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Abstract 

In recent years, dramatic changes in sea temperature in the North Atlantic have 
profoundly affected the quality of habitats for certain ocean-dwelling species, leading 
many of them to migrate. In order to research the influence of the potential migration of 
Scottish herring and mackerel, our team develops several models to figure out relative 
issues. After predicting the future location of these fish species and discussing the 
business practices of small fishing companies, we give out solutions to the problem and 
do proper modification and promotion. Firstly, We develop the Fish migration 
prediction model to identify the most likely locations for Scottish herring and mackerel 
over the next 50 years. Based on temperatures in various regions of the North Atlantic 
over the last 50 years, we use Autoregressive Integrated Moving Average model (ARIMA) 
to predict the temperature change. Then, we analyze the various factors that influence 
the migration of these two species, including their characteristics. Based on the 
abundant and standardized data, we use Entropy-Weight Method and Principal 
Component Analysis to determine the weights of every factors. In order to visually 
demonstrate the movement of these species, we divided the study area into a grid of 
1.0°*1.0° to dynamically show the changes in the number of fish shoals in each region in 
the form of heat maps. Finally, the result is that 70 percent of the herring moved to 
58.1˚N(±0.5), 1.2˚W(±0.5), and 50 percent of the mackerel moved to 59.4˚N(±0.5), 
1.3˚W(±0.5). Secondly, We studied the current fishing range of small fishing companies 
and refined our predictions of seawater temperature. Then, we quantitatively analyzed 
the influence range of each factor on fish migration. It is most likely to occur when the 
effects of various factors on fish survival continue to change according to previous trends. 
As these factors change, so will the case. According to prediction, the best, worst, and 
most likely case are 22,12,17 years. Thirdly, We analyzed the factors that affect the 
company's costs and revenues, and then we established the company's decision model 
and evaluation indicators, and quantified each condition to determine whether to take 
measures and the ratio of assets transfer and upgrade of fishing vessels. When the 
distance between the center grid (CG) and harbor does not exceed 70KM, there is no need 
to take action. When it is more than 300KM, the decision is to transfer 40% of the 
company's assets and upgrade all ships. Fourthly, we learned about country relations 
and related laws and policies, and analyzed the impact on small fishing companies. When 
fish schools migrate to the seas of other countries, the fish density near the coast 
decreases, and the cost of transferring company assets is high, but the fish density in 
newly opened fishing areas is not high. In contrast, upgrading the fishing boat can 
increase the endurance and increase the freshness time of the fish, which is obviously a 
better choice. Based on this, we have optimized the company's decision model. Finally, 
we clarified the impact of rising sea temperatures on the migration of two fish species, 
and described the inconvenience and loss of fishermen's lives caused by such migration. 
We then came up with a solution and showed how it works. 

Keywords 

Migration Prediction; ARIMA Principal; Component Analysis; Fishing Strategies. 



Volume 2 Issue 9, 2021 

DOI: 10.6981/FEM.202109_2(9).0047 

331 

Frontiers in Economics and Management 

ISSN: 2692-7608 

1. Introduction 

Due to global warming [1], ocean temperatures are also rising sharply. Many marine life has to 
start wandering in search of a suitable habitats [2]. The current warming trend of sea water has 
exceeded the predictions of many scientists, which means that climate change is likely to occur 
in the future, and a series of natural disasters induced will seriously affect human survival [3]. 

Changes in ocean temperature have a huge impact on human life and have a huge impact on the 
fishing industry. As a result, people increasingly want to know the direction of fish migration 
and use it as a basis to make appropriate changes when fishing. In this article, we will make 
predictions about the future location of the two fish species and give reasonable advice to small 
fishing companies based on this situation.  

The key to the whole problem is to analyze the changing trend of the North Atlantic 
temperature, find the relationship between various factors and the migration of these two 
fishes, and find the best choice for small fishing companies based on changes in the situation.  

Task 1: Build a mathematical model and use it to find out the most likely locations for Scottish 
herring and mackerel.  

Task 2: According to the rate of change of seawater temperature, predict the timing of these 
species beyond the reach of small fishing companies. 

Task 3: We are asked to determine if small fishing companies need to change according to the 
prediction.  

a) Use the model to identify and evaluate practical and economically attractive strategies for 
small fishing companies.  

- Relocation of some or all of the fishery company's assets from existing locations in Scottish 
ports to locations closer to both fish.  

- Use a certain percentage of small fishing vessels. 

- Other options that the team may identify and model.  

b) Explain the reasons for the rejection based on the results of the model and the assumptions 
the team made.  

