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The quality of habitat at and around a spawning site, and the availability of movement between spawning
and nonspawning habitats are likely to be important determinants for population persistence in a
degraded and fragmented landscape. We assessed the influence of habitat connectivity, habitat quality
and invasive species for distributions and local abundance of eggs and larvae of crucian carp (Crassius
auratus complex, which is listed as ‘‘data deficient’’ on the Japanese Red List) in agricultural landscapes
surrounding Lake Mikata, Japan, where drainage ditches and paddy fields are extensively utilised for
spawning (lake or river shores are also used). We investigated the presence and abundance of eggs
and larvae of crucian carp and habitat components at 146 sites across a range of presumed spawning hab-
itats. Egg presence was affected strongly by connectivity to the lake (watercourse distance from the lake),
and egg abundance was significantly influenced by both connectivity and habitat quality. In contrast, lar-
val presence was primarily related to habitat quality. Larval abundance was influenced by connectivity
and habitat quality, but the effect of connectivity was relatively low. Furthermore, larval abundance
was negatively related to the presence of the invasive species red swamp crayfish (Procambarus craki)
and bullfrog (Rana catesbeiana). Our findings indicate that connectivity, habitat quality and the presences
of invasive species are crucial in determining suitable spawning and nursery habitats, but their relative
importance may vary depending on egg and larval life stages. We suggest that restoring connectivity,
improving habitat quality and removal of invasive species could be effective conservation strategies
for the declining populations of crucian carp in agricultural landscapes.

Crown Copyright � 2011 Published by Elsevier Ltd. All rights reserved.
1. Introduction

Habitat degradation and fragmentation are both seriously
threatening biodiversity, such that habitat protection and restora-
tion are integral elements of conservation and management
(Kuussaari et al., 2009). Many freshwater organisms such as fishes
and amphibians use multiple habitats to gain access to different re-
sources required at the various individual life stages; therefore
they are vulnerable to changes in the availability and quality of
any or all of the required habitats (Riley et al., 2005; Parris,
2006; Lucas et al., 2009; Becker et al., 2010; Foldvik et al., 2010;
Gorski et al., 2010). Because the reduction in connectivity between
spawning and nonspawning habitats (including feeding habitats),
and the loss or decrease in suitable spawning habitats can ad-
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versely affect population structure and persistence, characterising
and prioritising suitable spawning and nursery habitats are essen-
tial to conservation planning in a degraded and fragmented land-
scape (Knapp et al., 1998; Fernandez et al., 2003; Parris, 2006;
Isaak et al., 2007; Werner et al., 2007; Becker et al., 2010; Gorski
et al., 2010). However, our understanding of the factors that deter-
mine suitable spawning and nursery habitat selections remains
limited for a wide variety of aquatic organisms.

Rice paddies and the adjacent drainage ditches, which are tem-
porary wetlands connected to permanent bodies of water such as
rivers or lakes, provide suitable spawning and nursery habitats
for various freshwater fishes, including crucian carp (Carassius
auratus complex; Yamamoto et al., 2010) in the monsoonal region
in Asia such as Japan (Katano et al., 2003; Khoa et al., 2005; Wash-
itani, 2007; Suzuki et al., 2008; Kanao et al., 2009). The adults of
crucian carp typically live in permanent bodies of water such as
lakes, but during the rice-planting season, when paddies are fully
ights reserved.
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irrigated, reproductive adults move into the shallow shores of riv-
ers and lakes, and into paddy fields and drainage ditches to spawn.
Crucian carp is a substrate spawner and scatters adhesive eggs over
substrates such as aquatic macrophytes (Laurila et al., 1987; Kat-
ano and Hakoyama, 1997; Kanao et al., 2009). Therefore, the possi-
bility of movement between spawning sites and nonspawning
habitats as well as the quality of spawning habitats can strongly af-
fect reproductive success.

