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© 2023 González-Rivas and Tapia-Silva. This
is an open-access article distributed under
the terms of the Creative Commons
Attribution License (CC BY). The use,
distribution or reproduction in other
forums is permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original publication in
this journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

TYPE Brief Research Report

PUBLISHED 23 February 2023

DOI 10.3389/fmars.2023.1130125
Estimating the shrimp
farm’s production and their
future growth prediction by
remote sensing: Case study
Gulf of California

David Alejandro González-Rivas1* and Felipe Omar Tapia-Silva2*

1Energy and The Environment Postgraduate, Autonomous Metropolitan University, Iztapalapa,
Mexico City, Mexico, 2Applied Geomatics Lab, Dep. Hidrobiologia, Autonomous Metropolitan
University, Iztapalapa, Mexico City, Mexico
Shrimp farms are within the main aquaculture activities and In the last 30 years,

shrimp farms have expanded along the Gulf of California. Because the shrimp

farm’s production is related to the pond area and the extended location of shrimp

farms, we employed a multi-disciplinary approach to study the process of annual

shrimp farm expansion, in addition to predicting shrimp production in the short

term. Our study hypothesizes that semi-intensive shrimp farm production is

dependent on the pond area which can be accurately quantified by using remote

sensing image classification combined with the historical production data of

shrimp aquaculture. We could calculate the long-term expansion of the total

pond area and forecast the total annual shrimp production in the short-term. Our

results highlight the development over the last 28 years. The total surface area of

the shrimp ponds grew by more than 1100%. The linear regression model

between the shrimp farms area, calculated using remote sensing, and

statistical data on shrimp production, was strongly positive and significant (r2 =

0.874, p =2.209e-11). Likewise, the linear regression model for the total pond

area as a function of time resulted strong positive and statistically significant (r2 =

0.936, p =2.917e-15). We demonstrated that the shrimp production could be

assessed based on the total pond area by year, obtained by remote sensing. We

estimated the past long-term shrimp farm expansion in the study zone using

remote sensing data. This methodology is valuable for monitoring food security,

aquaculture management decisions, and coastal ecology.

KEYWORDS

aquaculture production forecast, google earth engine, satellite image classification,
aquaculture expansion forecast, prediction model
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1 Introduction

The rapid growth of shrimp farms in northwest Mexico and

other countries, such as China, India, Indonesia, and Vietnam, is

being driven by the increasing demand for fish and seafood proteins

worldwide (FAO, 2020; Naylor et al., 2021). Along this exponential

growth, there has been a transformation of different ecosystems into

shrimp ponds. These changes in land use have attracted research

interest on the environmental and social impacts of shrimp farms in

these areas, as well as methods to promote better development of

this industry (Martinez-Porchas and Martinez-Cordova, 2012;

Martıńez-Durazo et al., 2019; Sampantamit et al., 2020).

Shrimp production is well known for its economic value, and

currently, Mexico ranks seventh in terms of Crustacea aquaculture

(FAO, 2020; FAO, 2022). In 2020, this activity represented a

revenue of nearly 676 US million dollars for the Mexican states of

Sonora and Sinaloa (CONAPESCA, 2020), which are located

northwest of the Gulf of California. Accelerated development of

shrimp farms has occurred in the area near the coastal zone of the

Gulf. In the last 30 years, farms have constantly developed in these

two states, where most aquaculture ponds are located (Castellanos-

Tapia et al., 2022). In 2020, shrimp production in these states

represented almost 88% of the total shrimp production in Mexico

(CONAPESCA, 2020). It is within this theme that we searched how

aquaculture and remote sensing data could be made and used for a

better understanding of food security, management decisions, and

sustainability of the coastal areas.

Shrimp farms are located along different ecosystems including

coastal lagoons, mangrove forests, agricultural systems, and even

shrub and desert ecosystems; moreover, some shrimp ponds are no

longer in use. The lagoon, rivers, canals, and temporary water

bodies make it challenging to model land use and assess the total

area occupied by shrimp farms along the coastal zone during a

certain period (Duan et al., 2020a; Duan et al., 2020b).

In recent years, remote sensing data such as Landsat images

have been used to map aquaculture ponds in China (Duan et al.,

2020a) and Mexico to study the effects of shrimp pond expansion

(Scheuering, 2021; Castellanos-Tapia et al., 2022). In this context,

Scheuering (2021) noted that, in 2020, there were approximately

122 000 ha of shrimp ponds in the Gulf of California.

