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Abstract 
The Japanese pond smelt (Hypomesus nipponensis) stock has been observed to fluctuate quite ri-
gorously over the years with sustained periods of low catch in Lake Kasumigaura and Kitaura of 
the Ibaraki prefecture, Japan which would adversely affect the socioeconomic livelihood of the lo-
cal fishermen and fisheries industry. This study was aimed at determining the factors affecting the 
stock fluctuation of the pond smelt through the different years in the two lakes. Through explora-
tory analysis it was found that the pond smelt had significant relationship with total phosphorus 
(TP) level in both lakes. The global mean land and ocean temperature index (LOTI) was also found 
to be indirectly related to the pond smelt stock in lake Kasumigaura and Kitaura at the latitude 
band of 24˚N to 90˚N (l). Both TP and LOTI had inverse relationship with pond smelt trajectory in 
both lakes. For both Lake Kasumigaura and Kitaura, TP for the individual lakes and LOTI (l) were 
used as independent variables using generalized linear model and response surface methods for 
modeling the stock dynamics of the pond smelt in the two lakes. Model selection was based on sig-
nificant parameter estimates (p < 0.05), Akaikes Information Criterion and R2 values. Phosphorus 
loading is an indication of increasing anthropogenic activities in the surrounding area having neg-
ative impact on the pond smelt population. When management decisions are being made regard-
ing pond smelt fishery and sustainability plans in the Ibaraki prefecture, the effects of TP and LOTI 
should be taken into account. Future research needs to be directed towards deeper understanding 
the mechanisms by which TP and LOTI affect pond smelt population in Lake Kasumigaura and Ki-
taura for more effective management. 
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1. Introduction 
The Japanese pond smelt, Hypomesus nipponensis McAllister (revised by [1]) is a commercially important lake 
fish in Japan [2]-[6]. It is distributed substantially among the Lakes Ogawara, Abashiri, Suwa, Kasumigaura and 
Kitaura as well as coastal sea areas around Japan [2] [7] [8]. The pond smelt is of cultural importance as a sym-
bol for freshwater fisheries in the area around Lake Kasumigaura and Kitaura [6]. Their population has been 
observed to fluctuate quite intensively over time in the two lakes and has reached comparatively low levels and 
sustained low over a number of years in recent history. Understanding of such patterns is important for effective 
management and for both economical and biological sustainability of the pond smelt.  

Lake Kasumigaura, the second largest lake in Japan (after Lake Biwa) and the much smaller nearby Lake Ki-
taura (Figure 1) are freshwater shallow lakes with an average depth of four meters, located on the East side of 
the Kanto plain in Ibaraki prefecture, Japan [9] [10]. The landscape around the two lakes is dominated by forest, 
paddy fields, plowed fields and water, with the traditional industries of the area being livestock management, 
agriculture and fishery production [9]. Matsushita [9] studied the changes in land use from 1979 to 1996 around 
the Lake Kasumigaura and Kitaura Basin and reported significant increase in human land use such as agricultur-
al activities, residential homes and recreational facilities. 

 

 
Figure 1. Map of Kasumigaura, Ibaraki Prefecture, Japan, showing the location of Lake Kasumigaura and Kitaura, the study 
site and stock distribution for the Japanese pond smelt (H. nipponensis).                                                     
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Pond smelts have been shown to be affected by biological and environmental factors previously [11]-[14]. In 
a study as in [11], in Lake Yunoko it was found that the population of pond smelt are almost absent in anoxic 
areas where the dissolved oxygen was below 3 mg/l, showing that dissolved oxygen concentration of lake water 
has a strong influence on the population dynamics of the pond smelt (Hypomesus olidus). Hasenbein [14] 
showed that negative correlation exists between turbidity of water and feeding frequency of juvenile delta smelt 
(Hypomesus transpacificus) from the San Francisco Bay Delta, USA. Sharma [12] studied the impact of changes 
in climatic condition (air temperature) and invasion of rainbow smelt (Osmerus mordax) on cisco (Coregonus 
artedii) population for over 13,000 lakes in Winsconsin, USA. Results showed that the negative impact of 
changes in air temperature on cisco will be much larger than invasion of rainbow smelt by the year 2100. Hei-
thaus [15] and Atkinson [16] concluded that the vulnerability to predation is a significant factor in determining 
the survival and mortality of fish stocks in lakes and rivers. Toda and Wada [13] showed that the seasonal 
change in size of prawn (macrobrachium nipponense), goby (Tridentiger obscurus), pond smelt (Hypomesus 
transpacificus) and zooplankton show similar patterns in Lake Kasumigaura.   

Bryan and Ludsin [17] studied the impact of different nutrient levels and introduction of a predatory species 
on the food web structure in three lakes in Ohio, USA. Results showed that changes in nutrient content including 
phosphorus had higher impact on lake food web structure compared with changes in predatory species. Human 
land use and developments have probably resulted in the increased loading of nutrients including phosphorus in 
Lake Kasumigaura and Kitaura [9]. Phosphorus loading has been shown to be the leading cause of eutrophica-
tion in lake ecosystems, which leads to anoxia, increase in turbidity and changes in the community structure of 
primary producers, eventually leading to changes in the dynamics of higher trophic level vertebrates [18]-[21].  