In Japan, there is currently considerable concern over the de-
clines in the population of crucian carp, which is commercially
important for local fisheries (Suzuki et al., 2008; Kano et al.,
2010). It is believed that habitat fragmentation and degradation
due to improvements made to the paddy systems over the last
40 years with regard to increasing rice production are among the
major reasons for the decline. Historically, paddy fields were con-
nected to rivers by earth irrigation and drainage ditches, and the
water level of the paddy fields is similar to that of the ditches,
which allows crucian carp to migrate easily from rivers into these
fields through the ditches. In modern irrigation systems, however,
irrigation ditches are lined with pipes and separated from the
drainage ditches, and water is drained from the fields into deep,
U-shaped, concrete-sided ditches in which the water level is more
than 70 cm below that of the rice fields (Lane and Fujioka, 1998;
Katano et al., 2003; Washitani, 2007; Kano et al., 2010). Loss of
spawning substrates, such as aquatic macrophytes, together with
the effects of invasive species, such as bullfrogs (Rana catesbeiana)
and red swamp crayfish (Procambarus clarkii), may also affect the
quality of spawning habitat in agricultural landscapes. The aquatic
habitat networks provided by paddy systems have been highly
fragmented and degraded, but they remain of high conservation
value, as they are the most species-rich habitat of aquatic species
in Japan, and the drainage ditches contribute to the support and
conservation of aquatic fauna (Washitani, 2007). To conserve cru-
cian carp populations in altered agricultural landscapes, local and
landscape determinants of suitable spawning and nursery habitats
should be identified.

The aim of this study was to identify local and landscape vari-
ables determining the distribution and local abundance of the eggs
Shimanouchi-tai region

Fig. 1. The study watershed of Lake Mikata, which is part of a wetland of internation
and larvae of crucian carp. We focused on a population assemblage
of crucian carp in agricultural landscapes in the basin of Lake Mik-
ata (a component of the lake system designated as a Ramsar site) in
Fukui Prefecture, Japan, because an aquatic network of many small
rivers and drainage ditches connect to the lake that mutually differ
in their biotic and abiotic features. Specifically, we examined
whether the importance of connectivity (watercourse distance
from the lake), habitat quality (water body type, bottom substrates
and aquatic macrophytes), the effects of invasive species on the
presence and local abundance of crucian carp. We also examined
whether the importance of these factors differs depending on life
stage, because different life stages can have different habitat
requirements and dispersal ability (Lowe et al., 2004; Einum
et al., 2006, 2008; Foldvik et al., 2010).

2. Materials and methods

2.1. The target aquatic network system and survey sites

Our investigation site was a part of the watershed of the Lake
Mikata in Fukui Prefecture, Japan (Fig. 1, N35�56068.1800,
E135�88025.8300). The lake is a part of the Mikata-goko lake system,
which has been designated as a Ramsar site consisting of five
bodies of brackish-freshwater. Lake Mikata is the only freshwater
lake (eutrophic lake) in Mikata-goko and has an area of 3.45 km2

with a maximum depth of approximately 2.5 m. In Lake Mikata,
crucian carp is one of the most commercially important fish. How-
ever, the catch of crucian carp has been declining in Lake Mikata,
especially since the late 1980s (Fig. 2).

We focused on the aquatic habitat network consisting of drain-
age ditches, rivers and lake in the watershed of Lake Mikata. At this
study site, most of the paddy fields have already been converted to
modern irrigation systems. Paddy fields are connected to the lake
through rivers and drainage ditches, and drainage ditches are
interconnected not only to each other, but also to rivers. Because
there are 50–100 cm vertical gaps between the paddy fields and
drainage ditches, crucian carp can utilise the drainage ditches, riv-
ers and lakeshore as spawning sites, but they cannot migrate into
Lake Mikata

Torihama region
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al importance as deemed by the Ramsar Convention, in Fukui Prefecure, Japan.



Year
1980 1985 1990 1995 2000 2005

Fi
sh

er
y 

pr
od

uc
ts

 (t
on

ne
s)

0

20

40

60

80

100

Fig. 2. The annual fishery catch of crucian carp (Carassius auratus complex) in
Mikata-goko (principally Lake Mikata) from 1981 and 2007. Data were provided by
the Fukui Prefectural Annual Fishery Statistics.
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the paddy fields. In addition to aquatic habitat fragmentation, non-
native bullfrog species (Rana catesbeiana) and red swamp crayfish
(Procambarus clarkii) have already invaded not only the lake shore
and rivers, but also the paddy fields and drainage ditches. These
species are invasive and exhibit strong impacts on native aquatic
species throughout the world (Kats and Ferrer, 2003).