New tools and platforms are available to identify changes in

land use and conduct large-scale studies. One of these geospatial

analysis platforms is the Google Earth Engine (GEE) (Gorelick et al.,

2017), which integrates data from different sensor collections such

as Sentinel or Landsat, and can be used with other images through

classification methods such as random forest classification (RFC),

support vector machine, or naive Bayes (Shelestov et al., 2017;

Pimple et al., 2018; Duan et al., 2020a). This platform allows for an

improved and highly precise analysis that can improve estimations

of shrimp farm area and production, as demonstrated in the

present study.

We hypothesized that semi-intensive shrimp farm production is

dependent on the pond area; besides, it is possible to calculate the

long-term expansion of the total pond area and to forecast the total

annual shrimp production in the short-term, by using remote
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sensing image classification combined with the historical

production data of shrimp aquaculture.

For testing this hypothesis, we used a 29-year (from 1993 to

2021) time series of Landsat (5 and 8) and classified this data to

detect the long-term annual shrimp pond expansion. Moreover, the

multi-disciplinary approach we developed, aimed to generate a

model that predicts, in the short-term (e.g., for the next 5 years),

the total annual production of shrimp farms along the Gulf of

California and their future area of growth, using the remote

sensing–detected annual pond area and statistical data on

shrimp production.
2 Methodology

We collected remote sensing images from the Landsat catalog of

the U.S. Geological Survey (USGS) by using the GEE platform

(Gorelick et al., 2017). From 1993 to 2010, the images corresponded

to the Landsat 5 surface reflectance Tier 1 (T1_SR). We corrected

atmospherically the images using the LEDAPS. To improve the

classification, we applied masks for cloud, shadow, water, and snow.

From 2013 to 2021, we used images from the Landsat 8 surface

reflectance Tier 1 (T1_SR) and we corrected them atmospherically

using the LaSRC (Gorelick et al., 2017).

To assess the land cover of shrimp ponds per year, image

classification must be performed for the period in which the farms

are operational. Therefore, we used the average reflectance of the

images from May to September, depending on the year based on

cloud cover. We could not obtain the area of the shrimp ponds

owing to cloud cover for 2002, 2003, 2010, and 2011. We used the

RFC method (Breiman, 1999) included in the supervised

classification algorithms package in GEE.

We categorized each supervised classification as shrimp pond,

soil, and vegetation. Before the RFC, we generated another mask

that filtered all the coastal lagoons and permanent and seasonal

water bodies unrelated to shrimp ponds in the region of interest.

The mask had a maximum width of 5 km from the sea to the land

mass, and the land classification area had an average of

1 482 936 ha.

For the accuracy assessment (validation of RFC classification

results and area calculation), we used the methodology proposed by

as Ref. (2014) as explained in as Ref. (2020a).

We obtained shrimp production data from the Aquaculture and

Fisheries Statistical Yearbook (CONAPESCA, 1993–2020)

(CONAPESCA, 1993; CONAPESCA, 1994; CONAPESCA, 1995;

CONAPESCA, 1996; CONAPESCA, 1997; CONAPESCA, 1998;

CONAPESCA, 1999; CONAPESCA, 2000; CONAPESCA, 2001;

CONAPESCA, 2002; CONAPESCA, 2003; CONAPESCA, 2004;

CONAPESCA, 2005; CONAPESCA, 2006; CONAPESCA, 2007;

CONAPESCA, 2008; CONAPESCA, 2009; CONAPESCA, 2010;

CONAPESCA, 2011; CONAPESCA, 2012; CONAPESCA, 2013;

CONAPESCA, 2014; CONAPESCA, 2015; CONAPESCA, 2016;

CONAPESCA, 2017; CONAPESCA, 2018; CONAPESCA, 2019;

CONAPESCA, 2020) for each sampling year. Finally, we used the

statistical program R studio v. 4.0.3(Wickham, 2016) to analyze and
frontiersin.org
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plot the linear regression between the total area obtained and the

entire shrimp produced.

We included in the Figure A of support material a methodology

flowchart to better comprehend this methodology.
3 Results

Based on image analysis and the validation procedure (Olofsson

et al., 2014), we obtained the shrimp pond area per year and the

estimated error for each year (Data sheet 1). The estimated errors

corresponding to the 95% confidence interval were generally lower

than 4%. The years with the highest estimated errors were 2005

(22.1%), 2013 (14.95%), and 2015 (12.51%).

The annual area we obtained through image classification and

the total shrimp production are shown in Figure 1. These results

highlight the massive development over the last 28 years. In 1993,

we assessed 8367 ha of active shrimp farms in this region, whereas

in 2021, our results showed that the total active area of shrimp

farms was more than 114 000 ha. This means that during this

period, the total area of shrimp farms grew by more than 1100%.