In understanding population dynamics it is important to study the habitat of the fish as this plays a significant 
role in their survival both as juveniles and as they grow into adult forms [22]. Here, a habitat is the interaction of 
a fish species with biotic and abiotic factors to support a healthy population [23]. The mechanisms behind the 
trajectory pattern of fish are complex as various biotic and abiotic factors might be interacting and operating to-
gether resulting in annual changes in population. It is critical to understand the relationship of a fish to its habitat 
and long-term data are essential to compare trends of variables and identify their linkages to fish population dy-
namics [24] [25] in order to better manage a fishery.  

The purpose of this study was to determine the intrinsic and environmental factors affecting the fluctuation 
patterns of the Japanese pond smelt (H. nipponensis) through the years for Lake Kasumigaura and Kitaura. The 
objectives were to: 1) carry out exploratory analysis and determine if relationships exist between pond smelt 
stocks and variables from data on nutrient levels in lake, physiochemical data for each lake and biological data 
on organisms; 2) determine if the climatic condition of surface temperature of the latitude band above the two 
lakes have any relation to pond smelt stock as the effect of air temperature above lakes on lake fish has been 
shown in [12]; 3) use variables exhibiting significant relationships to pond smelt stock trajectory to develop 
reasonable stock reproduction model for the Japanese pond smelt (H. nipponensis) in Lake Kasumigaura and 
Lake Kitaura respectively. 

2. Materials and Method 
2.1. Data 
The catch data for the stock of the Japanese pond smelt H. nipponensis in Lake Kasumigaura and Kitaura for the 
range of years from 1972 to 2008 was obtained from the Ibaraki Prefectural Fisheries Experiment Station (IFES), 
Ibaraki, Japan and as calculated in [26] and [27]. Spawning occurs annually in the two lakes between mid-Jan- 
uary to mid-March and pond smelts recruit to the fishery when they are four to six months old. They have a life 
span of one year and the fishermen harvest pond smelt in the two lakes annually from July to December using 
trawl net [5] [28]-[31] and provide the catch data to IFES. IFES also carries out trawl surveys just before the in-
itiation of the fishing season. Catch size of pond smelt ranges from ~6 cm in July to ~10 cm from August to 
December [28] and they are distributed throughout Lake Kasumigaura and Kitaura encompassing an area of ap-
proximately 220 km2 (Figure 1).  

Figures 2(a)-(b) show the trajectory of the Japanese pond smelt (H. nipponensis) from the year 1972 to 2008 
for Lake Kasumigaura and Kitaura respectively. For Lake Kasumigaura (Figure 2(a)), there was a decreasing 
trend of catch for the years 1974-1976, 1986-1988, 1993-1995 and 1997-2000, while the years 1980-1984, 
1988-1991 and 1995-1997 followed an increasing trend. For the other years, the trend fluctuated annually. The  
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(a) 

 
(b) 

Figure 2. (a) The catch dynamics of the Japanese pond smelt (H. nipponensis) 
in Lake Kasumigaura from 1972 to 2008. (b) The catch dynamics of the Jap-
anese pond smelt (H. nipponensis) in Lake Kitaura from 1972 to 2008.                

 
catch peaked in 1984 followed by a sharp decline, while other significant peaks for catch of pond smelt can be 
observed for the years 1974, 1977 and 1986. In the year 2000 the catch volume was at its lowest point and 
seemed to recover to some extent by the year 2007. For Lake Kitaura (Figure 2(b)), a decreasing trend can be 
observed for the years 1972-1975, 1979-1981, 1986-1988, 1989-1994 and 1997-2000, while an increasing trend 
was seen for the years 1975-1977, 1981-1982, and 1994-1997. For the other years, the trend had an annual fluc-
tuation of higher and lower catch. The peak catch of pond smelt for Lake Kitaura can be seen in the year 1979 
which was followed by a sharp decline. Other significant peaks can be observed for the years 1972, 1977 and 
1986. The lowest catch volume was observed for the year 2000, following which the stock recovered to some 
extent by the year 2007 before declining again by the year 2008.  

From Figures 2(a)-(b) a similar pattern can be observed. Before 1988, the catch trend for both lakes showed 
two peaks that are quite similar. Around 1977 and 1986, the catches in Lake Kasumigaura were significantly 
high. Similarly, around 1977 and 1986, the catches in Lake Kitaura were also significantly high. From 1986 to 
1989 the catch trajectory pattern for both lakes were almost identical and after 1990, catches in both lakes gen-
erally showed a decreasing pattern which continued up to the year 2004. 
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The catch per unit effort (CPUE) is a suitable representative of the pond smelt stock for Lake Kasumigaura 
and Kitaura but the effort data from IFES was only available from 1998 to 2008. This limited the CPUE calcula-
tion for a period of only 11 years which would be insufficient to effectively compare trends and linkages be-
tween variables. On the other hand, the catch data was available for a period of 37 years for both Lake Kasumi-
gaura and Kitaura, hence it would be better suited for trend analysis and comparisons with variables. To justify 
the suitability of catch data as representative of pond smelt stock trajectory for the two lakes, it was compared 
with the CPUE data.  