In the study area, the spawning of crucian carp occurs from
mid-April to the end of May. Our survey was undertaken over a
short time period immediately after the crucian carp spawning
season. Habitat assessment, and egg and larval survey, were car-
ried out from 26 May to 7 June, and from 26 May to 1 June,
2009, respectively. Because our goal was to comprehensively sur-
vey spawning habitats in the study area, we attempted to collect
fine-scale spatial data on lakeside shore vegetation and all the riv-
ers and drainage ditches connected to the lake, rather than select-
ing and focusing on only some subset of study rivers and drainage
ditches. We did not investigate all paddy fields and sites upstream
from low-head dams or weirs as sampling sites, because the move-
ment of reproductive adults of crucian carp was clearly restricted.
In our preliminary survey based on visual observation, eggs and
larvae of crucian carp were not observed at those sites.

2.2. Habitat assessment

To measure habitat quality, and survey eggs and larvae, we
investigated randomly chosen 146 sampling sites (95 ditch sites,
37 river sites, and 14 lake shore sites). The sampling sites were sep-
arated by at least 50 m of watercourse distance. The habitat quality
of the sampling sites was examined using a series of quantitative
and qualitative measures designed to be recorded to rapidly max-
imise the number of rivers and ditches that could be surveyed. At
each site, we recorded site coordinates using a global positioning
system (GPS), and we established a 4 m2 transect so that total sur-
vey area is identical between sites. Several variables that could
plausibly affect egg and larval abundances were measured at each
site, including (1) water depth; (2) type of water body (each water
body was classified as a run or pool); (3) substrates, which were
visually classified as silt (<0.5 mm), sand (0.5–2.0 mm) and
gravel/cobble (>2.0 mm); (4) the percentage cover of submerged
(Hydrilla verticillata, Potamogeton crispus, Elodea nuttallii, Egeria
densa), floating (Trapa, sp., Nuphar japonicum) and emergent mac-
rophytes (Phragmites australis, Zizania latifolia), which was based
on visual observation; and (5) the presence and absence of invasive
bullfrog (Rana catesbeiana, mainly tadpoles) and red swamp cray-
fish (Procambraus clarkii) recorded using a D-frame net for 20 min.

2.3. Egg and larval surveys

At each site, we recorded the presence or absence of eggs and
larvae in each site, and, if present after sampling, counted the num-
bers of egg and larvae. We determined egg abundance within two
randomly placed 0.25 m2 quadrats within the 4 m2 transect that
was used to measure habitat quality. We cut all of the vegetation
(i.e., potentially spawning substrates) from the base of the roots
within each quadrat. The number of eggs was averaged. We also
sampled larvae by taking four 50 cm sweeps using a hand dip
net (25 cm wide; 0.5 mm mesh size) at a depth of 0–25 cm from
the surface. Larval sampling was conducted twice, and the results
were averaged (i.e., yielding a value for individuals m�2). Eggs
and larvae were identified morphologically in the field, and later
we confirmed that a subsample of larvae (45 individuals) were Car-
assius auratus by analysing mitochondrial DNA sequences based on
the method of Yamamoto et al. (2010), suggesting that our mor-
phological identification was reasonably correct (Takeshima M
and Matsuzaki SS, unpublished).

2.4. Measure of connectivity

Connectivity can be measured in a variety of ways, from the
simplest nearest-neighbour distance to more complex formulas
that include patch distances, areas, species dispersal abilities and
other scaling parameters (Moilanen and Nieminen, 2002). Assum-
ing that the lake is the largest source population of crucian carp in
the study site, we used watercourse distance from the lake to the
site as the simplest measure of connectivity (Olden et al., 2001;
Granado-Lorencio et al., 2005; Santoul et al., 2005). Based on GPS
data, we calculated watercourse distances as the shortest distance
from the margins of the lake following connecting waterways
using MapSource 6.15.4 (Garmin International, Olathe, Kansas,
USA) and 1:25,000 topographic maps. We recorded watercourse
distance of all sampling sites in the lakeside vegetation as zero.