Figure 2 shows the location of shrimp ponds at 5-year intervals

from 1993 to 2021.

The linear regression model of the total area calculated using

remote sensing and statistical data on shrimp production, shown in

Figure 3, was strongly positive and highly significant (r2 = 0.874, p =

2.209e-11). The linear regression model for the total pond area as a

function of time (in years) (Figure 3) was also linear, strongly
Frontiers in Marine Science 03
positive, and highly significant (r2 = 0.936, p = 2.917e-15). Using

this model, we predicted the expansion of shrimp ponds and their

corresponding production in the short term (the next 5 years).

Table 1 presents the results.
4 Discussion

We used Landsat 5 and 8 remote sensing images because the

purpose of the present study was to estimate the total area of shrimp

ponds from 1993 to 2021. As mentioned, these two sensors have

also been successfully used for large-scale mapping of aquaculture

ponds in China (Duan et al., 2020a) and Mexico to study the

ecological effects of shrimp pond expansions in the states of Sonora

and Sinaloa (Scheuering, 2021; Castellanos-Tapia et al., 2022).

Although Scheuering (2021) did not specify how he obtained a

total of 122 000 ha of shrimp ponds for 2020 in the Gulf of

California, this information is consistent with our estimated value

of 112 047 ha for 2020 using remote sensing for the states of Sinaloa

and Sonora.

It is worth noting that before area determination by remote

sensing, we filtered each image classification to exclude most of the

water bodies (coastal lagoons), which generally resulted in a small

error in the accuracy assessment for most of the shrimp ponds in

the region, as shown in Data sheet 1. The years with the highest

estimated errors were 2005 (22.1%), 2013 (14.95%), and 2015

(12.51%). These high estimated errors can be attributed to the

similar spectral characteristics of shrimp ponds and natural water
FIGURE 1

Total estimated area of shrimp ponds (ha, blue line) based on remote sensing and shrimp production (tons, dotted orange line) from 1993 to 2021,
for the east part of the Gulf of California corresponding to the Mexican states of Sinaloa and Sonora.
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bodies. Another factor causing this error is that some small and

shallow water bodies were not properly masked before the

validation method.

Although the methodology described in this study was adequate

for most of years, we could not estimate the total pond area for

2002, 2003, 2010, and 2011 owing to cloud cover. For cloudy

conditions, an approach similar to that implemented by other

studies such as (Stiller et al., 2019; Sun et al., 2020; Ottinger et al.,
Frontiers in Marine Science 04
2022) is advisable. In these studies, radar images from the Sentinel 1

sensor were used to demonstrate the viability of radar to identify

shrimp ponds in regions where cloud cover is a constant challenge,

as in parts of Asia such as Vietnam or some regions of China.

Another similar study (López-Caloca et al., 2020) also used Sentinel

1 radar data to study water bodies under constant cloud cover in

areas located in the south of Mexico. Although the use of radar has

been demonstrated to be a powerful method for studying
FIGURE 2

Shrimp ponds detected from 1993 to 2021 using remote sensing. Owing to the extended area occupied and for an improved observation of growth,
the data were grouped by five-year periods.
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aquaculture ponds, for our study, using the open access Sentinel 1

images was not possible because data for this sensor is available only

from 2014 to date. Therefore, considering monetary limitations, we

chose to use optical remote sensing images from the Landsat sensor

because it allowed us to cover an extended period compared to that

with the other sensors. However, we believe that the available data

for the remaining 25 years were sufficient to determine the

expansion of the shrimp ponds in the present study.

The analysis showed an accelerated increase in shrimp farms in

the coastal zone. The area under aquaculture grew more than

1100% in 28 years, and more than 114 683 ha of the different

ecosystems were converted into shrimp ponds by 2021. Previous

studies have shown the ecological problems associated with this

expansion in parts of the Gulf of California. Using remote sensing

tools, Scheuering (2021) studied how this economic activity

impacts waterbird migration. Castellanos-Tapia et al. (2022)

described how this expansion contributed to the loss of salt

marsh areas in Sinaloa.

