in
SRP were not significant. The spatial data showed that pH and DO
were lower at more isolated sites, but connectivity was not signifi-
cantly related to conductivity, NO, NHZ, or SRP.

3.3 | Flood-recession survey
Quantities of both phytoplankton and zooplankton increased as the
flood receded (Figure 3). Chlorophyll-a, an indicator of phytoplank-
ton density, significantly increased as the flood receded (ANOVA,
F1,23 = 8.16, p < 0.05). During the flood-recession zooplankton sur-
vey, a total of 3,407 copepods, 47 other crustaceans, and 105 mos-
quito larvae were counted. Total zooplankton density also increased
significantly as the flood receded (ANOVA, Fi,3=438,p< 0.05).

In the fish survey, a total of 89 and 159 individuals were col-
lected on 22 May and on 12 June 2019, respectively, at the four focal
sites (Figure 4). Young-of-the-year charr and trout were recruited to
the sampling sites over time; they were found only on the 12 June
survey and only at sites C and D, where flow had occurred at peak
discharge but had ceased by 6 June. Overall, fish species composi-
tion at the four sites did not differ significantly from before to after
the flood, and variation in fish species among sites persisted. The
PERMANOVA analysis showed that the spatial variation was greater
than the temporal variation; the temporal change in fish species
composition was not statistically significant (Table S1).

No amphibian eggs were found on 15 May 2019. On 29 May,
among the 26 sites, Rana pirica eggs were found at 18 sites and
Hynobius retardatus eggs were found at 14 sites. No additional am-

phibian eggs were laid between 29 May and 11 June.

3.4 | Stable carbon isoscape

The 8*3C values of benthic macroinvertebrates and fish varied among
the sites (Figure 5; Figure S1).The 5'3C values of benthic macroinver-
tebrates were lower at sites with low connectivity (Spearman's rank
correlation test; p < 0.05, p = 1). At the No flow sites A and B, they
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FIGURE 3 Spatial variation (left column; post-flood survey) and temporal variation (right column; flood-recession survey) of water
chemistry and plankton density. In the graphs in the left column, each symbol (or bar for zooplankton) shows the average value of multiple
sites with the same connectivity index, and the error bars show +1 SE among the sites. The right panels show the temporal variation of the
data at the four focal sites and one main stream site measured during the flood-recession survey
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o
(12 June) the spring snowmelt flood. Each 8 7
colour represents a different species, as
indicated in the legend. For salmonids, &
young of the year individuals (YOY) were &+ @
counted separately, and their densities are £ o
.. . SS N4
indicated hatching T"’“ o
S
fg w
5 © |
L
> e |
s o
=
[}
08
o
o
O o
o

® Oncorhynchus masou {a%el)
& Oncorhynchus masou (YOY)
W Salvelinus leucomaenis [?(8%)

® Salvelinus leucomaenis

m Hucho perryi (agel)

® Rhynchocypris percnurus sachalinensis
@ Gymnogobius urotaenia

@ Tribolodon hakonensis

8 Lethenteron reissneri

O Cottus nozawae

@ Barbatula barbatula

B Misgurnus anguillicaudatus

|22 voy [N

> |12 June

25 - St.D & ®
3 s.c¥  /
g\s, /’/ Mainstream
O -30 e
% 1st.B
S 35
- st A Y=081X-1.86
' r2=0.95
40 - p<0.01

Benthos &*3C (%)

FIGURE 5 Stable carbon isotope ratios of benthos and fish at
the focal sites and the mainstream site. Each data point shows
the average §'°C of benthos (x-axis) and §1°C of fish (y-axis) at
one site. The error bars indicate +1 SE of individual variations
within each site. The dashed line shows the fitted regression line
along the connectivity gradient
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3.5 | Post-flood survey

A total of 4,626 copepods, 129 other crustaceans, and 350 mos-
quito larvae (Culicidae) were collected during the post-flood survey
(Figure 6a). Copepods were more abundant at more isolated sites.
Other crustaceans and mosquito larvae were found only at Isolated
and No flow sites. The model comparison showed that flow on 15
May (peak flow) best explained zooplankton density, and flow cessa-
tion on 23 May best explained zooplankton diversity (Table 1).

A total of 3,789 individual benthic macroinvertebrates belonging
to 37 families (32 aquatic insect families and 5 others) were counted
(Figure 6b). Chironomidae were the most common. The number of
families was highest at Flowing sites, and 15 families were found
only at Flowing sites. The model comparison showed that flow on
15 May (peak flow) best explained the density of benthic macroin-
vertebrates, and flow on 11 June (low flow, time at sampling) best
explained their diversity (Table 1).

A total of 559 individual fish belonging to nine species were
found during the post-flood survey (Figure 4). Salvelinus leucomae-
nis (Salmonidae) occurred at the highest density, 50.2% of all cap-
tured individuals, followed by stone loach (Noemacheilus barbatulus),
Asiatic brook lamprey (Lethenteron reissneri), and Masu salmon
(Oncorhynchus masou). Fish density was negatively associated with
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FIGURE 6 Spatial variation of density and diversity of the four faunal groups in the post-flood sampling. Each bar indicates the average
density of each faunal group at multiple sites with the same connectivity to the river. Circles indicate the average taxa richness of each
faunal group at multiple sites with the same connectivity. The error bars indicate +1 SE among sites. Black inverted triangles indicate primary
and secondary (AAIC < 4) thresholds of faunal density, and white inverted triangles indicate the thresholds of faunal diversity based on the

model selection results shown in Table 1

habitat area, possibly owing to higher competition (Nakano, 1995) or
lower capturing efficiency in large habitats. Importantly, the model
comparison showed that flow on 15 May (peak flow) best explained
both fish density and diversity (Table 1).