2.5. Statistical procedures

To examine the influence of connectivity to the lake and habitat
quality on the distribution and abundance of eggs and larvae, we
used generalised linear models (GLMs) with binomial error distri-
butions (i.e., logit link functions) for egg and larval presence, as
well as negative binomial error distributions (also log link func-
tions) for egg and larval abundance. Negative binomial regression
was ideal for this analysis because the data included frequent zero
values, and the dependent variable was continuous and overdi-
spersed for a Poisson distribution (i.e., the variance exceeded the
mean). We also examined whether larval abundance was related
to egg presence and abundance using GLMs with negative binomial
distributions. We performed all of our analysis using the open
source software R 2.11.1 (R Development Core Team, 2010).

Because our study site locations are roughly divided into two
separate river watersheds (i.e., the Torihama and Shimanouchi-
tai regions, Fig. 1), we included a categorical region term as a con-
trol variable in the models to minimise the chance of a spurious
correlation as the consequence of broad-scale spatial autocorrela-
tion and to increase our chance of detecting an effect by reducing
error variances. In the analysis of egg abundance, we also treated
water depth as a control variable, because deeper water bodies will
potentially have longer spawning substrates (e.g., the stems of
macrophytes). For larval abundance, we did not include water
depth in the model because our larval sampling was performed
at the water surface (<25 cm). We did not consider the effect of
sampling date on the egg and larval distributions, because our
sampling duration (1 week) was relatively short and there were
no significant correlation between egg or larval abundance/pres-
ence and sampling dates (GLMs: r2 < 0.1, P > 0.4), suggesting no
clear temporal trend of the occurrence of eggs and larvae.

We standardised continuous explanatory variables with mean 0
and variance 1 before analysis to compare the standardised
parameter estimates between those variables. We tested for



Table 2
GLM results with binomial error examing the effects of connectivity, habitat quality
and invasive species on presence of egg and larva of crucian carp. Bold values indicate
estimates where the 95% confidence interval (CI) does not include zero.

Stage Explanatory variablea Coefficient ±SE Wald 95%CI

Lower Upper
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multicollinearity among the explanatory variables before analysis.
We calculated Pearson’s correlation coefficient among continuous
variables, and used simple regression to test the correlation be-
tween categorical and continuous variables or between categorical
variables. For multicollinearity, Berry and Feldman (1985) sug-
gested that a correlation coefficient higher than 0.7 is critical: if
r > 0.7, then the multiple regression may be biased. Although the
explanatory variables were weakly correlated with each other,
any correlation among explanatory variables did not exceed the
commonly used threshold. Thus, our models were not affected by
the multicollinearity of explanatory variables. We calculated 95%
confidence intervals for each parameter. For each parameter, the
estimated predictor was considered significant if the confidence
intervals did not contain zero.
Egg Intercept �0.41 0.44 �1.28 0.46
Watercourse distance from the lake �0.93 0.40 �1.71 �0.14
Water body type (pool vs. run) �0.28 0.53 �1.32 0.75
Bottom substrate (mud vs. sand) 0.12 0.79 �1.43 1.68
(mud vs. stone) �1.31 1.19 �3.64 1.01
Submerged macrophyte cover 0.03 0.25 �0.46 0.51
Emergent macrophyte cover �0.23 0.28 �0.78 0.32
Floating macrophyte cover 0.13 0.27 �0.39 0.65
Presence of bullfrog �0.16 0.68 �1.50 1.17
Presence of redswamp crayfish �0.53 0.70 �1.89 0.84
Water depthb 1.55 0.34 0.88 2.21
Region (Shimanouchi-tai vs. Torihama)b 0.12 0.54 �0.95 1.18

Larva Intercept 0.48 0.40 �0.30 1.25
Watercourse distance from the lake �0.22 0.30 �0.81 0.37
Water body type (pool vs. run) �1.27 0.48 �2.21 �0.33
Bottom substrate (mud vs. sand) 0.50 0.68 �0.83 1.82
(mud vs. stone) �0.59 0.86 �2.28 1.09
Submerged macrophyte cover 0.43 0.22 0.00 0.86
Emergent macrophyte cover 0.23 0.24 �0.24 0.69
Floating macrophyte cover 0.78 0.31 0.17 1.38
Presence of bullfrog 0.23 0.55 �0.84 1.30
Presence of redswamp crayfish �0.96 0.65 �2.23 0.32
Region (Shimanouchi-tai vs. Torihama)b �0.56 0.49 �1.53 0.41

a All continuous variables were standardised to a mean of 0 and a variance of 1.
b The variable incorporated into the model as an extra control variable.