Task 4: We are asked to analyze how our proposal will be affected if a certain percentage of the 
fishery enters the territorial sea (sea) of another country based on our model. 

Task 5: We are asked to prepare a one- or two-page article to help fishermen understand the 
severity of the problem and how your proposed solution will improve their future business 
prospects. 

2. Ocean temperature prediction 

2.1. Data collection 

Real and accurate data is the basis for analysis and prediction. To calculate and predict the 
marine temperature over the next 50 years, we collect the temperature data of the north 
Atlantic over the past years. The data were provided by Hadley Centre [4] and NOAA [5]. 
Because the change of the temperature is unstable and non-linear, we choose to employ ARIMA 
model to analyze the historical surface sea temperature (SST). 

2.2. ARIMA model 

Autoregressive Integrated Moving Average model (ARIMA model) is one of time series 
forecasting method. It is often used to analyze the variables that change over time and predict 
the trends [6]. ARIMA model consists of Autoregressive model (AR model) and Moving Average 
model (MA model). The non-stationary time series is transformed into stationary time series; 
then the dependent variable is regressed only to its lag value and to the present value and lag 
value of the random error term [7].  
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We first perform a temperature prediction for a location, and then find out the relationship 
between seawater temperature and latitude and longitude, and obtain water temperature 
prediction values for various locations in the North Atlantic. 

2.2.1. ARMA model 

It is a combination of AR and MA model. In ARIMA model, first the data are integrated, then 
ARMA model is used to predict. The function is as follows: 

𝑦𝑡 = 𝜇 + ∑ 𝛾𝑖𝑦𝑡−𝑖

𝑝

𝑖=1

+ 𝜖𝑡 + ∑ 𝜃𝑖𝜖𝑡−𝑖

𝑞

𝑖=1

 

𝑝 and 𝑞 are given 

𝛾_𝑖 and 𝜃_𝑖 need calculating 

𝑦_𝑡 is the current value 

𝜇 is the constant term 

𝑝 is the degree 

𝛾_𝑖 is the autocorrelation coefficient 

𝜖_𝑡 is the deviation 

𝑞 is the moving average terms 

𝜃_𝑖 is the coefficient 

2.2.2. Autocorrelation function (ACF) 

The function is as follows: 

𝐴𝐶𝐹(𝑘) = 𝜌𝑘 =
𝐶𝑜𝑣(𝑦𝑡 , 𝑦𝑡−𝑘)

𝑉𝑎𝑟(𝑦𝑡)
, 𝜌𝑘 ∈ [−1,1] 

This function reflects the correlation between values in different time of the same sequence. 

We calculate the ACF of the SST data. 

2.2.3. Partial autocorrelation function (PACF) 

PACF remove the interference of random variables. 

2.2.4. Integrated term 

The integration process will get the difference data by comparing the data with the original data 
after the data is moved. In this case, the move refers to the shift up or down. With the 
pretreatment, the trend of data is stable. It is important for further procession.  

The ACF and PACF of SST after integration are as follows: 

 

 
Fig. 1 ACF of Surface Sea Temperature Before and After Integration (1870-2019) 
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Fig. 2 PACF of Surface Sea Temperature Before and After Integration (1870-2019) 

 

2.2.5. Establish ARIMA (p, d, q) model 

In the ARIMA (p, d, q) model, p is the Auto-Regressive term, d is the Integrated term, and q is 
the Moving-Average term. It follows the principle of confidence interval (95% of the point 
conform to the rules). 

After determining p, q and d, we recognize the type of ARMA model. After that, we use Maximum 
likelihood estimation method to calculate the unknow parameters in ARIMA (p, d, q) model. We 
use AIC criterion to decide the order of the model. Finally, we get the prediction result of the 
SST over the next 50 years in the north Atlantic.  

2.3. Model check 

2.3.1. Stationarity and reversibility 

To check the stationarity and reversibility of the model, the root of the two functions below 
should be in the unit circle: 

 

             
Fig. 3 ACF of SST (1870-2019)                        Fig. 4 PACF of SST (1870-2019) 

 

𝛾(𝐵) = 1 − ∑ 𝛾𝑗𝐵𝑗

𝑝

𝑗=1

= 0 

𝜃(𝐵) = 1 − ∑ 𝜃𝑗𝐵𝑗

𝑝

𝑗=1

= 0 

2.3.2. White noise 

The residual sequence of the model should be white noise. Otherwise, the model must be 
recognized again.  

