
R E V I EW AR T I C L E

Resource use in whiteleg shrimp Litopenaeus
vannamei farming in Ecuador

Claude E. Boyd1 | Robert P. Davis1 | Arturo Gonz�alez Wilson2 |

Fabrizio Marcillo3 | Susanna Brian4 | Aaron A. McNevin4

1School of Fisheries, Aquaculture and Aquatic

Sciences, Auburn University, Auburn, Alabama

2World Wildlife Fund-Ecuador, Guayaquil,

Ecuador

3University of Guayaquil, Guayaquil, Ecuador

4World Wildlife Fund, Washington, District of

Columbia

Correspondence

Claude E. Boyd, School of Fisheries,

Aquaculture and Aquatic Sciences, Auburn

University, Auburn, AL 36849.

Email: boydce1@auburn.edu

Funding information

World Wildlife Fund; Gordon and Betty

Moore Foundation

Abstract

A survey of 101 shrimp farms in Ecuador revealed that the

average annual shrimp yield based on production pond

water surface area was 7.03 ± 0.93 (SE) t/ha/year. The

range in annual yield among the five provinces with shrimp

farms was 3.67 ± 0.71 to 11.95 ± 5.56 t/ha year, respec-

tively. Averages for total land, water, and energy use were

0.54 ± 0.01 ha/t shrimp, 76,817 ± 6,330 m3/t shrimp, and

61.2 ± 4.2 GJ/t shrimp, respectively. Average wild fish use

for fish meal and fish oil included in feed was 0.65

± 0.02 t/t shrimp. One-fourth of land use was land embod-

ied in feed. Nearly 80% of total water use was incurred for

exchanging water. Eighty-seven of the farms practiced daily

water exchange at an average rate of 8.5% pond volume

per day (range 0.7–30%). Pumping water at all farms and

mechanical aeration at 47 of the farms were the major

direct energy uses. About half of the total energy use was

embodied, and roughly half of the embodied energy was

in feed.
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1 | INTRODUCTION

Ecuador is among the major producers of farmed shrimp (FAO, 2020). In 2018, this country produced 510,000 met-

ric tons (t) of farmed shrimp consisting solely of whiteleg shrimp (Litopenaeus vannamei). The other leaders in farmed

shrimp production were China (1,760,000 t), Indonesia (708,680 t), India (620,000 t), Vietnam (475,000 t), and

Thailand (347,258 t). These five countries produce both L. vannamei and a few other penaeid species. China con-

sumed around 80% of its farmed shrimp domestically in 2016 (Zheng, Murray, Liu, & Little, 2017), and even a larger

percentage may be for the domestic market at present. Ecuador, India, Indonesia, Thailand, and Vietnam are the main

sources of farmed shrimp in the international market.

Concern that excess resource use and environmental degradation caused by food production is jeopardizing the

sustainability of the world food system extends to aquaculture production and to shrimp farming in particular

(Boyd & McNevin, 2015; Clay, 2004; Naylor et al., 1998; Naylor et al., 2009). Boyd and McNevin (2015) concluded

that negative environmental impacts of aquaculture were associated with both the direct impacts caused by produc-

tion and the indirect impacts associated with acquisition of resources used in production. They argued that efficient

resource use in production not only conserves resources but reduces environmental impacts associated with the

acquisition and use of resources.

Ju�arez, Boyd, McNevin, Craig, and Nates (2021) provided some experience-based estimates of resource use in

Ecuadorian farmed shrimp production without obtaining data from a survey of farms. The present study was con-

ducted to obtain data from a sample of farms and to use this information to estimate amounts of land, water, energy,

wild fish, and other resources used at Ecuadorian shrimp farms. Resource use estimates have been presented for

farmed shrimp production in India, Thailand, and Vietnam (Boyd et al., 2017; Boyd, McNevin, Davis, Godumala, &

Mohan, 2018) and Indonesia (McNevin & Boyd, unpublished data), but comparison of resource use for farmed

shrimp production among the five countries will be deferred to a second report.

2 | MATERIALS AND METHODS

The office of the World Wildlife Fund in Ecuador (WWF-Ecuador), Guayaquil, Ecuador, obtained a list of Ecuadorian

shrimp farms from the Under Secretariat of Aquaculture of the Ministry of Agriculture, Livestock, Aquaculture, and

Fisheries of Ecuador. The list included 2,712 farms with a combined area of 173,804 ha. This list was used to contact

farm owners and managers in the five shrimp-farming provinces, El Oro, Esmeraldas, Guayas, Manabi, and Santa

Elena, about participating in the resource use survey. An attempt was made to randomly select a number of farms in

each province proportional to their frequencies in the list. However, some of the responsible parties could not be

contacted and others chose not to participate. An agreement was reached for 104 farms, but only 101 of these actu-

ally participated.