Table 3
GLM results with negative binomial error examing the effects of connectivity, habitat
quality and invasive species on the egg and larval abundances of crucian carp. Bold
values indicate estimates where the 95% confidence interval (CI) does not include
zero.

Stage Explanatory variablea Coefficient ±SE Wald 95%CI

Lower Upper

Egg Intercept 3.25 0.58 2.11 4.38
Watercourse distance from the lake �2.25 0.45 �3.14 �1.36
Water body type (pool vs. run) �1.74 0.69 �3.10 �0.38
Bottom substrate (mud vs. sand) �1.96 1.00 �3.92 �0.01
(mud vs. stone) �3.57 1.50 �6.52 �0.63
Submerged macrophyte cover 1.28 0.32 0.65 1.90
3. Results

Crucian carp utilised not only the lake shore, but also rivers and
drainage ditches as spawning and nursery sites in the watershed of
Lake Mikata. At least one egg and larva were detected at 58 and 58
of the 146 sites surveyed, respectively. Both eggs and larvae were
observed at 42 sites. Mean abundance of egg and larvae was
438 m�2 (range: 0–10364) and 54 individuals m�2 (range: 0–
1532), respectively. The total larval body length ranged from 5 to
20 mm, corresponding to ages of 5–10 and to 20–25 days after
hatching, respectively (Fujiwara et al., 1995; Kanao et al., 2009).

Larval abundance was significantly positively related to the
presence of eggs (Analysis 1 in Table 1). However, the correlation
between egg abundance and larval abundance was not significant
(Analysis 2 in Table 1).

The GLM revealed that connectivity had a strong influence on
the probability of egg presence (Table 2), whereas habitat quality
and the presence of invasive species had no significant effect on
egg distribution. The areas within 200 m of the lake had a high
probability (>50%) of egg occurrence, but the probability decreased
gradually with the increasing watercourse distance from the lake
(Fig. 3a). In contrast, submerged and floating macrophyte cover
influenced larval presence positively, whereas connectivity and
the presence of invasive species had no significant effects on larval
presence. Water body type influenced larval presence, as larvae
were found more frequently in pool sites with almost nonexsistent
current, than in flowing sites.

The GLM also showed that connectivity, habitat quality and the
presence of invasive species influenced egg and larval abundance.
Four variables (i.e., watercourse distance from the lake, water body
type, bottom substrate and submerged macrophyte cover) were
important predictors for both egg and larval abundance (Table 3).
Egg and larval abundances both decreased sharply with an increase
Table 1
GLM result with negative binomial error examining the effect of egg presence
(Analysis 1) and egg abundance (Analysis 2) on larval abundance in crucian carp,
when controlling for the effect of region. Bold values indicate estimates where the
confidence interval does not include zero.

Explanatory variable Coefficient ±SE Wald 95%CI

Lower Upper

Analysis 1 Intercept 2.74 0.54 1.69 3.80
Egg presence 2.04 0.57 0.91 3.17
Region
(Shimanouchi-tai vs. Toriiama)a

�0.11 0.59 �1.27 1.04

Analysis 2 Intercept 4.18 0.48 3.24 5.12
Egg abundanceb 0.45 0.29 �0.12 1.02
Region
(Shimanouchi-tai vs. Torihama)a