2.3.3. Prediction 

At last, we get the prediction model of SST: 

𝑦𝑡
′ = ∑ 𝛾�̂�𝑦𝑡−𝑖′

𝑝
𝑖=1 + 𝜖𝑡 − ∑ 𝜃�̂�𝜖𝑡−𝑖

𝑞
𝑖=1  𝑦𝑡

′ is the predicted SST of the model 
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2.4. Relationship between sea temperature and latitude/longitude 

We select a region (57.5˚N,1.5˚E) and use this as the center to analyze the trend of annual mean 
ocean temperature with longitude and the trend of annual mean ocean temperature with 
latitude in the same latitude. 

 

 
Fig. 5 Relationship between Seawater Temperature and Latitude 

 

 
Fig. 6 Relationship between Seawater Temperature and Longitude 

 

It can be seen from Fig. 5 and Fig. 6 that the change of seawater temperature with latitude is 
relatively stable, and the change with longitude is large. This change becomes easier to 
understand given the higher temperature of seawater near the land. We process a large amount 
of data, and after curve fitting, we get the relationship between seawater temperature and 
latitude and longitude.  

We use this area as the center and calculate the temperature of each point separately. Let the 
temperature in this area be 𝑦_𝑡^′ and the temperature in other areas (𝑙𝑎˚N, 𝑙𝑜˚E) be 𝑡. 

𝑡 = 𝑡_0 − 0.2 ∗ (𝑙𝑎 − 57.5) 

𝑡 = 𝑡_0 + 0.1 ∗ |𝑙𝑜 − 1.5| 

2.5. Model result 

We still pick this area(57.5˚N,1.5˚E) for prediction and see the prediction results. 

 

Table 1. Sea Temperature Prediction Results 
year 2025 2030 2035 2040 2045 

temperature 10.2659 10.2981 10.2836 10.2933 10.2790 
year 2050 2055 2060 2065 2070 

temperature 10.2889 10.2785 10.2876 10.2792 10.2870 

 

Based on the relationship between the annual average sea temperature and latitude and 
longitude we calculated, we can use this area as the center to calculate the average annual sea 
temperature in other areas. 
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According to the prediction results, we can see that the sea temperature in the next 50 years 
will generally rise slowly, but some fluctuations are undeniable. Compared with previous years' 
seawater temperatures, the predicted temperature fluctuations are smaller. This is also 
understandable. The forecast results reflect the general trend of temperature changes, but it is 
difficult to consider the temperature changes caused by special factors in each year. 

2.6. Model optimization 

Although fish schools will not affect their long-term migration plans due to sudden changes in 
temperature in a certain year, we still need to consider the effects of various uncertain factors, 
so that the temperature prediction results will be more realistic. 

To this end, we take the average of the 150-year temperature every ten years, calculate the 
difference between adjacent averages, and sort them. 

 

Table 2. The Range of Temperature Difference 
the range of temperature difference  

-0.2875 -0.1442 -0.1225 -0.1025 -0.0325 -0.0275 0.0008 
0.0142 0.0567 0.1133 0.1742 0.3217 0.3508 0.4758 

 

Therefore, we set the parameter 𝜏  to indicate the effect of specific conditions on water 
temperature each year.  

So we modify the predicted value expression: 

𝑦_𝑡^′ = ∑ 𝛾�̂�𝑦𝑡−𝑖′

𝑝

𝑖=1

+ 𝜖𝑡 − ∑ 𝜃�̂�𝜖𝑡−𝑖

𝑞

𝑖=1

+  𝜏 

𝑡 = 𝑦𝑡
′ − 0.2 ∗ (𝑙𝑎 − 57.5) 

𝑡 = 𝑦𝑡
′ + 0.1 ∗ |𝑙𝑜 − 1.5| 

3. Fish migration prediction model 

3.1. Model overview 

An individual-based model (IBM) can simulate the overall effect of individual member 
interactions [8]. In our fish migration model, assuming that the behavior pattern of each 
individual has no abnormalities (all the fish are to survive better, and to breed better), then the 
individuals’ movements of the fish are largely determining the movement of the whole group. 
As a consequence, our fish migration model should be based on IBM. 

3.2. Model presupposition 

In addition to the influence of marine temperature, the movement of a shoal of fish is also 
related to other factors. We believe that the quantifiable factors with greater influence are as 
follows: enemies (E), food (F), human fishing in this field (C), salinity (S), oxygen content(O). 

In addition, shoal movements are influenced by ocean currents and the behavior of the species. 
Other factors are negligible. 