Only two species of amphibian, Rana pirica and Hynobius retar-
datus, were observed during the present study. The model compari-
son showed that the presence of amphibian eggs was best explained
by flow cessation on 23 May (and secondarily by flow on 28 May;
Table 1); thus, the timing of flow cessation determined whether eggs
of these amphibian species were present.

When all of the biological data, including those for the four fau-
nal groups, were considered altogether, the non-metric multidimen-
sional scaling biplot showed clear differences in the biota along the
gradient of connectivity to the main stream (Figure 7a; Figure S2),
and the PERMANOVA results also showed significant variation of
the biota in relation to the connectivity gradient (Table S2). The
SIMPER results showed different contributions of the four faunal
groups to the variation of the biota along the connectivity gradient
(Figure 7b; Table S3): The contribution of plankton to the separation
of Isolated and No flow sites from other sites was high, whereas the
contribution of amphibians to the separation of Early, Middle, and
Late sites was high. Benthic macroinvertebrates contributed greatly
to the separation of Flowing sites from other sites, whereas fish
contributed equally to the variations among the sites except at the
Flowing sites.

4 | DISCUSSION

Environmental shifts occurred asynchronously among the water-
bodies of the floodplain, and the hydrological dynamics of each
waterbody influenced the local community composition. The
flood-recession survey showed that the four aquatic faunal groups
(plankton, benthos, fish, and amphibians) responded dynamically
but differently to the hydrological changes over the flood recession
period. The post-flood survey showed that the distribution patterns
of the four faunal groups differed according to the hydrological dy-
namics over the flood period, as was predicted from the different
biological responses of each faunal group to the hydrological condi-
tions. Our results indicate that the distinct responses of each bio-
logical group to conditions during the spring flood were responsible
for their respective post-flood distribution patterns in the water-
bodies. Our overall results support our hypothesis that the spatial
asynchrony in channel isolation from the main stream during flood
recession results in diverse aquatic communities on the floodplain,
and that the different responses of the various faunal groups to the
hydrological dynamics drives that diversity.

The temporal dynamics of nutrient concentrations and phy-
to- and zooplankton over the flood recession period showed that
plankton bloomed in isolated waterbodies never flushed by flowing
floodwaters, and that the nutrients became depleted in such isolated
waterbodies over time. The lower nutrient concentrations (NOj and
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TABLE 1 Model selection to reveal the threshold of connectivity to the river that influences the density and diversity of each faunal group

11 June
Flow
(AIC)

28 May
Flow
(AIC)

23 May
Flow
(AIC)

15 May
Flow
(AIC)

15 May

Best fit
model

River connection

(AIC)

p-value Note

t-value

SE

Estimate

Unit

Factor

Faunal group

<0.01
<0.001
<0.05
<0.001

-40.1 13.4 -3
<0.01

15 May Flow
23 May Flow

258.5
91.9

258.4
89.4
389
140

256.3
75.6
389

251.9
81

ind/L 257.6

Density

Zooplankton

-6.1
2.4

0.29
225.6

-1.8
550.7

95.6
385.6

No. of families

ind/m?

Diversity

384.9 389 15 May Flow

136.5
31.7

Density

Benthos

29

5.
29

1.37
0.11
0.57
0.25
0.25

7.24
0.

11 June Flow

124.8
37.9

140.1

141.5

No. of families

ind/m?

Diversity

*

32

15 May Flow

35.7

34.1

35.3
112.4

Density

Fish

<0.01

1

3.3

1.9
-1.24
-1.24

15 May Flow

116.6
79.6

116.1 1171
71.5

69.8

109.7

No. of species

Diversity

<0.001
<0.001

)
=5

23 May Flow

79.5

84.1
8

Presence rate

Amphibian

23 May Flow

69.8 71.5 79.6

79.5

4.1

No. of species

Diversity

Note: Bold numbers indicate the lowest Akaike information criterion (AIC) of each row.

=-2.2, p-value < 0.05.

0.00093, SE = 0.00042, t-value

*Significant effect of sampling area: Estimate
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FIGURE 7 (a) Non-metric multidimensional scaling (NMDS)
ordination of the whole aquatic biota (including the four faunal
group) at each of the 26 sites sampled during the post-flood survey.
Sites are coloured according to their connectivity to the river.

Each polygon represents a convex hull created by connecting the
outermost site scores for each of the six connectivity levels. Data
for the four faunal groups were combined after standardisation.

(b) Results of similarity percentage analysis (SIMPER). Vertical axis
shows the total contribution of each faunal group to the variation
in the aquatic biota between connectivity thresholds

SRP) in waterbodies with high densities of phyto- and zooplankton
indicate that plankton density was limited by factors other than nu-
trient availability, and that in isolated waterbodies nutrients were
depleted by plankton (Van Den Brink et al., 1992). Plankton commu-
nities are known to be vulnerable to flow (Chaparro et al., 2018; Van
den Brink et al., 1994); thus, in many of the waterbodies, phyto- and
zooplankton were probably flushed by the floodwaters. However,
the emergence of plankton in waterbodies that had been flushed
indicates that some plankton somehow remained in these water-
bodies during the flood period (Frisch, 2002) or that they colonised
them after the flood (Jenkins & Boulton, 2003). Although in each
waterbody the plankton density started to increase once the flow
stopped, and it is possible that later in the low-flow season (i.e.,
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after the study period) their density would become higher (Baranyi
et al., 2002; Grosholz & Gallo, 2006; Schagerl et al., 2009), their re-
covery was not fast enough to compensate for the impacts of the
flow at flood peak by the time of sampling.