Consistent with this background, our results showed that the

growth in area was almost linear for the Sinaloa and Sonora shrimp

farms. It should be noted that the development of shrimp farms has

different ecological implications, and this data and methodology

can help to understand some of the ecological pressure for the

divers ecosystems in the region, such as land use change, nitrogen

and organic matter inputs, pathogen contamination, or even heavy

metal pollution (Páez-Osuna and Ruiz-Fernández, 2005; Martıńez-

Durazo et al., 2019; Jara-Marini et al., 2020). With the methodology

we introduced in this study and the results reported by (Arreola-

Lizárraga et al., 2016; Páez-Osuna et al., 2017; González-Rivas et al.,

2020), studying and estimating the entry of diverse compounds,

such as heavy metals or nutrients that can impact the neighboring

ecosystems, into the Gulf of California coastal zone is possible.
Frontiers in Marine Science 05
Although the relationship between area and production in

shrimp farms is well established (Páez-Osuna et al., 2003;

Miranda et al., 2009), most studies refer to shrimp ponds being

managed as semi-intensive ponds (Páez-Osuna et al., 2003; Ponce-

Palafox et al., 2011; Cortés et al., 2021). In our case, we compared

shrimp production with the annual pond area detected by remote

sensing, and the results showed that shrimp pond production

averaged 1.28 tons/ha, which is within the range of semi-intensive

model shrimp pond production systems, which is the most

common management system of shrimp aquaculture in the

region (Estrada-Pérez et al., 2015; Hernandez-Llamas et al., 2016).

Regarding the statistical analysis shown in Figure 3A, the value

of r2 = 0.887 for the dependence model showed a strong relationship

between shrimp production and area estimated by remote sensing.

This r2 value, as well as the estimation error in Data sheet 1, verify

the area obtained using the RFC in the GEE platform. We

demonstrated that observing long-term changes occurring in

shrimp production and pond area as well as, to predict these in

the short-term is possible for the Gulf of California using remote

sensing images and powerful platforms such as GEE to download

and process geospatial data.

The shrimp pond area has continued to grow during the last

three years of our study (2019–2021), but at a rate lower than that in

the early 1990s or 2000s. As shown in Figure 1, the data indicate that

for the northeast of the Gulf of California, shrimp ponds will

probably continue expanding over the next decade. Therefore, we

generated a prediction of shrimp pond area for the next 5 years using

a linear regression model (the results are shown in Table 1). As

shown in Figure 3B and Table 1 although the growth in pond area is

evident. When we analyzed the aquaculture expansion prediction

(Table 1), we observed that the prediction has a growth rate near the

3.5% for 2022 and a decrease to 3% for 2026. We believe that this
A B

FIGURE 3

Relationship between the total shrimp pond area estimated using remote sensing (ha/year) and (A) the corresponding production (ton/year) and
(B) time (years).
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growth value will depend on multiple factors such as the availability

of land, cost, restructuring of existing ponds, etc.

On the other hand the decrease in production during the 2000s

(shown in Figure 1) was caused by pathogens such as Vibrio and

white-spot virus (Anaya-Rosas, 2005; Soto-Rodriguez Sonia et al.,

2015). These infections resulted in the emptying or drying of shrimp

ponds during the harvest season, especially for the years 2000, 2002,

2009, 2010, and 2013. We believe that these dry ponds generated

noise or bias in the regression models. Finally, these models we

obtained to estimate pond area and production assume that the

aquaculture farms in this part of Mexico mainly operate as semi-

intensive production systems and that nomajor disaster or event will

occur that would affect and significantly decrease their production.
5 Conclusion
We demonstrated that it is possible to determine, in the long

term, the areal expansion of semi-intensive shrimp farms located in

the Gulf of California based on satellite image classification using

geospatial processing platforms such as GEE. We determined that

the growth in area of shrimp ponds was almost linear for the

Mexican states of Sinaloa and Sonora. We assessed 8367 ha of active

shrimp farms in 1993, whereas in 2021, this rose to 114 000 ha. This

implies that the total area of shrimp farms has grown by more than

1100% from 1993 to 2021. This expansion means an increasing

economic value of production, along with an accelerated reduction

in the area under ecosystems such as coastal lagoons, mangrove

forests, agricultural systems, or even shrub and desert, as well as an

increasing input of contaminants to the surrounding ecosystems.

We obtained a prediction model that could be used in the short

term to track shrimp production in the study region. We believe

that this methodology can also be easily applied in other parts of the

world and can be implemented using various remote sensors such

as the sentinel family, Landsat, or even sensors with higher

resolution. We are convinced that this is valuable information for

coastal aquaculture policymakers and can be applied to the

monitoring of food security, aquaculture management decisions,

and coastal ecology.

Finally, we would like to highlight four points related to the

results of the manuscript 1) This study demonstrated that is

possible to forecast shrimp farm production by using remote

sensing data, 2) The prediction model could be used in the short

term to track shrimp production in the study region, 3) This study

can be replicated in different parts of the world and thus have a

greater certainty of aquaculture production in places where the data
Frontiers in Marine Science 06
is not available or is discontinued and 4) The data obtained by this

methodology can have multiple uses frommanagement decisions to

ecological purposes.
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