We divided the target area of waters (the north Atlantic, the northwest and north to Scotland, 
and the North Sea) into a grid of 1.0° × 1.0°, and unified the marine temperature within each 
grid. The density of fish in each grid is determined by the distribution of fish (data from ICSE 
[11]). The migration of shoals is reflected in the density changes of each grid. 

Analyzing the whole background model of the north Atlantic (NA) area surrounding the 
Scotland should be composed of several layers:  

(1) latitude and longitude network layer; (2) terrain ocean depth layer; (3) distribution layer 
of surface water temperature in NA; (4) salinity distribution layer; (5) fish species distribution 
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layer; (6) plankton distribution layer; (7) oxygen content distribution layer; (8) human fishing 
scope layer.  

The above layers were quantified into 2-D network layers with the same density according to 
the fish density grid, since in this problem we mainly analyze the influence of the change of 
marine temperature on the migration of shoals, and predict the change of marine temperature 
and shoals migration over the next 50 years, our model should be based on the prediction model 
of marine temperature to analyze the changes of shoals distribution over time. 

3.3. Model establishment 

3.3.1. Migration index 

The upper limit of the migration index for each grid is set to 100 and the lower limit is set to 0. 
The higher the migration index, the more likely the grid shoals are to move here. The migration 
index changes with discrete steps (years). 

The migration index is determined by the above-mentioned quantitative indicators, and the 
proportion of different indicators is different. The indicators are as follows: 

 

Table 3. Indicators that Influence Fish Migration 

Marine temperature T 

Salinity S 

Oxygen content O 

Enemies E 

Food F 

human fishing in this field C 

 

Entropy weight method and principal component analysis method were adopted to determine 
the weight of each indicator in the migration index as follows (index names were replaced by 
letters): 

Table 4. Weight of Each Indicator 
T S O E F C 

76% 6% 3% 11% 11% 3% 

 

Let the migration index of a grid be 𝐼, and it can be functioned as: 

𝐼 = 𝑇 × 0.76 + 𝑆 × 0.06 + 𝑂 × 0.03 + 𝐸 × 0.11 + 𝐹 × 0.11 + 𝐶 × 0.03 

In the above function, T, S, O, E, F and C respectively corresponding the scores of different 
indicators. The full score of each index is 100. For the convenience of calculation, each index is 
divided into five grades: 

Table 5. Grades and Scores 
Grade Scores 

I 95 
II 75 
III 55 
IV 35 
V 15 

 

The scores of different indicators are determined in different ways. 

3.3.2. The score of marine temperature (T) 

Both mackerel and herring live in the low-temperature ecosystem, the best water temperature 
is about 5℃. If the temperature is more than 18℃, they will hardly survive. In recent years, the 
annual average temperature of surface water in the north Atlantic and North Sea is 
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approximately 9~12℃. The two fish live in depths of about 200 meters, where the water 

temperature is about 3℃  lower than that on the surface. Mackerel and herring now are 

migrating further north, where the surface sea temperatures (SST) will not climb over 10℃. 
The corresponding scores of different water temperature ranges are in Table 6. 

 

Table 6. Scores of Different SST 
SST (℃) Grade Scores 

(8,9.5) I 95 
(9.5,10) II 75 

(10,10.5) III 55 
(10.5,11) IV 35 
(11,25) V 15 

 

3.3.3. The score of salinity (S) 

Although the salinity in the north Atlantic is changing over years[9], and the salinity distribution 
is uneven in North Sea, this indicator has little influence on the migration of mackerel and 
herring. In order to simplify our model, we can neglect this factor. 

3.3.4. The score of oxygen content (O) 

Herring and mackerel have little change in the oxygen content of the water depth, and the range 
of variation is within the suitable range of both fish. Oxygen content hardly has impact on the 
shoal migration of mackerel and herring[10]. As a result, in our fish migration model, the 
consideration of oxygen is unnecessary.  

3.3.5. The score of enemies (E) 

a) Herring 

The size of herring is usually small, so many fish that are larger than herring prey on them[11]. 
The data related to the distribution of other fish species in this field can be collected from the 
International Council for the Exploration of the Sea (ICES[12]).  

Similarly, we can get the distribution map of different species of fish in the north Atlantic. And 
we can finally get a map of the enemies of herring. The number of the enemies is divided into 5 
levels. And each level corresponding an “E” score (the higher the level, the more enemies this 
area have): 

Table 7. Scores of different levels of enemies 
Level Grade Scores 

1 I 95 
2 II 75 
3 III 55 
4 IV 35 
5 V 15 

 

b) Mackerel 

Enemies and food have little effect on the migration of mackerel. In our model, we can also leave 
it out. The same content will not be repeated.  