In contrast to plankton, fish were more abundant and diverse in
waterbodies that were flushed by the peak flow. The spatial match
between the stable carbon isotope ratios of fish fry and benthos,
together with the similarity of the fish species composition at each
site between the flood-recession and post-flood surveys, indicates
that the residency of fish fry in each palaeo-side channel was high.
Salmonids spawn in habitats with gravel and pebble substrates
(Montgomery et al., 1999), which are common in the main stream
and side channels of the studied system. Furthermore, most of
the fish in the floodplain waterbodies (palaeo-side channels) were
juveniles; adults were found only in the main stream. Fitzgerald
et al. (2021) estimated that the dominant species in the studied sys-
tem, Oncorhynchus masou and Salvelinus leucomaenis, hatch primar-
ily in February and March. Therefore, it is assumed that salmonid
fry that hatched in extant side channels or the main stream of the
river moved to the palaeo-side channels during the flood to continue
their development as described by Rosenfeld et al. (2008), whereas
those hatched in extant side channels during the summer low-flow
period remained there during their development. Floodplain water-
bodies are important nurseries for many fishes in the river (Bellmore
et al., 2013; Jeffres et al., 2008), and they out-migrate from side
channels to the river and sometimes to downstream lakes as they
grow (Kanno et al., 2020; Tamate & Maekawa, 2004). Although fish
diversity was lower in waterbodies with lower connectivity, we ob-
served some fish species in those waterbodies that were not found
in the more connected waterbodies. Species that occurred in iso-
lated waterbodies included Cyprinidae and Cobitidae, which are
known to tolerate anoxic conditions (Fagernes et al., 2017). The spa-
tial variation in hydrological dynamics over flood recession period
thus contributed to the diversity of fish fauna on the floodplain.

Interestingly, the presence of amphibians was determined by the
timing of flow cessation in each waterbody. Both amphibian species
reproduced in the floodplain waterbodies soon after the flood peak,
and their eggs hatched and larvae developed in the waterbodies during
the low-flow period, a common pattern in amphibians (Griffiths, 1997,
Holgerson et al., 2019; Tockner et al., 2006). Our post-flood survey
showed that amphibian eggs were laid and larvae were observed in
waterbodies where the flow had stopped in the early flood reces-
sion period, before their reproductive season. Waterbodies on the
floodplain provide important habitats for amphibian larvae, yet use
of this temporary habitat exposes them to various risks, including
desiccation (Gervasi & Foufopoulos, 2008) and being flushed by flow
(Indermaur et al., 2010). Therefore, the timing of environmental shifts
such as flood recession may be particularly important for amphibians,
which use the floodplain waterbodies only seasonally.

Finally, benthos distributions were greatly influenced by the
occurrence of flow at the time of sampling. We observed diverse
aquatic insect taxa, including Ephemeroptera, Plecoptera, and
Trichoptera, in flowing waterbodies; most of these taxa require

flowing water for respiration (Merritt et al., 2008), and they were
not found in more isolated floodplain waterbodies. In contrast,
Chironomidae dominated most of the floodplain waterbodies in this
study. Relatively low Chironomidae density in isolated waterbodies,
which were not flushed by flow at peak flood, in contrast to other
floodplain waterbodies may be explained by the extremely anoxic
conditions of benthic habitats in those waterbodies. The low §°C
(-40%o0) of benthos in isolated waterbodies indicates that benthic
conditions were so anoxic that methane-derived carbon was con-
sumed by the benthos (Kohzu et al., 2004). In this study, we sorted
benthos at the family level, but species level identification could
have shown spatial variation of Chironomidae according to the hy-
drological dynamics over flood.

Overall, the observed unique responses of the four faunal groups
to the hydrological dynamics over the snowmelt flood recession pe-
riod well explained the spatial distributions of the four faunal groups
on a floodplain. This indicates spatial asynchrony in channel isolation
from the main stream during flood recession and responses of the
four biological groups led their distinct distributions on a floodplain.
However, we acknowledge the difficulties in clearly teasing out the
effect of spatial variation in hydrological dynamics over the flood re-
cession period we focused in this study from the effect of spatial varia-
tions in local environmental conditions (such as dissolved oxygen, pH,
and substrate type). Future experimental studies would be required
to clearly distinguish among these factors. Furthermore, the four fau-
nal groups that are individually presented in this study interact with
each other through food webs. Diverse aquatic communities on the
floodplain observed in this study indicate that food web structures
are also variable. Further studies of community structures and spe-
cies interactions in relation to hydrological dynamics would provide
insights into the dynamic meta-community (Leibold et al., 2004) and
meta-ecosystem structures (Gounand et al., 2018) on a floodplain.