The farm survey instrument used in Ecuador was a slight modification of the one used in Asia (Boyd

et al., 2017). The modifications were made primarily to gather information about the large pumps used at Ecuadorian

shrimp farms.

The survey was initiated in January 2020, and management input and production data were requested for the

2019 calendar year. Shrimp farms were visited and “face-to-face” interviews with owners or managers were con-

ducted by personnel from WWF-Ecuador who recorded the responses to the survey document. Authors primarily

responsible for the data evaluation and interpretation (CEB and RPD) participated in three of the interviews in

January 2020 for the purpose of identifying and correcting any deficiencies noticed during the use of the survey

instrument. In early February 2020, the COVID-19 pandemic spread to Ecuador, and face-to-face interviews were

suspended and phone surveys by the Ecuadorian authors (FM and AGW) located in Ecuador were utilized to com-

plete the survey. The interviews and follow-up phone conversations necessary for verification of various items were

completed in January 2021.
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The data were sent to WWF-US for initial organization into spreadsheets, and calculations and data

interpretation were carried out primarily at Auburn University. Equations used for calculating averages and standard

error for the responses related to farm sites, farm earthen infrastructure, management inputs (postlarvae, feed, fertil-

izer, fuels, water exchange, aeration, etc.) crop duration, crops per year, pond yield, etc., and equations for calculating

land, water, energy, and wild fish use were presented earlier (Boyd et al., 2017, 2018). Energy use for farm construc-

tion and repair used in the Asian farm survey were for farms with smaller production ponds (0.25–0.5 ha) than used

in Ecuador. More earthwork per hectare of pond is required for small ponds (Yoo & Boyd, 1994). Energy use for farm

earthen infrastructure construction and repair in Ecuador was determined based on average production pond area

and the ratio of reservoir and canal area to production pond area gleaned from the survey results—the derivation of

the energy use factors for farm construction and maintenance will be explained later. Fuel energy equivalences and

embodied resource factors used in calculations are provided (Table 1).

Production and resource use variables were calculated on an individual farm basis to reveal variation among

farms in management and resource use within and among provinces. These variables also were calculated separately

as weighted averages for all farms in a province combined and all farms combined. Resource (land, water, and energy)

use statistics were compared with an ANOVA and subsequently analyzed for pairwise differences with a post hoc

Tukey test when warranted based on the results of the ANOVA. A p value of α = .05 was used as the level of

significance.

3 | RESULTS

The locations of the farms of the survey sampled are depicted in Figure 1. The number of farms by province was as

follows: El Oro, 28; Esmeraldas, 10; Guayas, 41; Manabi, 14; Santa Elena, 8.

3.1 | Physical features

The amount of land owned by or conceded to the farms of the survey, the areas devoted to individual components

of shrimp farm earthen infrastructure, and the area of production pond water surface area in each province are pres-

ented (Table 2). Overall, 37 farms were concessions, 56 were ownerships, and eight contained land in both catego-

ries. Farms contained 19,241 ha of property of which 17,731 ha were devoted to farms with a total of 14,249 ha of

production ponds.

The dedicated shrimp farm area consists of production pond area plus embankments, reservoirs, canals, settling

basins, parking and staging areas, etc. The ratio of the dedicated farm area to the production pond area was called

the land to production water surface area ratio or LWR by Jescovitch, Chaney, and Boyd (2016). The LWR had an

average of 1.24 for all farms and a range of 1.18–1.53 by province (Table 2). The property to production pond ratio

was greater (1.35 with a range of 1.26–1.87).

The farms were constructed on soils that were predominately clayey (n = 26), silty clay (n = 9), sandy clay

(n = 13), loamy (n = 26), silty (n = 2), and sandy (n = 9). The soils generally had a sufficient mixture of particle sizes

to allow good compaction of embankments to minimize seepage. Former land use at the farms was mangrove

(n = 46), cropland or pasture (n = 37), salt flat (n = 15), and dry scrub (n = 3). Forty-six farms were totally or partially

sited in former mangrove areas—El Oro (n = 20), Guayas (n = 18), Esmeraldas (n = 3), Manabi (n = 3), and Santa

Elena (n = 2).