3.3.6. The score of food (F) 

Herring and mackerel both live on small fish and plankton. Also, these data can be collected 
from the International Council for the Exploration of the Sea (ICES)[12]. There is no need to 
explain it again here.  

3.3.7. The score of human fishing (C) 

During the long time when human and fish fight with each other, the fishing field and the fish 
stocks are in the balance by and large. Although the migration definitely influences human’s 
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fishing scope, the latter doesn’t have equivalent impact on fish distribution in return. After 
analyzation, we assume that it can be ignored in our fish migration model. 

3.4. Migration pattern 

Each grid of the fish density grid has four adjacent grids: east, west, south and north, and four 
sub-adjacent grids: northeast, southeast, northwest and southwest. Considering that the size of 
the fish density grid is relatively small compared to the area of the sea (a square grid with a 
length of 1°), the migration of fish shoal only takes place along the adjacent grid. Considering 
that shoal migration is much faster than the change of the environment, and the observed value 
is taken once a year. 

For the migration process of a shoal, most fish in one grid will move if there are better migration 
index beside it, we define the proportion of the moving fish is 90%, that is to say, 90% of the 
fish participate in the migration, yet 10% will stay where they are.  

The migration indexes of each cell and the adjacent 4 cells were calculated. And the migration 
will only take place between the middle grid and the grid the index of which is higher than the 
middle one. For example, if the middle grid has the highest index, then all its fish will not move, 
and its fish density will not decrease but increase. After each discrete step (year), the population 
density of these 5 cells was redistributed according to the proportion of migration index. 

At time t equals t, let the migration indexes of the grid and its four adjacent grids be 𝐼0, 𝐼1, 𝐼2, 𝐼3, 𝐼4, 
and the fish density of the grid and its four adjacent grids be 𝑃0, 𝑃1, 𝑃2, 𝑃3, 𝑃4 respectively. Then 
at time t equals (t+1), the new fish density after a discrete step (year) will change. The functions 
are as follows: 

Let 𝐼0 be minimum, that is 𝐼0 < 𝐼1, 𝐼2, 𝐼3, 𝐼4 

Let 𝐼𝑠 =  𝐼0 + 𝐼1 + 𝐼2 + 𝐼3 + 𝐼4 

Then the new fish density 𝑃0′, 𝑃1′, 𝑃2′, 𝑃3′, 𝑃4′ are 

𝑃0
′ = 0.1𝑃0 +

𝐼0

𝐼𝑠
× 0.9𝑃0 

𝑃𝑖
′ =

𝐼𝑖

𝐼𝑠
× 0.9𝑃0(𝑖 = 1,2,3,4) 

By parity of reasoning, in other cases we can get similar result.  

3.5. Model test 

3.5.1. Trend analysis 

In order to verify the accuracy of the model, we obtained the distribution of the two fish species 
from the ICES data website [12] in 1980. It can be seen that in Fig. 7, the distribution of the two 
fish was mainly concentrated on the coast. The darkest area means that there are more than 
160 tons fish here, and the lightest area means that there are no more than 40 tons fish here. 

 

                      
Fig. 7 The Distribution of Fish in 1980                   Fig. 8 The Distribution of Fish in 2017 
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According to our prediction, nearly 90% of the school of fish will migrate to the northeast in 
2017. We can see from Fig. 8 that the fish density did decrease and a large number of fish 
migrated northeast. Figure means that the density of the fish remaining in the original position 
has dropped by more than 70%. This proves that our model is basically correct.  

We also found that some fish appeared in the St. George Strait, but the density was not very 
high. These fish are even moving to lower latitudes, possibly because the fishing companies on 
both sides of the strait raise fish fry here. 

3.5.2. Model checking 

1) Pearson correlation coefficient 

The correlation coefficient can be used to evaluate the correlation between our fish prediction 
model and marine temperature prediction model, the latter is based on previous research so 
the reasonability and stationarity of this model are guaranteed better. 

2) Checking the model 

We choose the fish density of different as the X variable; the surface sea temperature of the 
same area is the Y variable. Calculating the correlation between X and Y, if there is a comparably 
strong negative correlation between our predicted fish density distribution and the SST 
distribution (the lower the marine temperature, the more fish there will be), then the migration 
model is generally correct. Otherwise, the model could have some problems.  