Our results supported the findings of previous studies that
showed the link of hydrological connectivity to the river and the
floodplain aquatic communities (Amoros & Bornette, 2002; Tockner
et al., 2000). Moreover, the results of our studies during the flood
period showed how hydrological dynamics during the flood shaped
the distribution of each faunal group: plankton and fishes were pri-
marily influenced by whether the waterbody was flushed by peak
flow, whereas amphibians were influenced by the timing of flow
cessation and continuing flow during low-flow periods was import-
ant for benthos. Advanced technology for surveying the environ-
ment on broad spatial and temporal scales is now readily available,
including time-lapse photography (Parajka et al., 2012), drones
(Woodget et al., 2017), and remote sensing (Arnesen et al., 2013).
By using these techniques to monitor the hydrological dynamics on
floodplains over the flood period, together with our mechanistic un-
derstanding of the biological responses to hydrological dynamics, it
should be possible to predict the spatial distribution of aquatic com-
munities on floodplains.

Spatially variable hydrological dynamics and the biological re-
sponses on the floodplain were supported by a combination of the
natural geomorphic complexity of the floodplain and the natural
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seasonal dynamics of river discharge over the snowmelt recession
period. This study showed that three components of the seasonal
river flow dynamics played particularly important roles in support-
ing diverse aquatic communities: the peak flood stage, flow at low
stage, and the timing of flow recession. The magnitude and timing
of the snowmelt flood shows substantial year-to-year variations
(Yarnell et al., 2010). Long-term monitoring of the floodplain biota
may reveal interannual habitat shifts of the aquatic community on
a floodplain caused by variation of the hydrological dynamics of
the snowmelt recession. Factors such as climate change and reg-
ulation by dam construction can also change the seasonal dynam-
ics of river discharge (Poff & Schmidt, 2016; Yarnell et al., 2010).
The results of this study highlight the importance of the natu-
ral hydrological dynamics of snowmelt recession on floodplain

communities.

ACKNOWLEDGMENTS

This study was financially supported by the River Fund of the River
Foundation, Japan, to H. U., KAKENHI Grant Number 18H03408
and 21H04784 to H.U. and KAKENHI Grant Number 17H03725
to O.K. from the Japan Society for the Promotion of Science. The
research was logistically supported by the Uryu Research Forest,
Hokkaido University, for fieldwork and by the Center for Ecological
Research, Kyoto University for lab work. The isotope analysis
was conducted using the Joint Usage/Research Facilities of the
Center for Ecological Research, Kyoto University. We acknowledge
Hokkaido Electric Power Co., Inc. for providing the discharge data of
the Butokamabetsu River. We thank Dr Akifumi S. Tanabe at Tohoku
University and staff members at Uryu Research Forest, Hokkaido
University, including Tetsuro Nakaji, Toshiya Yoshida, Yuri Yabuhara,
Tohru Miyazaki, Chikara Kozuka, Michio Ishihara, Masaaki Ohmori,
Toshiyuki Sasahara, Yoshiaki Takahashi, Takashi Hara, Toshio Morita,
Masahiro Wakui, and Masayuki Watarai, for field assistance. We
thank K. Koba and R. Hirasawa for advice on the stable isotope anal-
ysis. Our work conforms to the guidelines for the proper conduct of
animal experiments in Japan. Field survey of aquatic animals was ap-
proved by the fishery and forestry department of Hokkaido (ID 610).

DATA AVAILABILITY STATEMENT
The data that support the findings of this study are available from
the corresponding author upon reasonable request.

ORCID
Hiromi Uno "2 https://orcid.org/0000-0002-9343-3061
https://orcid.org/0000-0001-5968-5938
https://orcid.org/0000-0001-8452-5100
https://orcid.org/0000-0002-2663-8155

https://orcid.org/0000-0003-1558-8073

Keitaro Fukushima
Yoichiro Kanno
Osamu Kishida
Shunsuke Utsumi

REFERENCES

Amoros, C., & Bornette, G. (2002). Connectivity and biocomplexity in
waterbodies of riverine floodplains. Freshwater Biology, 47(4), 761-
776. https://doi.org/10.1046/j.1365-2427.2002.00905.x

Freshwater Biology VS| LEYM

Amoros, C., & Roux, A. L. (1988). Interaction between water bodies
within the floodplains of large rivers: Function and development of
connectivity. Miinstersche Geographische Arbeiten, 29(1), 125-130.

Aoyama, K., Yoshida, T., Harada, A., Noguchi, M., Miya, H., & Shibata,
H. (2011). Changes in carbon stock following soil scarification
of non-wooded stands in Hokkaido, northern Japan. Journal of
Forest Research, 16(1), 35-45. https://doi.org/10.1007/s1031
0-010-0204-y

Arnesen, A. S., Silva, T. S, Hess, L. L., Novo, E. M., Rudorff, C. M.,
Chapman, B. D., & McDonald, K. C. (2013). Monitoring flood ex-
tent in the lower Amazon River floodplain using ALOS/PALSAR
ScanSAR images. Remote Sensing of Environment, 130, 51-61.
https://doi.org/10.1016/j.rse.2012.10.035

Arscott, D. B., Tockner, K., & Ward, J. V. (2005). Lateral organization of
aquatic invertebrates along the corridor of a braided floodplain
river. Journal of the North American Benthological Society, 24(4), 934~
954. https://doi.org/10.1899/05-037.1

Baranyi, C., Hein, T., Holarek, C., Keckeis, S., & Schiemer, F. (2002).
Zooplankton biomass and community structure in a Danube River
floodplain system: Effects of hydrology. Freshwater Biology, 47(3),
473-482. https://doi.org/10.1046/j.1365-2427.2002.00822.x