Other variable data obtained for Lake Kasumigaura and Kitaura from IFES included: 1) data on the nutrient 
levels such as chemical oxygen demand, dissolved oxygen, total nitrogen and total phosphorus (mg/l); 2) in situ 
data including water temperature (˚C), turbidity (cm), chlorophyll (μg/l) and pH; 3) biological catch data (tonnes) 
included grasscarp (Ctenopharyngodon idellus), crusian carp (Carassius auratus) eel (Anguilla japonica), bora-
kind mullet (Mugil cephalus), prawn (Macrobachium nipponense), catfish (Sarcocheilichyhys variegates mi-
crooculus), clam (Corbicula japonica) and icefish (Salangichthys microdon) as the fish and shellfish species. 
Climatic data for global mean land and ocean temperature index (LOTI) for the latitude band of 24˚N to 90˚N 
was obtained from the National Aeronautics and Space Administration (NASA), Goddard Institute for Space 
studies, Goddard Space Flight Center, Science and Exploration Directorate, Earth Science Division  
(http://data.giss.nasa.gov/gistemp).  

2.2. Regression Analysis and Unit Root Test 
Regression analysis was carried out to screen all the variables and determine which individual independent va-
riables correlated to the dependent variables of pond smelt catch and CPUE time series in Lake Kasumigaura 
and Kitaura. In order to determine if catch data could be used as a representative of pond smelt stock in Lake 
Kasumigaura and Kitaura it was compared with the available CPUE data from 1998 to 2008. The CPUE data 
from 1998 to 2008 for Lake Kasumigaura and Kitaura (Px and Py) was subjected to regression analysis against 
nutrient, in situ, biological and climatic data. The same treatment was applied to catch data from 1998 to 2008 
for the two lakes (Cx and Cy) for comparison. The determination coefficient was also calculated between the 
CPUE and catch for pond smelt in both lakes from 1998 to 2008 to examine how well they align with each other. 

Regression analysis was applied to the pond smelt catch data from 1972 to 2008 for Lake Kasumigaura and 
Kitaura (Cu and Cv) against the various nutrient, in situ, biological and climatic data. Variables which belonged 
exclusively to a particular lake, such as catch data for a fish species in a particular lake, were used in regression 
analysis just for that particular lake as this made sense ecologically. These results were also compared with the 
regression results of CPUE from 1998 to 2008.  

Time series data which have a deterministic trend have a stationary process where changes in time series trend 
or shocks have transitory effects. When shocks have permanent effect the time series have a stochastic trend or 
unit root. The presence of a unit root in a time series can result in spurious correlations in statistical techniques 
such as regression analysis [32]-[34]. Pond smelt catch and CPUE data for Lake Kasumigaura and Kitaura as 
well as variables which exhibited significance correlation with pond smelt data in each lake were subjected to 
MacKinnons and Augmented Dickey-Fuller unit root tests to confirm whether any of the time series data had a 
non-stationary process [32]-[34].   

2.3. Stock Reproduction Model 
Independent variables which individually showed significant relationships to the catch and CPUE in regression 
analysis were fitted together to reconstruct the time series stock trajectory or stock reproduction model for the 
pond smelt in Lake Kasumigaura and Kitaura. One or more variables were to be selected from each group which 
included: 1) data on the nutrient levels; 2) in situ data; 3) biological data and 4) climatic data for each lake. Va-
riables which exhibited sufficient correlation with pond smelt catch data for each lake and had lowest AIC val-
ues in each group were to be used as independent variables for the stock reproduction model for the individual 
lakes. Variables with p < 0.05 were recognized as significant relationship of the independent variable with the 
dependent variable (Cu and Cv). In cases where p ≥ 0.05 but p < 0.1 the variables were treated as weakly signifi-
cant and also considered for modeling. Variables were rejected for p ≥ 0.1 and in cases where all variable for an 
entire group had p ≥ 0.1, no variables were selected from the group. The parent formula used for the stock re-
production model for Lake Kasumigaura was a Generalized Linear Model (GLM) shown below 

http://data.giss.nasa.gov/gistemp
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( ) ( ), 0 1 1, 2 2, ,ln lnu t t n t n k k t nC m m mα α α α ε− − −= + + + + +                        (1) 

where Cu is the catch data for pond smelt in Lake Kasumigaura, α0 is the intercept parameter, α1, α2…αk are pa-
rameter estimates, m1, m2…mk are the independent variables selected based on the results of the regression anal-
ysis for Lake Kasumigaura, t is the year with n = 0, 1 and ε is a normally distributed random variable. The re-
sponse surface methodology (RSM) which has been previously described [35]-[38] is a set of statistical and ma-
thematical techniques which uses linear and polynomial functions to fit variables in order to describe data or 
system being studied. RSM was used to modify the Equation (1) to incorporate second and third order polyno-
mials to investigate if the variables fit better with this method (Equation (2)) 

( ) ( ) 2 2
, 0 1 1, 2 2, 3 1, 4 2, ,ln ln s

u t t n t n t n t n k k t nC m m m m mα α α α α α ε− − − − −= + + + + + + +                (2) 

where s = 1, 2, 3. We also used the GLM (Equation (3)) and RSM (Equation (4)) as the parent formulas for 
stock reproduction model for Lake Kitaura as shown below  

( ) ( ), 1,0 2, ,1 2ln lnv t t n t n k tk nC q q qα α α α ε− − −′ ′ ′ ′ ′= + + + + +                         (3) 

( ) ( )0 1 2 3
2 2

, 1, 2, 1 4, 2, ,ln ln s
v t t n t n t n t n k nk tC q q q q qα α α α α α ε− − − − −′ ′ ′ ′ ′ ′ ′= + + + + + + +                  (4) 

where Cv is the catch data for pond smelt in Lake Kitaura, 0α′  is the intercept parameter, 1 2, , , kα α α′ ′ ′
  are pa-

rameter estimates, 1 2, , , kq q q  are the independent variables selected based on the results of the regression 
analysis for Lake Kitaura and ε' is a normally distributed random variable.  