Seventy-five farms were able to provide the date of initial construction, and they were built between 1973 and

2018. The period of greatest construction was 1980–1999 (Table 3), and for farms for which construction date was

known, 29 of the 31 constructed in mangrove were constructed before the end of 1999. This was the year that a

group of nongovernmental organizations (International Organization Partners) officially recognized the United
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TABLE 1 Direct energy content of fuels and embodied resources in fuels and shrimp pond management inputs

Item Amount Land (ha) Water (m3) Energy (GJ)

Fuels

Diesel fuela 1 L

Direct — — 0.0387

Embodied — 0.0003 0.0070

Gasolinea 1 L

Direct — — 0.0349

Embodied — 0.00065 0.0084

Liquid propane (LPG)a 1 L

Direct — — 0.0261

Embodied — — 0.0003

Electricityb 1 kW hr

Direct — — 0.0036

Embodied 0.095 0.00539

Pond management inputs

Shrimp feedc 1 t 0.202 1,612 9.59

Agricultural limestoned 1 t — 100 1.29

Lime (burnt or hydrated)e 1 t — 100 5.30

Molassesc 1 t 0.022 527 0.48

Sugarc 1 t 0.087 1,660 1.90

Ureaf 1 kg — 45 29.2

Triple superphosphatef 1 kg — 50 4.3

Diammonium phosphatef 1 kg — 75 14.22

Ammonium nitratef 1 kg — 35 21.45

Potassium chloridef 1 kg — 100 3.60

Nurtilake (sodium nitrate)f 1 kg — 100 13.65

Sodium metasilicateg 1 kg — 100 1.89

Calcium silicateh 1 kg — 100 1.93

Mixed (N, P, K fertilizers)f 1 kg — 40 14.20

Zeolitei 1 kg — 20 8.4

Chlorine (calcium hypochlorite)j 1 kg — 0.1 0.305

Hydrogen peroxidek 1 kg — 0.1 0.011

Potassium permanganatel 1 kg — 0.1 0.09

Formaldehydem 1 kg — 0.1 0.003

Copper sulfaten 1 kg — 0.2 0.025

Other disinfectantso 1 kg — 0.1 0.180

ahttp://www.iea.org/statistics/resources/manuals/.
bShapouri, Duffield, and Wang (2002).
cBoyd and McNevin (2021).
dwww.oregon.gov/energy/renew/biomass/docs/fossilenergyuse.pdf.
ehttps://www.votehemp.com/wp-content/uploads/2018/09/building_with-hemp-and_limelpdf.
fBansal, Illukpitiya, Tegegne, and Singh (2016).
gFawer, Concannon, and Rieber (1999).
hVenta (1998).
ihttps://solarenergy.ch/fileadmin/dataen/publ/sorption01.pdf.
jhttps://www1.eere.energy.gov/manufacturing/industries_technologies/imf/pdfs/1797_advanced_chlor-alkali.pdf.
kModin and Fukushi (2013).
lAbdrashitov et al. (2014).
mhttps://www.isen.northwestern.edu/building-energy-neutral-processes-for-chemical-manufacturing.
nEstimated.
oVeiga, Romanelli, Gimenez, Busato, and Milan (2015).
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Nations Ramsar International Convention on Wetlands (Peck, 2011). Nineteen-hundred and ninety-nine is the cutoff

date for eligibility of shrimp farms built in mangrove areas to seek certification by the Global Aquaculture Alliance

and the Aquaculture Stewardship Council.

The average production pond water surface for individual farms was 141.0 ha (range 1–1,579 ha). The average

farm production area was 39.8 ha in Manabi but 228.8 ha in Guayas (Table 4). The LWR for individual farms ranged

from 1.03 to 7.41, but the overall average was 1.42 (1.15–2.13 by province). It should be noted that the average

LWR is much larger when based on the average of individual farms than for the overall province LWR estimates

(compare LWR values in Tables 3 and 4). This resulted from larger farms typically having a lower LWR than did

smaller farms.

The size of individual shrimp production ponds by farm ranged from 0.45 to 43.1 ha (average = 6.59 ha). Aver-

age pond depth by farm varied from 0.6 to 2.0 m (average = 1.22 m). All pond bottoms were earthen lined.

Pond shape varied greatly but most ponds were rectangular or oblong. In a few farms, large ponds had been

converted to smaller ponds to accommodate intensive production. Some of these small ponds were square, but

others had odd shapes. Satellite images of a farm with large traditional ponds and a farm with smaller ponds are

shown in Figure 2.