Bates, D., Maechler, M., Bolker, B., Walker, S., Christensen, R. H. B,
Singmann, H., ... Krivitsky, P. N. (2021). Package ‘Ime4’ Linear Mixed-
Effects Models using ‘Eigen’ and S4. https://cran.r-project.org/web/
packages/Ime4/

Bellmore, J. R., Baxter, C. V., Martens, K., & Connolly, P. J. (2013). The
floodplain food web mosaic: A study of its importance to salmon
and steelhead with implications for their recovery. Ecological
Applications, 23(1), 189-207. https://doi.org/10.1890/12-0806.1

Bolland, J. D., Nunn, A. D., Lucas, M. C., & Cowx, |. G. (2012). The impor-
tance of variable lateral connectivity between artificial floodplain
water bodies and river channels. River Research and Applications,
28(8), 1189-1199. https://doi.org/10.1002/rra.1498

Bowen, G. J. (2010). Isoscapes: Spatial pattern in isotopic biogeochem-
istry. Annual Review of Earth and Planetary Sciences, 38, 161-187.
https://doi.org/10.1146/annurev-earth-040809-152429

Chaparro, G., Horvath, Z., O'Farrell, 1., Ptacnik, R., & Hein, T. (2018).
Plankton metacommunities in floodplain wetlands under contrast-
ing hydrological conditions. Freshwater Biology, 63(4), 380-391.
https://doi.org/10.1111/fwb.13076

Crook, D. A, Buckle, D. J., Morrongiello, J. R., Allsop, Q. A., Baldwin, W.,
Saunders, T. M., & Douglas, M. M. (2020). Tracking the resource
pulse: Movement responses of fish to dynamic floodplain habitat
in a tropical river. Journal of Animal Ecology, 89(3), 795-807. https://
doi.org/10.1111/1365-2656.13146

DeNiro, M. J., & Epstein, S. (1978). Influence of diet on the distribution of
carbon isotopes in animals. Geochimica et Cosmochimica Acta, 42(5),
495-506. https://doi.org/10.1016/0016-7037(78)90199-0

Encalada, A. C., & Peckarsky, B. L. (2006). Selective oviposition of the
mayfly Baetis bicaudatus. Oecologia, 148(3), 526-537. https://doi.
org/10.1007/s00442-006-0376-5

Fagernes, C. E., Stenslgkken, K. O., Rghr, A. K., Berenbrink, M., Ellefsen,
S., & Nilsson, G. E. (2017). Extreme anoxia tolerance in crucian carp
and goldfish through neofunctionalization of duplicated genes cre-
ating a new ethanol-producing pyruvate decarboxylase pathway.
Scientific Reports, 7(1), 1-11. https://doi.org/10.1038/s41598-017-
07385-4

Fitzgerald, K. A., Haworth, M. R., Bestgen, K. R., Farrell, C. J., Utsumi,
S., Kishida, O., Uno, H., & Kanno, Y. (2021). Hatch timing of two
subarctic salmonids in a stream network estimated by otolith incre-
ments. Fisheries Management and Ecology, 28(6), 507-515.

Frisch, D. (2002). Dormancy, dispersal and the survival of cyclo-
poid copepods (Cyclopoida, Copepoda) in a lowland flood-
plain.  Freshwater Biology, 47(7), 1269-1281. https://doi.
org/10.1046/j.1365-2427.2002.00865.x


https://orcid.org/0000-0002-9343-3061
https://orcid.org/0000-0002-9343-3061
https://orcid.org/0000-0001-5968-5938
https://orcid.org/0000-0001-5968-5938
https://orcid.org/0000-0001-8452-5100
https://orcid.org/0000-0001-8452-5100
https://orcid.org/0000-0002-2663-8155
https://orcid.org/0000-0002-2663-8155
https://orcid.org/0000-0003-1558-8073
https://orcid.org/0000-0003-1558-8073
https://doi.org/10.1046/j.1365-2427.2002.00905.x
https://doi.org/10.1007/s10310-010-0204-y
https://doi.org/10.1007/s10310-010-0204-y
https://doi.org/10.1016/j.rse.2012.10.035
https://doi.org/10.1899/05-037.1
https://doi.org/10.1046/j.1365-2427.2002.00822.x
https://cran.r-project.org/web/packages/lme4/
https://cran.r-project.org/web/packages/lme4/
https://doi.org/10.1890/12-0806.1
https://doi.org/10.1002/rra.1498
https://doi.org/10.1146/annurev-earth-040809-152429
https://doi.org/10.1111/fwb.13076
https://doi.org/10.1111/1365-2656.13146
https://doi.org/10.1111/1365-2656.13146
https://doi.org/10.1016/0016-7037(78)90199-0
https://doi.org/10.1007/s00442-006-0376-5
https://doi.org/10.1007/s00442-006-0376-5
https://doi.org/10.1038/s41598-017-07385-4
https://doi.org/10.1038/s41598-017-07385-4
https://doi.org/10.1046/j.1365-2427.2002.00865.x
https://doi.org/10.1046/j.1365-2427.2002.00865.x

UNO ET AL.