Various possible combinations of variables for Equations (1)-(4) were used by elimination to reach the opti-
mum model for the catch dynamics of the pond smelt for each lake. The CPUE for pond smelt in Lake Kasumi-
gaura from 1998 to 2008 (Px) and Lake Kitaura from 1998 to 2008 (Py) was also modeled by substituting Cu and 
Cv in Equations (1)-(4) with Px and Py. Each combination of variables was checked for significant parameter es-
timates at p < 0.05. The actual CPUE and catch dynamics and the predicted dynamics from the selected models 
were plotted for both Lake Kasumigaura and Kitaura. The Akaike Information Criterion (AIC) and R2 value 
were used to evaluate each model and form a basis for model selection at p < 0.05 [39]. 

All statistical analysis for this study was carried out using the statistical software “R”, version 3.0.1 [40]. 

3. Results 
3.1. Catch and CPUE Comparison 
The abbreviated forms of variables that are of interest and the independent variables which showed correlations 
with dependent variables are shown in Table 1 with their descriptions. The regression results of the pond smelt 
CPUE from 1998 to 2008 for Lake Kasumigaura and Kitaura (Px and Py) against independent variables are 
shown in Table 2. For Lake Kasumigaura the CPUE showed significant correlation with the LOTI latitude band 
24˚N to 90˚N (lt) and weak correlation with total phosphorus (wt). For Lake Kitaura significant correlation of the 
CPUE was observed for LOTI latitude band lt and grasscarp (C. idellus) (bt) with weak correlation against total 
phosphorus (zt). In all cases the independent variables had higher correlation in year t and weaker relationship 
with lag of one year at t−1. When we compare these results with the regression of pond smelt catch from 1998 to 
2008 for each lake against independent variables shown in Table 3, the results are almost identical. 

Figure 3 shows the correlation between the pond smelt catch and CPUE for Lake Kasumigaura and Kitaura 
respectively for the years 1998 to 2008. The determination coefficients are 0.927 and 0.952 with p < 0.05. CPUE 
and catch showed very high correlation and both showed correlation to the same variables (Table 2 and Table 
3), therefore we assumed that catch could possibly be a suitable representative for pond smelt stock trajectory 
for the two lakes. Due to the limitation of available effort data, the range of data for CPUE was only available 
for a short period from 1998 to 2008 whereas the catch data available from 1972 to 2008 was quite extensive 
which made it more suitable for comparing trends and identifying linkages against various variables over long 
time series compared to short time series for CPUE data. 

3.2. Regression Analysis and Unit Root Test 
The results for regression analysis are shown in Table 4 for individual variables against the Japanese pond smelt  
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Table 1. Table showing variables of interest for this study relating to Lake Kasumigaura and Kitaura.                               

Type Variable Description 

Dependent 

Cu Japanese pond smelt (H. nipponensis) catch 1972-2008 Lake Kasumigaura 

Cv Japanese pond smelt (H. nipponensis) catch 1972-2008 Lake Kitaura 

Cx Japanese pond smelt (H. nipponensis) catch 1998-2008 Lake Kasumigaura 

Cy Japanese pond smelt (H. nipponensis) catch 1998-2008 Lake Kitaura 

Px Japanese pond smelt (H. nipponensis) CPUE 1998-2008 Lake Kasumigaura 

Py Japanese pond smelt (H. nipponensis) CPUE 1998-2008 Lake Kitaura 

Independent 

w Total phosphorus Lake Kasumigaura 

z Total phosphorus Lake Kitaura 

b Grasscarp (C. idellus) Lake Kitaura 

l Global mean land and ocean temperature index (LOTI) for the latitude band 24˚N to 90˚N 

 
Table 2. Regression results for the Japanese pond smelt (H. nipponensis) CPUE in Lake Kasumigaura and Kitaura against 
independent variables for the years 1998 to 2008. Variables with p < 0.05 are highly significant and those with 0.05 ≤ p < 
0.10 are weakely significant.                                                                                   

Lake Kasumigaura (year t) Lake Kasumigaura (year t−1) 

Variables R R2 p-value AIC 
value Variables R R2 p-value AIC 

value 

Px,t, lt −0.886 0.785 2.82 × 10−4 72 Px,t, lt−1 −0.381 0.145 2.77 × 10−2 81 

Px,t, wt −0.329 0.108 3.24 × 10−2 79 Px,t, wt−1 −0.138 0.019 7.05 × 10−2 89 

Lake Kitaura (year t) Lake Kitaura (year t−1) 

Py,t, lt −0.772 0.596 5.40 × 10−3 81 Py,t, lt−1 −0.412 0.170 2.37 × 10−2 82 

Py,t, zt −0.225 0.051 5.07 × 10−2 80 Py,t, zt−1 −0.113 0.012 7.56 × 10−2 84 

Py,t, bt
* 0.786 0.618 1.20 × 10−2 66 Py,t, bt−1

* 0.132 0.018 7.55 × 10−2 67 
*Data only available from 1998 to 2006. 
 