�0.72 0.61 �1.91 0.46

a The variable incorporated into the model as an extra control variable.
b Egg abundance was standardised to a mean of 0 and a variance of 1.
in watercourse distance from the lake (Fig. 3b and c), but the esti-
mated coefficient of watercourse distance was greater for eggs
than for larvae. The majority of eggs and larvae were found within
500 m of the lake. Both egg and larval abundances increased signif-
icantly with increasing submerged macrophyte cover. Both egg and
larval abundances was also greater in pool sites and sites with
Emergent macrophyte cover 0.65 0.34 �0.01 1.31
Floating macrophyte cover �0.08 0.32 �0.71 0.55
Presence of bullfrog �1.44 0.77 �2.96 0.08
Presence of redswamp crayfish �0.48 0.86 �2.16 1.20
Water depthb 1.42 0.31 0.81 2.02
Region (Shimanouchi-tai vs. Torihama)b 2.96 0.73 1.53 4.39

Larva Intercept 3.43 0.46 2.52 4.34
Watercourse distance from the lake �0.86 0.33 �1.51 �0.20
Water body type (pool vs. run) �1.40 0.56 �2.50 �0.30
Bottom substrate (mud vs. sand) �1.35 0.83 �2.97 0.26
(mud vs. stone) �3.65 1.28 �6.17 �1.13
Submerged macrophyte cover 1.45 0.26 0.94 1.96
Emergent macrophyte cover 0.66 0.28 0.12 1.21
Floating macrophyte cover 0.71 0.26 0.20 1.22
Presence of bullfrog �1.49 0.66 �2.78 �0.20
Presence of redswamp crayfish �1.77 0.72 �3.18 �0.35
Region (Shimanouchi-tai vs. Torihama)b 0.06 0.59 �1.09 1.22

a All continuous variables were standardised to a mean of 0 and a variance of 1.
b The variable incorporated into the model as an extra control variable.
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Fig. 3. Probability of egg presence (a) and predicted egg abundance and larval
abundance (b and c, respectively) as a function of watercourse distance from the
lake, as determined from the generalised linear model (GLM). The dotted lines
represent the 95% confidence interval.
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muddy sediments. Moreover, four variables (emergent macrophyte
cover, floating macrophyte cover, the presence of bullfrogs (mainly
tadpoles) and the presence of red swamp crayfish) were correlated
with larval abundance (Table 3). Positive relationships existed be-
tween emergent or floating macrophyte cover and larval abun-
dance, but submerged macrophyte cover had the highest
estimated coefficient. The presence of bullfrogs and red swamp
crayfish had negative impacts on larval abundance. There was a
negative weak relationship between the presence of bullfrogs
and egg abundance (90% CI; �2.74 to �0.15).

For egg abundance, watercourse distance from the lake had an
estimated coefficient that was 1.8 times larger than that for sub-
merged macrophyte cover. In contrast, for larval abundance, the
estimated coefficient of submerged macrophyte cover was 1.7
times larger than that of the distance from the lake, but the coeffi-
cients of emergent and floating macrophyte cover were lower than
that of watercourse distance from the lake.
4. Discussion

4.1. Suitable spawning and nursery habitats

Our study identifies suitable spawning and nursery habitats of
crucian carp in fragmented and degraded agricultural landscapes,
and demonstrates that the relative importance of connectivity,
habitat quality and the presence of invasive species regarding dis-
tributions and local abundances may differ for egg versus larval
stages. Our findings suggest that habitat fragmentation, degrada-
tion and the presence of invasive species may have strong impacts
on the persistence of the crucian carp population. Many previous
studies have demonstrated the importance of connectivity, habitat
quality and/or the presence of invasive species for species distribu-
tion and/or abundance (Lowe and Bolger, 2002; Johansson and
Ehrlen, 2003; Knapp, 2005; Riley et al., 2005; Isaak et al., 2007;
Werner et al., 2007). However, the relative importance of these
factors on the pattern of spawning or nursery habitat distribution
for each life stage has been rarely been determined. Additionally,
earlier research on spawning habitat in fishes has focused largely
on salmonids. To our knowledge, this study is the first to character-
ise suitable spawning and nursery habitats of freshwater resident
fish in an agricultural landscapes.