ﬂW] |B2A® reshwater Biology

Gallardo, B., Dolédec, S., Paillex, A., Arscott, D. B., Sheldon, F., Zilli, F., ...
Comin, F. A. (2014). Response of benthic macroinvertebrates to gra-
dients in hydrological connectivity: A comparison of temperate, sub-
tropical, Mediterranean and semiarid river floodplains. Freshwater
Biology, 59(3), 630-648. https://doi.org/10.1111/fwb.12292

Gervasi, S. S., & Foufopoulos, J. (2008). Costs of plasticity: Responses
to desiccation decrease post-metamorphic immune function in a
pond-breeding amphibian. Functional Ecology, 22(1), 100-108.

Gounand, |., Harvey, E., Little, C. J.,, & Altermatt, F. (2018). Meta-
ecosystems 2.0: Rooting the theory into the field. Trends in Ecology
& Evolution, 33(1), 36-46.

Griffiths, R. A. (1997). Temporary ponds as amphibian habitats. Aquatic
Conservation: Marine and Freshwater Ecosystems, 7(2), 119-126.
https://doi.org/10.1002/(SICI)1099-0755(199706)7:2<119:AlD-
AQC223>3.0.CO;2-4

Grosholz, E., & Gallo, E. (2006). The influence of flood cycle and fish pre-
dation on invertebrate production on a restored California flood-
plain. Hydrobiologia, 568(1), 91-109. https://doi.org/10.1007/s1075
0-006-0029-z

Hauer, F. R., Locke, H., Dreitz, V. J., Hebblewhite, M., Lowe, W. H.,
Muhlfeld, C. C., ... Rood, S. B. (2016). Gravel-bed river floodplains
are the ecological nexus of glaciated mountain landscapes. Science
Advances, 2(6),e1600026. https://doi.org/10.1126/sciadv.1600026

Holgerson, M. A., Duarte, A., Hayes, M. P, Adams, M. J., Tyson, J. A.,
Douville, K. A., & Strecker, A. L. (2019). Floodplains provide im-
portant amphibian habitat despite multiple ecological threats.
Ecosphere, 10(9), €02853. https://doi.org/10.1002/ecs2.2853

Indermaur, L., Schaub, M., Jokela, J., Tockner, K., & Schmidt, B. R.
(2010). Differential response to abiotic conditions and preda-
tion risk rather than competition avoidance determine breeding
site selection by anurans. Ecography, 33(5), 887-895. https://doi.
org/10.1111/j.1600-0587.2010.06150.x

Jeffres, C. A., Opperman, J. J., & Moyle, P. B. (2008). Ephemeral flood-
plain habitats provide best growth conditions for juvenile Chinook
salmon in a California river. Environmental Biology of Fishes, 83(4),
449-458, https://doi.org/10.1007/s10641-008-9367-1

Jenkins, K. M., & Boulton, A. J. (2003). Connectivity in a dryland river:
Short-term aquatic microinvertebrate recruitment following
floodplain inundation. Ecology, 84(10), 2708-2723. https://doi.
org/10.1890/02-0326

Kanno, Y., Yui, N., Mamiya, W., Sakai, R., Yabuhara, Y., Miyazaki, T, ...
Uno, H. (2020). A multistate mark-recapture approach to charac-
terize stream fish movement at multiple spatial scales. Canadian
Journal of Fisheries and Aquatic Sciences, 77(6), 1090-1100. https://
doi.org/10.1139/cjfas-2019-0329

Kohzu, A., Kato, C., lwata, T., Kishi, D., Murakami, M., Nakano, S., & Wada,
E. (2004). Stream food web fueled by methane-derived carbon.
Aquatic Microbial Ecology, 36(2), 189-194. https://doi.org/10.3354/
ame036189

Kupferberg, S. J. (1996). Hydrologic and geomorphic factors affect-
ing conservation of a river-breeding frog (Rana boylii). Ecological
Applications, 6(4), 1332-1344. https://doi.org/10.2307/2269611

Kuznetsova, A., Brockhoff, P. B., Christensen, R. H. B., & Jensen, S. P.
(2020). Package ‘ImerTest’ tests in linear mixed effects models. https://
cran.r-project.org/web/packages/ImerTest/

Larsen, S., Karaus, U., Claret, C., Sporka, F., Hamerlik, L., & Tockner, K.
(2019). Flooding and hydrologic connectivity modulate community
assembly in a dynamic river-floodplain ecosystem. PLoS One, 14(4),
e0213227. https://doi.org/10.1371/journal.pone.0213227

Leibold, M. A., Holyoak, M., Mouquet, N., Amarasekare, P., Chase, J. M.,
Hoopes, M. F,, ... Gonzalez, A. (2004). The metacommunity concept:
A framework for multi-scale community ecology. Ecology Letters,
7(7), 601-613. https://doi.org/10.1111/j.1461-0248.2004.00608.x

Merritt, R. W., Cummins, K. W., & Berg, M. B. (2008). An introduction
to the Aquatic insects of North America (4th ed.). Kendall Hunt
Publishing Company.

Montgomery, D. R., Beamer, E. M., Pess, G. R., & Quinn, T. P. (1999).
Channel type and salmonid spawning distribution and abundance.
Canadian Journal of Fisheries and Aquatic Sciences, 56(3), 377-387.
https://doi.org/10.1139/f98-181

Morand, A., & Joly, P. (1995). Habitat variability and space utilization by
the amphibian communities of the French Upper-Rhone floodplain.
In G. Balvay (Eds.), Space partition within aquatic ecosystems (pp.
249-257). Dordrecht, Netherlands: Springer.