Table 3. Regression results for the Japanese pond smelt (H. nipponensis) catch in Lake Kasumigaura and Kitaura against 
independent variables for the years 1998 to 2008. Variables with p < 0.05 are highly significant and those with 0.05 ≤ p < 
0.10 are weakely significant.                                                                                       

Lake Kasumigaura (year t) Lake Kasumigaura (year t−1) 

Variables R R2 p-value 
AIC 
value Variables R R2 p-value 

AIC 
value 

Cx,t, lt −0.752 0.565 7.64 × 10−3 108 Cx,t, lt−1 −0.571 0.326 8.48 × 10−2 104 

Cx,t, wt −0.338 0.114 3.10 × 10−2 116 Cx,t, wt−1 −0.257 0.065 4.74 × 10−2 107 

Lake Kitaura (year t) Lake Kitaura (year t−1) 

Cy,t, lt −0.766 0.587 5.98 × 10−3 98 Cy,t, lt−1 −0.387 0.150 2.69 × 10−2 97 

Cy,t, zt −0.205 0.042 5.85 × 10−2 107 Cy,t, zt−1 −0.139 0.019 6.69 × 10−2 98 

Cy,t, bt
* 0.729 0.531 2.59 × 10−2 82 Cy,t, bt−1

* 0.292 0.085 4.83 × 10−2 80 
*Data only available from 1998 to 2006. 
 
(Hypomesus nipponensis) catch for Lake Kasumigaura and Kitaura for the years 1972 to 2008. Table 1 can be 
referred to for the definitions of the variables. In Table 4, we only show the results for variables with p < 0.05. 
From group 1) data on nutrient levels, TP in Lake Kasumigaura (wt−1) and Lake Kitaura (zt−1) showed most sig-
nificant relationships with pond smelt (H. nipponensis) catch in Lake Kasumigaura (Cu,t) and Lake Kitaura (Cv,t)  
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Table 4. Regression results for individual variables against the Japanese pond smelt (H. nipponensis) catch in Lake Kasumi-
gaura and Kitaura for the years 1972 to 2008 (year t) and 1973 to 2008 (year t−1). Variables with p < 0.05 are highly signif-
icant.                                                                                                          

Lake Kasumigaura (year t) Lake Kasumigaura (year t−1) 

Variables R R2 p-value AIC 
value Variables R R2 p-value AIC 

value 

Cu,t, lt −0.548 0.301 5.50 × 10−4 503 Cu,t, lt−1 −0.516 0.267 1.10 × 10−3 517 

Cu,t, wt −0.579 0.336 1.72 × 10−4 514 Cu,t, wt−1 −0.585 0.342 1.78 × 10−4 500 

Lake Kitaura (year t) Lake Kitaura (year t−1) 

Cv,t, lt −0.657 0.431 1.01 × 10−5 456 Cv,t, lt−1 −0.606 0.368 8.89 × 10−5 447 

Cv,t, zt −0.503 0.253 1.52 × 10−3 466 Cv,t, zt−1 −0.582 0.338 2.00 × 10−4 449 

Cv,t, bt
* 0.707 0.499 2.10 × 10−6 428 Cv,t, bt−1

** 0.661 0.437 2.09 × 10−5 419 
*Data only available from 1972 to 2006; **Data only available from 1973 to 2006. 
 

 
Figure 3. The relationship between the Japanese pond smelt (H. nipponensis) catch and CPUE for Lake Kasumigaura (a) and 
Kitaura (b) from 1998 to 2008. The determination coefficients are 0.927 and 0.952 respectively.                              
 
respectively. From group 2) in situ data, no significant relationship was observed with pond smelt dynamics in 
either lake. From group 2) biological data on the different fish and shellfish species, no significant relationships 
were detected for Lake Kasumigaura with only grasscarp (C. idellus) (bt) exhibiting significant relationship with 
pond smelt catch in Lake Kitaura (Table 4). From group 3) climatic data, LOTI for the latitude band 24˚N to 
90˚N (lt) showed significant relationship with pond smelt for both Lake Kasumigaura and Kitaura. The relation-
ship of pond smelt for both lakes with this latitude band made ecological sense as Japan (including the two lakes) 
falls within this latitude band.  

For Lake Kitaura we carried out further analysis to confirm if grasscarp really affects pond smelt trajectory or 
whether its dynamics is affected by the same variables as pond smelt. The results are presented in Table 5 where 
it can be seen that grasscarp is affected by the same variables as pond smelt in Lake Kitaura for the years 1972 
to 2008 (Table 4) and 1998 to 2008 (Table 2 and Table 3). Grasscarp cannot be used as independent variable 
for pond smelt in Lake Kitaura as both pond smelt and grasscarp are affected by the same factors.  