The egg and larval distribution of crucian carp was primarily
influenced by connectivity and habitat quality, respectively, and
the abundance of eggs and larvae was correlated with connectivity,
habitat quality and the presence of invasive species. As water-
course distance from the lake increased, the probability of egg
occurrence decreased. Despite that crucian carp potentially acces-
ses to the area >2000 m from the lake (mean watercourse distance
from the lake for the sites we surveyed was 450 m (range: 0–
2344 m)), the areas within 200 m of the lake appear to be core
spawning habitats (Fig. 3). The fact that eggs were found at a dis-
tance of 1000 m from the lake indicates the dispersal ability of
reproductive adults of crucian carp living in Lake Mikata. Egg abun-
dance was influenced by connectivity and habitat quality, espe-
cially submerged macrophyte cover. Submerged macrophytes
with high under-water structural complexity may be a preferable
substrate for crucian carp that scatter adhesive eggs, as compared
to floating and emergent macrophytes (Laurila et al., 1987; Katano
et al., 2003).

In contrast, larval presence was influenced by habitat quality,
rather than connectivity. In addition, there was no significant posi-
tive correlation between egg abundance and larval abundance. At
least two possible explanations can account for these results. First,
density-dependent effects may influence larval survival. In Atlantic
salmon (Salmo salar), it has been reported that high local larval
density causes food or habitat competition and high mortality, thus
the spatial distribution of spawning can affect density-dependent
survival at local scale for larval and juvenile salmon (Einum and Ni-
slow, 2005; Einum et al., 2006).

Second, larvae may actively move to suitable habitats with high
aquatic macrophyte cover, given that larval abundance was posi-
tively related with submerged, floating and emergent macrophyte
cover. Dispersal abilities typically increase ontogenetically as a
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function of body size. After the onset of exogenous feeding, cypri-
nid larvae including crucian carp have limited swimming capacity
and dispersal ability, but larvae at early larval stages (>10 mm
body length) can actively move (Fujiwara et al., 1995; Reichard
and Jurajda, 2007).This movement is related to a density-depen-
dent response to high competitor density or low food abundance
(i.e., emigration from high egg density area) (Einum et al., 2006;
Reichard and Jurajda, 2007). Active dispersal to habitats with dense
aquatic macrophyte may reduce local density-dependent pressures
on growth and survival because submerged and floating macro-
phytes increase the diversity of available habitats and resources,
which is important in resource partitioning, foraging and shelter-
ing, thereby increasing the probability of survival (Jeppesen et al.,
1998; Grenouillet et al., 2002). Emergent macrophytes appear to
have similar roles, as Fujiwara et al. (1995) reported that crucian
carp use surface area in dense reed communities, even when the
dissolved oxygen concentration is low. However, the possibility
of active dispersal remains to be explored further, because we do
not have enough data on how far and how long larvae of crucian
carp can disperse to suitable habitats.

Bullfrogs and red swamp crayfish are considered among the
most harmful invasive species in freshwater ecosystems (Kats
and Ferrer, 2003). We demonstrated a highly significant negative
effect of the presence of invasive bullfrogs (mainly tadpoles) and
red swamp crayfish on the presence or absence or crucian carp lar-
val abundance. Bullfrogs had a weak negative impact on egg abun-
dance. Juvenile and adult bullfrog are known to eat diverse aquatic
vertebrates and macroinvertebrates (Kats and Ferrer, 2003), and
even tadpoles consume eggs and larvae of native fishes (Mueller
et al., 2006). Furthermore, red swamp crayfish can also have sub-
stantial negative impacts on crucian carp larvae, not only through
direct predation (Mueller et al., 2006), but also by decreasing the
availability of shelter as they destroy submerged macrophytes
(Matsuzaki et al., 2009). We therefore suggest that the presence
of invasive species may have, either directly or indirectly, detri-
mental impacts on the survival rates of eggs and larvae.