The correlation coefficient can be defined as follows: 

𝜌𝑋𝑌 =
𝐶𝑜𝑣(𝑋, 𝑌)

√𝐷𝑋√𝐷𝑌

 

𝜌𝑋𝑌 ∈ [−1,1] 

If 𝜌𝑋𝑌 < 0, there is a negative correlation 

If 𝜌𝑋𝑌 > 0, there is a positive correlation 

The larger the absolute value of 𝜌𝑋𝑌  is, the stronger the correlation is.  

3.6. Model result 

3.6.1. The most likely locations 

We firstly calculated the index scores of the two fish habitats from 1990 to 2019, and predicted 
the index scores of the fish school habitats for the next 50 years. 

 

Table 8. Habitat of Herring Information 
Habitat of herring information 

year 1990 1994 1998 2002 2006 2010 2014 2018 
longitude(˚E) -0.5 -0.5 1.5 2 1.5 -0.5 1.5 0.5 
latitude(˚N) 49 50 49.25 50.5 50 51 50.25 50.5 

tem 13.317 12.292 13.142 13.392 13.167 11.734 13.525 13.567 
score 86.312 84.455 86.533 86.732 86.241 82.987 87.067 86.318 

 

Table 9. Habitat of Mackerel Information 
Habitat of mackerel information 

year 1990 1994 1998 2002 2006 2010 2014 2018 

longitude(˚E) -2.5 -1.5 -2 0.5 0.5 1.5 1.5 0.5 
latitude(˚N) 49 50 49.25 50.5 50 51 50.25 50.5 

tem 13.317 12.292 12.133 12.517 12.183 11.200 13.525 13.092 
score 84.156 82.684 82.354 83.627 82.133 80.982 84.673 84.025 

 

We visualize the habitat temperature and score data of the two fish over the years to find the 
rules. (Fig. 9 and Fig. 10) 

We can see that the temperature and score of both fish habitats are relatively stable, so we can 
rely on these data to obtain indicators of fish habitat. The average temperature and score of the 
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fish school habitat is: temperature: herring: 13.01667˚C, mackerel: 12.53229 ˚C. score: herring: 
85.83063 point, mackerel: 83.07925 point. 

 

   
Fig. 9 Habitat Temperature Changes                          Fig. 10 Habitat Score Changes 

 

When predicting the habitat of a certain year in the future, it is necessary to first obtain the 
habitat index value of that year, and then use the seawater temperature prediction model to 
obtain the temperature of each region of the year. Based on the temperature, obtain the index 
value of each region to find the habitat of the fish school in that year. 

In order to facilitate observation, we show the habitat change trend of these two fish in the form 
of heat map in the next 50 years.  

a) Herring 

In the next 50 years, because of migration, their range of activity is much larger, it can be seen 
that the coverage of the color blocks representing the density of fish on the heat map is further 
expand. In 1980, fish swarms gathered on the west coast of the North Sea. After nearly 40 years, 
some fish swarms towards the Baltic Sea, and the remaining fish swarms towards the central 
and eastern parts of the North Sea.  

Because the water temperature in high latitudes is lower than that in low latitudes, and other 
factors change much less, fish schools have a strong willingness to move north. After reaching 
the western coast of Norway, this rate of progress will slow down significantly, because the 
temperature of the sea in the north is too low, which is not conducive to the survival of herring, 
and the temperature of the water here changes slowly. The changing trend of the image can be 
obtained from Fig. 11. 

 

 
Fig. 11 Heat map of the future population density of herring every 10 years 

 

B) Mackerel 

The number of mackerel is less than the number of herring, but the mackerel is faster and has 
a larger range. Mackerel has expanded its range of activity from the English Channel to the 
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entire North Sea in just over thirty years. In the next 50 years, its range of activities will be 
further expanded, and the fish density in most areas will be reduced to a certain extent. 

Unlike herring, mackerel is advancing towards the north and northeast of the North Sea, but 
their pace will gradually stop. Because this area of the sea is the best environment for them to 
live, the lower water temperature prevents them from continuing northward. The changing 
trend of the image can be obtained from Fig. 12. 

 

 
Fig. 12 Heat map of the future population density of mackerel every 10 years 

 

3.6.2. The timing of these species beyond the reach of small fishing companies 

We found that the temperature and score of the fish school habitats were basically unchanged. 
Based on this, we determine the location of the future school of fish. However, the school of fish 
is not gathered at one point, but scattered around the center with one position as the center. 
Therefore, when the school of fish leaves the fishing company's catchment area, the company 
is not necessarily unprofitable. The company will lose money only if there is a significant 
reduction in the fish density in the catchment area. 