In regression analysis sometimes spurious correlation can arise. Unit root tests are statistical methods to iden-
tify such cases [32]-[34]. Table 6 shows the unit root test results for the independent and dependent variables 
used to determine relationships for this study. The value for the t-test (t-value) in all cases was < 0 for MacKin-
non’s test (M-test) and Augmented Dickey-Fuller test (ADF-test) and significant at p < 0.05 level which showed 
that all the variables tested had stationary processes and the relationships shown in Tables 2-5 are reliable and 
non-spurious. 
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Table 5. Relationship of grasscarp catch for Lake Kitaura with independent variables.                                          

Dependent variable Independent variable R R2 p-value AIC value 

bt (1972-2006) 
lt −0.458 0.210 5.60 × 10−3 380 

zt −0.466 0.217 4.78 × 10−3 379 

bt (1998-2006) 
lt −0.606 0.368 8.35 × 10−2 79 

zt −0.078 0.006 9.41 × 10−2 83 

 
Table 6. Results of unit root tests for variables used in regression analysis from Tables 2-5.                                      

Series 
M-test ADF-test 

t-value p-value t-value p-value 

Cu 1972-2008 −9.341 1.17 × 10−10 −9.341 <1.00 × 10−2 

Cv 1972-2008 −6.776 1.38 × 10−07 −6.776 <1.00 × 10−2 

Cx 1998-2008 −5.740 7.05 × 10−4 −5.740 <1.00 × 10−2 

Cy 1998-2008 −3.523 9.68 × 10−3 −3.523 1.81 × 10−2 

Px 1998-2008 −5.474 9.32 × 10−4 −5.474 <1.00 × 10−2 

Py 1998-2008 −2.497 4.12 × 10−2 −2.497 1.47 × 10−2 

w 1972-2008 −7.073 5.06 × 10−8 −7.073 <1.00 × 10−2 

z 1972-2008 −6.879 1.04 × 10−07 −6.879 <1.00 × 10−2 

w 1998-2008 −5.946 5.73 × 10−4 −5.946 <1.00 × 10−2 

z 1998-2008 −8.747 5.14 × 10−5 −8.747 <1.00 × 10−2 

l 1972-2008 −9.874 3.09 × 10−11 −9.874 <1.00 × 10−2 

l 1998-2008 −4.383 3.22 × 10−3 −4.383 <1.00 × 10−2 

b 1972-2006 −6.948 8.55 × 10−8 −6.948 <1.00 × 10−2 

b 1998-2006 −3.860 1.19 × 10−2 −3.860 <1.00 × 10−2 

3.3. Stock Reproduction Model 
Table 7 shows the results for stock reproduction models using variables which showed most significant rela-
tionships within each group of variables with pond smelt catch in Lake Kasumigaura and Kitaura in Table 4. 
For Lake Kasumigaura we used lt and wt−1 and for Lake Kitaura we used lt and zt−1 as independent variables for 
pond smelt in each lake. From Table 7, models (i) had the highest R2 and lowest AIC value for pond smelt in 
Lake Kasumigaura and model (iv) for Lake Kitaura. Both models incorporated TP as an independent variable 
which made sense ecologically since the variable belonged intrinsically to the two lakes. Both models also in-
cluded LOTI for the latitude band which incorporates Lake Kasumigaura and Kitaura within the band. LOTI can 
be said to have indirect correlation to pond smelt since it is a climatic variable which can be said to be a climatic 
indicator of pond smelt trajectory to some degree. 

Figure 4 shows the trajectory of the referred pond smelt catch in Lake Kasumigaura and the trajectory result-
ing from model (i, Table 7). The predicted catch seems to fit quite well with the referred catch for Lake Ka-
sumigaura. In Figure 5 the predicted and referred catch from model (iv, Table 7) for pond smelt in Lake Kitaura 
are shown. The fitness of the predicted catch with referred catch is quite good.  

Figure 6 shows the linear correlation of the predicted and referred catch of pond smelt for Lake Kasumigaura 
from model (i, Table 7) and Lake Kitaura from model (iv, Table 7). The determination coefficients were 0.654 
and 0.721 respectively. The correlations for both the lakes were quite significant statistically.  

Table 8 shows the results of stock reproduction models for the pond smelt CPUE in Lake Kasumigaura and 
Kitaura from 1998 to 2008 using independent variables of TP and LOTI from Table 2. Model (i) and (iii) are 
most significant for Lake Kasumigaura and Kitaura respectively and their plots against the referred CPUE for  
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Table 7. Models using multiple variables selected from Table 4 for Lake Kasumigaura and Kitaura. Some parameters are 
shown for different models for the Japanese pond smelt (H. nipponensis) showing the highest R2 and lowest AIC values. 
Values are only shown for models exhibiting significant parameter estimates and model significance at p < 0.05.                          