Nakano, S. (1995). Individual differences in resource use, growth and em-
igration under the influence of a dominance hierarchy in fluvial red-
spotted masu salmon in a natural habitat. Journal of Animal Ecology,
64, 75-84. https://doi.org/10.2307/5828

Ogawa, A, Shibata, H., Suzuki, K., Mitchell, M. J., & lkegami, Y. (2006).
Relationship of topography to surface water chemistry with par-
ticular focus on nitrogen and organic carbon solutes within a for-
ested watershed in Hokkaido, Japan. Hydrological Processes: An
International Journal, 20(2), 251-265. https://doi.org/10.1002/
hyp.5901

Oksanen, J., Guillaume, F. B., Friendly, M., Kindt, R., Legendre, P.,
McGlinnm, D., ... Wagner, H. (2020). Package ‘vegan’ community
ecology package. Version 2.5-7. https://cran.r-project.org/web/
packages/vegan/

Parajka, J., Haas, P., Kirnbauer, R., Jansa, J., & Bloschl, G. (2012). Potential
of time-lapse photography of snow for hydrological purposes at the
small catchment scale. Hydrological Processes, 26(22), 3327-3337.
https://doi.org/10.1002/hyp.8389

Poff, N. L. R., & Schmidt, J. C. (2016). How dams can go with the flow.
Science, 353(6304), 1099-1100. https://doi.org/10.1126/scien
ce.aah4926

R Core Team (2018). R: A language and environment for statistical comput-
ing. R Foundation for Statistical Computing. https://cloud.r-proje
ct.org/index.html

Rosenfeld, J. S., Raeburn, E., Carrier, P. C., & Johnson, R. (2008). Effects of
side channel structure on productivity of floodplain habitats for ju-
venile coho salmon. North American Journal of Fisheries Management,
28(4), 1108-1119. https://doi.org/10.1577/M07-027.1

Schagerl, M., Drozdowski, ., Angeler, D. G., Hein, T., & Preiner, S. (2009).
Water age - A major factor controlling phytoplankton commu-
nity structure in a reconnected dynamic floodplain (Danube,
Regelsbrunn, Austria). Journal of Limnology, 68(2), 274-287. https://
doi.org/10.4081/jlimnol.2009.274

Shibata, H., Sugawara, O., Toyoshima, H., Wondzell, S. M., Nakamura,
F., Kasahara, T, ... Sasa, K. (2004). Nitrogen dynamics in the hy-
porheic zone of a forested stream during a small storm, Hokkaido,
Japan. Biogeochemistry, 69(1), 83-104. https://doi.org/10.1023/
B:BIOG.0000031042.90585.0a

Sotiropoulos, M. A., Tonn, W. M., & Wassenaar, L. I. (2004). Effects
of lipid extraction on stable carbon and nitrogen isotope anal-
yses of fish tissues: Potential consequences for food web stud-
ies. Ecology of Freshwater Fish, 13(3), 155-160. https://doi.
org/10.1111/j.1600-0633.2004.00056.x

Tamate, T., & Maekawa, K. (2004). Female-biased mortality rate and
sexual size dimorphism of migratory masu salmon, Oncorhynchus
masou. Ecology of Freshwater Fish, 13(2), 96-103. https://doi.
org/10.1111/j.1600-0633.2004.00043.x

Tayasu, |, Hirasawa, R., Ogawa, N. O., Ohkouchi, N., & Yamada, K. (2011).
New organic reference materials for carbon-and nitrogen-stable
isotope ratio measurements provided by the Center for Ecological
Research, Kyoto University, and Institute of Biogeosciences, Japan
Agency for Marine-Earth Science and Technology. Limnology, 12(3),
261-266.

Thomaz, S. M., Bini, L. M., & Bozelli, R. L. (2007). Floods increase similarity
among aquatic habitats in river-floodplain systems. Hydrobiologia,
579(1), 1-13. https://doi.org/10.1007/s10750-006-0285-y

Tockner, K., Klaus, I., Baumgartner, C., & Ward, J. V. (2006). Amphibian
diversity and nestedness in a dynamic floodplain river (Tagliamento,


https://doi.org/10.1111/fwb.12292
https://doi.org/10.1002/(SICI)1099-0755(199706)7:2%3C119:AID-AQC223%3E3.0.CO;2-4
https://doi.org/10.1002/(SICI)1099-0755(199706)7:2%3C119:AID-AQC223%3E3.0.CO;2-4
https://doi.org/10.1007/s10750-006-0029-z
https://doi.org/10.1007/s10750-006-0029-z
https://doi.org/10.1126/sciadv.1600026
https://doi.org/10.1002/ecs2.2853
https://doi.org/10.1111/j.1600-0587.2010.06150.x
https://doi.org/10.1111/j.1600-0587.2010.06150.x
https://doi.org/10.1007/s10641-008-9367-1
https://doi.org/10.1890/02-0326
https://doi.org/10.1890/02-0326
https://doi.org/10.1139/cjfas-2019-0329
https://doi.org/10.1139/cjfas-2019-0329
https://doi.org/10.3354/ame036189
https://doi.org/10.3354/ame036189
https://doi.org/10.2307/2269611
https://cran.r-project.org/web/packages/lmerTest/
https://cran.r-project.org/web/packages/lmerTest/
https://doi.org/10.1371/journal.pone.0213227
https://doi.org/10.1111/j.1461-0248.2004.00608.x
https://doi.org/10.1139/f98-181
https://doi.org/10.2307/5828
https://doi.org/10.1002/hyp.5901
https://doi.org/10.1002/hyp.5901
https://cran.r-project.org/web/packages/vegan/
https://cran.r-project.org/web/packages/vegan/
https://doi.org/10.1002/hyp.8389
https://doi.org/10.1126/science.aah4926
https://doi.org/10.1126/science.aah4926
https://cloud.r-project.org/index.html
https://cloud.r-project.org/index.html
https://doi.org/10.1577/M07-027.1
https://doi.org/10.4081/jlimnol.2009.274
https://doi.org/10.4081/jlimnol.2009.274
https://doi.org/10.1023/B:BIOG.0000031042.90585.0a
https://doi.org/10.1023/B:BIOG.0000031042.90585.0a
https://doi.org/10.1111/j.1600-0633.2004.00056.x
https://doi.org/10.1111/j.1600-0633.2004.00056.x
https://doi.org/10.1111/j.1600-0633.2004.00043.x
https://doi.org/10.1111/j.1600-0633.2004.00043.x
https://doi.org/10.1007/s10750-006-0285-y