One important caveat is that our study is based on only one sur-
vey taken immediately after spawning season. The resolution of
such snapshot data is clearly not sufficient for elucidating more de-
tailed recruitment processes. For example, reproductive adults of
crucian carps may lay eggs in different timings during the spawn-
ing season depending on the specific site in our surveyed area.
However, the reported hatching time of crucian carp (6 days at
18.6 �C, according to Laurila et al., 1987) is one of the longest
among cyprinidae fish (Nakamura, 1969). Thus, the eggs we ob-
served should have been laid over a relatively long period of time,
which should help us increase the ability and efficiency to find the
eggs even if they may have been laid in a limited period of time.
Moreover, reproductive adults of crucian carp migrate to the same
spawning grounds, i.e., suitable spawning habitat (Suzuki et al.,
2008), although spawning timing differs between individual
adults. Indeed, the egg distribution pattern late in the spawning
season coincided with that of our preliminary sampling at the
beginning of the spawning season (personal observation). There-
fore, we believe that our evaluation of suitable spawning habitats
is not underestimated. At least for larvae, it is important to note
that our observed larval distribution and abundance patterns are
the result of initial recruitment. To determine more detailed
stage-specific habitat requirements, future studies should be care-
ful to investigate larval and juvenile distribution and abundance
repeatedly at fine temporal scales, as in Knapp et al. (1998). Finally,
a long-term perspective will be needed to prioritise core suitable
spawning habitats for the declining populations of crucian carp,
because temporal changes in population size can influence the
spatial distribution of spawning and nursery habitats (Isaak and
Thurow, 2007).
4.2. Conservation and management implications

A decline in crucian carp has occurred in other Japanese lakes,
such as Lake Biwa, Lake Suwa and Lake Kasumigaura, in addition
to that observed in Lake Mikata. In Lake Biwa, two congeners (Car-
assius auratus grandoculis and Carassius cuvieri) are currently con-
sidered endangered (Category I: endangered) by the Ministry of
the Environment of Japan. Despite crucian carp being one of the
most important commercial fishes, no practical habitat conserva-
tion plan has been proposed to date. The annual release of hatch-
ery-bred larvae (often of non-native origin) into naturally
reproducing fish populations, which is a practice known as
enhancement stocking, is commonly used to increase native fish
populations. However, enhancement stocking can have negative
genetic, ecological and evolutionary effects, particularly when the
abundance of the wild population is very small (Araki et al.,
2007). Alternatively, we strongly encourage that habitat restora-
tion that takes into account ontogenetic changes in habitat use
as a more appropriate and effective conservation strategy than
artificial stocking, given that it leads to the conservation of other
cyprinids in the agricultural landscapes.

Our results suggest that preserving the network connections
between the lake and the paddy fields is highly relevant for con-
serving local populations of crucian carp in agricultural landscapes
by preventing further fragmentation as the result of the construc-
tion of weirs or dams and the modernisation of irrigation/drainage
systems. In some regions in Japan, the construction of small fish
ladders to facilitate movements between paddy fields and drainage
ditches has already been initiated by local governments and NGOs
(Kano et al., 2010), because paddy fields with diverse food items
and scarce predators are expected to be more effective growing
habitats than drainage ditches and rivers (Kanao et al., 2009). How-
ever, the selection of effective installation sites has not been con-
sidered in previous management strategies. We propose that core
spawning sites (i.e., sites within 200 m of the lake) would be effec-
tive sites to install fish ladders. Indeed, the experimental establish-
ment of fish ladders between ditches and paddy fields did in fact
dramatically increase the biomass of crucian carp and other fishes
(e.g., loach) in paddy fields (Kodama and Tada, unpublished data).

We also suggest that management strategies should aim to in-
crease the availability and quality of spawning and nursery habi-
tats. First, it seems clear that the restoration and maintenance of
aquatic macrophytes should be important as a primary strategy,
and nutrient loadings and crayfish invasion are known to have
strong negative effects on macrophyte diversity and abundance
(Jeppesen et al., 1998; Matsuzaki et al., 2009). At the study site,
crucian carp partially used non-native submerged macrophytes
such as Elodea nuttallii and E. densa as spawning substrates. This
may indicate that the sudden removal of non-native macrophytes
can reduce the quantity and quality of spawning habitats or cause
major declines in larval abundance. Future management plans
should take these complex interactions into consideration. Second,
the significant impacts of bullfrogs and red swamp crayfish on lar-
val crucian carp populations suggest that the control or removal of
these species from invaded waters is highly desirable for improv-
ing of the quality of spawning habitat. Once bullfrogs and red
swamp crayfish have successfully colonised an area, their effects
on aquatic systems are long-lasting (Kats and Ferrer, 2003). For this
reason, the establishment of effective methods to prevent inva-
sions as well as to removal appears challenging but important.
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