The fishing range of small-scale fisheries companies is generally 40KM. Considering that fish 
schools can swim around, we have expanded this range to 70KM. When the fish density in the 
1˚ * 1˚ area around the coastline drops below 40 tons, we think the company will lose money. 

a) the best case 

According to our model, changes in sea temperature have important effects on fish migration. 
Therefore, when seawater temperature rises slowly, fish migration rates are slower, which 
would be the best case for fishing companies. 

b) the worst case 

When seawater temperature changes rapidly, fish migration is faster, and this is the worst case. 

c) the most likely case 

This is the most likely scenario when seawater temperature continues to change according to 
the current trend. 

We selected this area (56.1˚W, 2.1˚E) and predicted the year that the habitat temperature and 
value will be reached. 

 

Table 10. The Time When Small Fishing Companies Cannot Make a Profit 
 worst best most likely 

year(tem) 11 23 17 
year(score) 13 21 16 

result 11-13 21-23 16-17 
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4. Strategies for small fishing companies 

4.1. Factors influencing the economic effectiveness 

The economic effectiveness of a fishing company is decided by two factors: 

(1) The earnings  

(2) The costs  

The object of our strategy is to maximize the profit. Our strategy should make the company 
make more profit. Through our fish shoal prediction model, we should give the company 
suggestions on whether it should move to other place or on whether they should change their 
fishing equipment. 

4.1.1. Factors influencing the earnings 

The earnings are directly related to the number of fish and the price of fish. 

The imports and exports declined since 2014[13], and it will not change largely recently. And 
the price of mackerel and herring floating all the time, it’s hard to predict it accurately. Here we 
don’t include it in the factors that influencing the price. 

(1) The price is in connection with the freshness of fish. The price of fresh fish is higher than 
that of frozen fish.  

(2) The number of fish is related to the fish density in the fishing field and the loading capacity 
of the fish vessel.  

4.1.2. Factors influencing the costs 

The costs are directly related to the costs of fishing vessel and costs of labor. 

(1) The costs of fishing vessel are in connection with the location of the fishing field and the 
navigation ability of the fishing vessel. 

(2) The costs of labor are related to the degree of automation of the fishing vessel. 

4.2. The strategies 

4.2.1. Deciding change or not 

In previous model we predict the distribution of the shoal over the next 50 years, and we can 
get the density distribution of fish in the north Atlantic 2-D grid (1° × 1°). Whether the company 
should change their way of operating is based on the model.  

We decide that 20 ton per grid be the limited density. Let the limited density be 𝜌𝐿; the fish 
density of each grid be 𝜌𝑖 . We choose the grid around which the average density is maximum as 
center grid (CG).  

The moving range of small fishing vessel is about 70 kilometers. A circle centered about the 
company’s harbor is the fishing field (FF). And our strategy is as follows: 

 

Table 11. Strategy model 
CG in FF or not 𝜌𝑖  in FF Change or not 

Y / N 

N 
𝝆𝒊(𝟖𝟎%) > 𝝆𝑳 N 
𝝆𝒊(𝟖𝟎%) ≤ 𝝆𝑳 Y 

 

4.2.2. Deciding the strategy model 

If the company decide to change their way of operating, they faced with many choices: 

(1) Move. Transfer part or all of the company’s property from present harbor to other place 
that is closer to where the fish shoal is more likely nearer to years later.  

(2) Upgrade equipment. Employ better small fishing vessels in a certain proportion. These 
fishing vessels can operate without the support from land for a moment and can keep the fish 
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fresh. Also, ocean fishing vessels with refrigeration equipment can be used and they can stay in 
the sea for longer time and load more fish at one round trip.  

(3) A combination of (1) and (2). 

The (1) method will lead to a waste of money and has some risk. But it can most possibly solve 
the problem once for all. And it is profitable in long time.  

The (2) method will bring financial pressure in short time. But it is highly cost-effective. What’s 
more, the company has to upgrade its fishing equipment sooner or later. 

The (3) method strikes a balance between (1) and (2) in order to maximize the economic 
effectiveness of the company. 

To get a trustful result we need to quantify the profit under different strategies.  