UNO ET AL.

NE-Italy). In R. S. E. W. Leuven, A. M. J. Ragas, A. J. M. Smits & G.
van der Velde (Eds.), Living rivers: Trends and challenges in science
and management (pp. 121-133). Dordrecht, Netherlands: Springer.

Tockner, K.,Malard, F.,&Ward, J. V.(2000). An extension of the flood pulse
concept. Hydrological Processes, 14(16-17), 2861-2883. https://doi.
org/10.1002/1099-1085(200011/12)14:16/17<2861:AID-HYP12
4>3.0.CO;2-F

Tockner, K., Schiemer, F., & Ward, J. V. (1998). Conservation by resto-
ration: The management concept for a river-floodplain system
on the Danube River in Austria. Aquatic Conservation: Marine and
Freshwater Ecosystems, 8(1), 71-86. https://doi.org/10.1002/
(SICI)1099-0755(199801/02)8:1<71:AID-AQC265>3.0.CO;2-D

Van den Brink, F. W. B., De Leeuw, J. P. H. M., Van der Velde, G., &
Verheggen, G. M. (1992). Impact of hydrology on the chemistry and
phytoplankton development in floodplain lakes along the Lower
Rhine and Meuse. Biogeochemistry, 19(2), 103-128. https://doi.
org/10.1007/BFO0000798

Van den Brink, F. W. B., Van Katwijk, M. M., & Van der Velde, G. (1994).
Impact of hydrology on phyto-and zooplankton community compo-
sition in floodplain lakes along the Lower Rhine and Meuse. Journal
of Plankton Research, 16(4), 351-373. https://doi.org/10.1093/
plankt/16.4.351

Ward, J. V., Tockner, K., & Schiemer, F. (1999). Biodiversity of floodplain
river ecosystems: Ecotones and connectivity. River Research and
Applications, 15(1-3), 125-139.

Weidel, B. C., Carpenter, S. R., Kitchell, J. F., & Vander Zanden, M. J.
(2011). Rates and components of carbon turnover in fish muscle:

Freshwater Biology VS| LEYM

Insights from bioenergetics models and a whole-lake 13C addi-
tion. Canadian Journal of Fisheries and Aquatic Sciences, 68(3),
387-399.

Woodget, A. S., Austrums, R., Maddock, I. P., & Habit, E. (2017). Drones
and digital photogrammetry: From classifications to continu-
ums for monitoring river habitat and hydromorphology. Wiley
Interdisciplinary Reviews: Water, 4(4), e1222.

Yarnell, S. M., Viers, J. H., & Mount, J. F. (2010). Ecology and manage-
ment of the spring snowmelt recession. BioScience, 60(2), 114-127.
https://doi.org/10.1525/bi0.2010.60.2.6

SUPPORTING INFORMATION
Additional supporting information may be found in the online ver-
sion of the article at the publisher’s website.

How to cite this article: Uno, H., Yokoi, M., Fukushima, K.,
Kanno, Y., Kishida, O., Mamiya, W., Sakai, R., & Utsumi, S.
(2022). Spatially variable hydrological and biological processes
shape diverse post-flood aquatic communities. Freshwater
Biology, 67, 549-563. https://doi.org/10.1111/fwb.13862



https://doi.org/10.1002/1099-1085(200011/12)14:16/17%3C2861:AID-HYP124%3E3.0.CO;2-F
https://doi.org/10.1002/1099-1085(200011/12)14:16/17%3C2861:AID-HYP124%3E3.0.CO;2-F
https://doi.org/10.1002/1099-1085(200011/12)14:16/17%3C2861:AID-HYP124%3E3.0.CO;2-F
https://doi.org/10.1002/(SICI)1099-0755(199801/02)8:1%3C71:AID-AQC265%3E3.0.CO;2-D
https://doi.org/10.1002/(SICI)1099-0755(199801/02)8:1%3C71:AID-AQC265%3E3.0.CO;2-D
https://doi.org/10.1007/BF00000798
https://doi.org/10.1007/BF00000798
https://doi.org/10.1093/plankt/16.4.351
https://doi.org/10.1093/plankt/16.4.351
https://doi.org/10.1525/bio.2010.60.2.6
https://doi.org/10.1111/fwb.13862