Lake Kasumigaura 

Model R R2 p-value AIC 
value 

i) ( ) 4 2 6 3
, 1ln 7.08 4.93 10 4.14 10 19.24u t t t tC l l w− −

−= + × × − × × − ×  0.654 0.427 1.55 × 10−5 495 

ii) ( ) 4 2 6 3 3
, 1ln 6.13 5.34 10 4.50 10 866.90u t t t tC l l w− −

−= + × × − × × − ×  0.639 0.408 2.76 × 10−5 497 

iii) ( ) ( ), 1ln 5.75 0.193u t t tC l w −= + × ×  0.560 0.315 3.74 × 10−4 502 

Lake Kitaura 

iv) ( ) ( )6 3 2
, 1 1 1ln 8.56 0.039 4.24 10 108.0 88.5 1.01v t t t t t t tC l l z z l z−

− − −= − × − × × − × + × + × ×  0.721 0.521 6.87 × 10−7 437 

v) ( ) 4 2 6 3
, 1ln 6.30 5.67 10 5.39 10 15.29v t t t tC l l z− −

−= + × × − × × − ×  0.696 0.484 2.48 × 10−6 440 

vi) ( ) 4 2 6 3 3
, 1ln 5.56 6.09 10 5.66 10 63.01v t t t tC l l z− −

−= + × × − × × − ×  0.684 0.467 4.34 × 10−6 441 

 
Table 8. Models using multiple variables selected from Table 2 for Lake Kasumigaura and Kitaura. Some parameters are 
shown for different models for the Japanese pond smelt (H. nipponensis) CPUE from 1998 to 2008 with highest R2 and low-
est AIC values. Values are only shown for models exhibiting significant parameter estimates and model significance at p < 
0.05.                                                                                                  

Lake Kasumigaura 

Model R R2 p-value AIC 
value 

i) ( ) ( )3 2
,ln 14.04 1.96 10 298.20 3.82x t t t t tP l w l w−= + × × − × + × ×  0.919 0.844 6.40 × 10−5 69 

ii) ( ) ( ),ln 1.31 0.424x t t tP l w= + × ×  0.909 0.827 1.04 × 10−4 70 

Lake Kitaura 

iii) ( ) 2
,ln 2.28 4.55 10 30.35y t t tP l z−= − × × − ×  0.887 0.786 2.75 × 10−4 74 

iv) ( ) ( )2 2
,ln 2.63 3.06 10 0.417y t t tP l l z= + × × + × ×  0.880 0.774 3.54 × 10−4 75 

 

 
Figure 4. Graph showing the actual catch dynamics of the Japanese pond smelt (H. nipponensis) in Lake Kasumigaura in 
black and the dynamics resulting from model (i, Table 7) in red for the years ranging from 1973 to 2008.                           

 
pond smelt in each lake shows significantly high fitness (Figure 7 and Figure 8). Despite the differences in time 
lags for TP data, the structure of the models for the CPUE in Table 8 and for the assumed case for catch in Table 7  
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Figure 5. Graph showing the actual catch dynamics of the Japanese pond smelt (H. nippo-
nensis) in Lake Kitaura in black and the dynamics resulting from model (iv, Table 7) in red 
for the years ranging from 1973 to 2008.                                                 

 

 
Figure 6. Graph showing the relationship between the catch predicted and catch referred 
the Japanese pond smelt (H. nipponensis) for Lake Kasumigaura (a) from model (i, Table 7) 
and Lake Kitaura (b) from model (iv, Table 7).                                         

 

 
Figure 7. Graph showing the referred CPUE dynamics of the Japanese pond smelt (H. nip-
ponensis) in Lake Kasumigaura in black and the dynamics resulting from model (i, Table 8) 
in blue for the years ranging from 1998 to 2008.                                              
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Figure 8. Graph showing the referred CPUE dynamics of the Japanese pond smelt 
(H. nipponensis) in Lake Kitaura in black and the dynamics resulting from model 
(iii, Table 8) in blue for the years ranging from 1998 to 2008.                          

 
are very similar with both models incorporating the same independent variables which provides further credibil-
ity to the assumption of catch as being a suitable presentative of the stock dynamics of pond smelt in Lake Ka-
sumigaura and Kitaura.  

4. Discussion 
For effective management planning of any fishery, it is critical to first understand the underlying factors behind 
the fluctuation pattern of the organism over a time series. Once the pattern is understood, a much more informed 
management plan can be strategized. This study was carried out with the intention of determining the factors af-
fecting the fluctuation pattern of the Japanese pond smelt (H. nipponensis) in Lake Kasumigaura and Kitaura for 
a time series of 37 years. The pond smelt population fluctuates quite vigorously over the years between the ex-
tremes of highs and lows as can be seen from Figures 2(a)-(b). While periods with high abundance of stock are 
probably most beneficial to the fishermen and the fisheries industry of Ibaraki, it is the sustained periods of low 
catch that can have detrimental impact on the socioeconomic livelihood of the fishermen and the local fisheries 
industry. For this reason, it is imperative to gain a better understanding of the reasons behind the population 
fluctuation pattern of the Japanese pond smelt in Lake Kasumigaura and Kitaura.  

From the results of this study it was observed that TP levels had the strongest correlation with pond smelt in 
both Kasumigaura and Kitaura with a lag of one year (Table 4). Since pond smelt has an average life span of 
one year [28], TP might have direct impact on the pond smelt spawning stock biomass in the previous year or it 
causes changes in the lake ecosystem which affects pond smelt population in the following year. LOTI (l) has 
higher correlation with pond smelt in Lake Kasumigaura and Lake Kitaura in the same year compared to a lag of 
one year (Table 4). 