4.2.3. Calculating the profit 

Let the profit (yearly) be 𝐻𝑎 ; the earnings be 𝑀𝑎; the costs be 𝑁𝑎 . The function is: 

𝐻𝑎 = 𝑀𝑎 − 𝑁𝑎 

Let the price of fresh mackerel, frozen mackerel, fresh herring and frozen herring be 
𝑃𝑚1, 𝑃𝑚2, 𝑃ℎ1, 𝑃ℎ2(𝑃𝑚1 > 𝑃𝑚2, 𝑃ℎ1 > 𝑃ℎ2). The price of mackerel and herring be 𝑃𝑚  and 𝑃ℎ .: 

If the vessels have refrigeration equipment, then 

𝑃𝑚 = 𝑃𝑚2, 𝑃ℎ = 𝑃ℎ2 

Otherwise, 

𝑃𝑚 = 𝑃𝑚1, 𝑃ℎ = 𝑃ℎ1 

Let 𝑇𝑚𝑖
 and 𝑇ℎ𝑖

 be the potential number of trawling in each grid. Let the number of trawling be 

equal to corresponding fish density in the grid. 

And the earnings can be defined with the function: 

𝑀𝑎 = 𝑃𝑚 ⋅ 𝑇𝑚𝑖
+ 𝑃ℎ ⋅ 𝑇ℎ𝑖

 

Let the costs of one fishing vessel be 𝐶𝑣; costs of labor in one fishing vessel be 𝐶𝑙: 

𝐶𝑙 = 𝐶𝑙1 𝑜𝑟 𝐶𝑙2(𝐶𝑙1 > 𝐶𝑙2) 

The latter imply that the automation degree of the ship is higher. 

Let the fuel consumption per kilometer of one fishing ship be 𝐹𝑐: 

𝐹𝑐 = 𝐹𝑐1 𝑜𝑟 𝐹𝑐2(𝐹𝑐1 < 𝐹𝑐2) 

The latter imply that the tonnage of the ship is bigger. 

Let the distance between the harbor and each fishing grid (mackerel and herring) be 𝐷𝑚𝑖
 and 

𝐷ℎ𝑖
. 

Let the total number of fishing vessels be 𝐴𝑓 ; the proportion of small vessels be 𝜙𝑠 ; the 

proportion of ocean fishing vessels be 𝜙𝑜 . Let the times to go to sea be 𝑛𝑠 and 𝑛𝑜(𝑛𝑠 ≫ 𝑛𝑜). 

Let money to buy one small vessel and ocean vessel be 𝑈𝑠 and 𝑈𝑜 . 

Let the proportion of the whole property be 𝑊𝑎 ; transferred property be 𝜂; money to move per 
proportion per kilometer be 𝐵𝑝; the transferring distance be 𝐷𝑡. 

And the costs can be defined with the function: 

𝑁𝑎 = (𝑛𝑠 ⋅ 𝜙𝑠 + 𝑛𝑜 ⋅ 𝜙𝑜) ⋅ 𝐴𝑓 ⋅ [𝐹𝑐 ⋅ ∑(𝐷𝑚𝑖
+ 𝐷ℎ𝑖

) + 𝐶𝑙] + (𝜙𝑠 ⋅ 𝑈𝑠 + 𝜙𝑜 ⋅ 𝑈𝑜) ⋅ 𝐴𝑓 

4.3. Final strategy 

The main decisive factor is the distribution of the two fish (mackerel and herring). It directly 
determines the potential trawl and the distance between fishing field and harbor. The fishing 
migration model can offer exact fish distribution.  

The proportions of different vessels and moving property, and the transferring distance (north 
along the coast line) are what we need to work out.  
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Finally, we found that it is reasonable to measure the influence of fish distribution with the 
distance between the center grid (CG) and harbor. Based on this, we calculate the profit of 
different strategies, and the parameters that decide the specific strategy are figured out. Then 
we get the result as follows: 

If the distance between CG and the harbor is between 70 and 100 km, the strategy is to use some 
small fishing vessels.  

If the distance between CG and the harbor is between 100 and 300 km, the strategy is to move 
north and use some small fishing vessels.  

If the distance between CG and the harbor is over 300 km, the strategy is to move north more and 
use both small vessels and ocean fishing vessels. 

According to the distance between CG and the harbor (DCH), the proportions of vessels (PV) and 
property (PP), and transferring distance (TD) are as follows: 

 

Table 12. The specific strategy for changing the operating method (the PV is divided into two 
part: PV of small fishing vessels (PVs) and PV of ocean fishing vessels (PVo)) 

DCH (km) 
PV (%) 

PP (%) TD (km) 
PVs PVo 

< 70 / / / / 
70~100 20 / / / 

100~150 20 / 30 50 
150~200 20 / 50 100 
200~300 30 / 70 150 

> 300 30 10 100 250 
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