The most suitable models which can significantly reproduce pond smelt trajectory for Lake Kasumigaura and 
Kitaura from 1973 to 2008 incorporate the variables TP for individual lakes and LOTI for the latitude band 24˚N 
to 90˚N respectively (Table 7). The same variables are incorporated into the models for pond smelt CPUE from 
1998 to 2008 for Lake Kasumigaura and Kitaura (Table 8) which provides further support for the models shown 
in Table 7. In the case of LOTI, the two lakes fall within the latitude band incorporated into the final models. 
Sharma [12] showed that changes in air temperature have negative impact on cisco (C. artedii) population for 
over 13,000 lakes in Wisconsin, USA. Since, LOTI which is an index of the global mean land (air) and ocean 
surface air temperature, does not intrinsically belong to either lakes, it is evident that the impact it has on pond 
smelt stock fluctuation is indirect in nature. Pond smelt spawning occurs between mid-January to mid-March 
and harvesting begins in July when they are 4 to 6 months old [28] [31]. LOTI might have indirect effect on the 
ecological processes affecting the early life stages of pond smelt in the two lakes.  

From Table 7 and Table 8 it is clear that both TP level and LOTI affect pond smelt stock and the overall ef-
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fect of the two variables resulted in a good fitness of the predicted catch/CPUE to the referred catch/CPUE of 
pond smelt in Lake Kasumigaura and Kitaura (Figure 4, Figure 5, Figure 7 and Figure 8). For Lake Kitaura, 
grasscarp (C. idellus) exhibits a strong relationship with pond smelt (Tables 2-4) and using it as an independent 
variable could have resulted in models with higher correlations. Aquatic ecosystems are complex and are af-
fected by numerous intrinsic and extrinsic factors interacting [22] to result in the dynamic behavior of biological 
populations. The fact that grasscarp shows correlation to pond smelt might be due to both fish species being in-
fluenced by the same variables. As this was true in the case of grasscarp (Table 5), it could not be used as an 
independent variable for modeling pond smelt in Lake Kitaura. It is interesting to note that while grasscarp is 
present in both Lake Kasumigaura and Kitaura, its correlation to pond smelt although false was only detected for 
one lake (Tables 2-4). Also, even though the models in Table 7 and Table 8 incoporate the same independent 
variables, their determination coefficients are different. Based on this it can be inferred that although the two 
lakes are located close to each other geographically, they have some differences in their individual ecosystem 
dynamics and food web structures.  

In this study, pond smelt in both Lake Kasumigaura and Lake Kitaura are impacted by changes in phosphorus 
content according to the models in Table 7 and Table 8. The relationship of phosphorus content to fish biomass 
in lakes has also been reported in [41] [18]. Alterations in phosphorus level in lakes is strongly linked to in-
crease in population and human land use activities such as agriculture and development around the lake envi-
ronment [21] [42]-[45]. Havens [46] reported a strong link between phosphorus loading in Kasumigaura and 
human developmental activities around the lake.  

One recommendation for rehabilitating the pond smelt population in Lake Kasumigaura and Kitaura would be 
the implementation of abatement programmes for phosphorus loading to the two lakes. This may lead to the re-
covery of the pond smelt population, however such a step should be taken with great caution. While reduction in 
phosphorus loading of Lake Kasumigaura and Kitaura may cause the pond smelt population to recover, it can 
also have adverse effects on other commercially and ecologically important species. Ludsin [19] studied the ef-
fect of reduced phosphorus loading on fish community dynamics in Lake Erie, USA from 1969 to 1996. While 
some species of fish recovered in abundance through time, other species decreased in abundance. Anthropogenic 
activities have caused significant negative alterations of freshwater fish communities over the last century [47] 
[48] and in order to reverse these effects, a deeper understanding of the mechanisms underlying the functioning 
of freshwater ecosystems is critical.  

The structure of the stock reproduction model of pond smelt (H. nipponensis) is very similar for Lake Kasu-
migaura and Kitaura (Table 7). The catch dynamics of the Japanese pond smelt (H. nipponensis) in Lake Kasu-
migaura and Kitaura can be effectively determined in proportion to the biotic and abiotic factors, LOTI (lt) and 
total phosphorus (wt−1) for Lake Kasumigaura and LOTI (lt) and total phosphorus (zt−1) for Lake Kitaura respec-
tively. The dynamics of the pond smelt for both lakes can be written as  

( ), 1, 2, ,, , ,t g t n t n k t nF a f e e e− − −= ⋅                                   (5) 

where Ft,g is the catch or CPUE in year t lake g, and f() is the function determined by the biotic and abiotic fac-
tors ei ( )1,2, ,i k=   with n = 0, 1. The structure shown by Equation (5) is the same for the Japanese pond 
smelt in both Lake Kasumigaura and Kitaura.  

This study provides evidence that nutrient content and climatic factors can have significant effect on the time 
series trajectory of fisheries populations in lake environments. This helps to recognize and appreciate the impor-
tance of such factors in fishery management. For Lake Kasumigaura and Kitaura investigation efforts need to be 
directed towards understanding the underlying pathways by which TP and LOTI affect pond smelt populations 
which will increase understanding of this important lake species for the Ibaraki Prefecture of Japan and provide 
better management options. From the results of this study it can be said that LOTI is an important climatic factor 
which has indirect influence on pond smelt stock dynamics in Lakes Kasumigaura and Kitaura and phosphorus 
loading in the two lakes has adverse impact on pond smelt stock. 
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