F IGURE 1 Locations of shrimp farms
of the survey. The asterisk denotes the
location of Guayaquil, Ecuador and
EO = El Oro, GU = Guayas, SE = Santa
Elena, MA = Manabi, and
ES = Esmeraldas provinces

TABLE 2 Numbers of farms surveyed along with the total area of property, dedicated farm area, production pond

area, shrimp farm specific LWR, and property LWR for each province

Farms
(n)

Property
(ha)

Dedicated farm
area (ha)

Production pond
area (ha)

Shrimp
farm LWRa

LWR based on
property

El Oro 28 2,105 2,104 1,672 1.26 1.26

Esmeraldas 10 1,831 1,195 986 1.21 1.86

Guayas 41 12,157 11,625 9,383 1.24 1.30

Manabi 14 917 856 559 1.53 1.64

Santa
Elena

8 2,231 1,951 1,649 1.18 1.35

Total 101 19,241 17,731 14,249 1.24 1.35

aDedicated farm area/production pond water surface area.
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Ponds typically had a water inlet gate at one end and a water outlet gate at the other end. These gates were

made with steel-reinforced concrete bottoms, sidewalls, and wings with a rectangular 1–1.5 m (average 1.15 m) wide

channel extending from the pond bottom to the top of the embankment. Flow was controlled by dam boards fit with

slots in the sidewalls.

Of the 101 farms, 87 had reservoirs and 42 had canals. In farms without canals, the main inlet channel served as

both an elongated reservoir and canal from which ponds were supplied. Fourteen farms pumped water directly into

production ponds. Areas and depths of reservoirs and canals are given in Table 4. Farms discharged water into sepa-

rate canals or drainage ways. Sedimentation basins were present at 15 farms and 13 of these farms were in Guayas.

Average area for sedimentation at these farms was about 10% of production area.

Water supplies for filling and exchanging water in ponds were estuaries or estuarine reaches of streams, and

some farms were several kilometers inland (Figure 1). Water was pumped into all farms, and at five farms, additional

pumps were used to lift water to higher elevation to supply ponds distant from the initial pumping station. In

19 farms, pumps also were used for circulation of water within the ponds before final discharge.

Farms had 1–30 pumps with an average of 4.41 ± 0.44/farm. A large pump station is shown in Figure 3. Pump

discharge diameters ranged from 0.38 to 1.27 m (average = 0.78 ± 0.12 m). Axial flow pumps comprised 56.5% of

TABLE 3 Summary of known construction dates for survey farms and the number of the farms sited in the
mangrove area during each period

Period

Period constructed Constructed in mangrove area

N (%) n %

1970–1979 7 6.9 4 8.7

1980–1989 27 26.7 14 30.4

1990–1999 24 23.8 11 23.9

2000–2009 4 4.0 1 2.2

2010–2019 13 12.9 1 2.2

Not reported 26 25.7 15 32.6

Total 101 100.0 46 100.0

TABLE 4 Earthen infrastructure of Ecuadorian shrimp farms based on averages from individual farm data

Variable

Country Province

Average El Oro Esmeraldas Guayas Manabi Santa Elena

Property size (ha) 190.5 ± 28.3 75.2 ± 16.1 183.1 ± 120.2 296.5 ± 55.8 65.5 ± 18.7 278.9 ± 70.6

Area of shrimp farm (ha) 175.6 ± 26.2 75.2 ± 26.2 119.5 ± 57.2 283.5 ± 55.7 61.2 ± 17.7 243.9 ± 71.1

Production pond area (ha) 141.0 ± 21.6 59.7 ± 13.7 98.6 ± 56.6 228.8 ± 45.8 39.8 ± 10.4 206.1 ± 47.1

Farm LWR 1.42 ± 0.09 1.40 ± 0.08 1.44 ± 0.10 1.22 ± 0.03 2.13 ± 0.55 1.15 ± 0.06

Pond size (ha) 6.59 ± 0.45 6.41 ± 0.59 10.37 ± 3.71 6.19 ± 0.36 5.13 ± 0.89 7.08 ± 0.72

Pond depth (m) 1.22 ± 0.03 1.09 ± 0.06 1.17 ± 0.08 1.32 ± 0.04 1.20 ± 0.11 1.24 ± 0.08

Reservoir area (ha) 8.76 ± 2.07 3.38 ± 0.74 3.19 ± 1.52 13.75 ± 4.49 3.22 ± 0.67 14.44 ± 4.16

Reservoir area/pond area 0.08 ± 0.01 0.13 ± 0.03 0.04 ± 0.01 0.06 ± 0.01 0.12 ± 0.04 0.06 ± 0.01

Reservoir depth (m) 1.87 ± 0.13 1.78 ± 0.26 1.53 ± 0.19 2.05 ± 0.24 1.46 ± 0.30 2.17 ± 0.37

Canal area (ha) 9.03 ± 2.68 2.55 ± 1.17 2.54 ± 1.87 11.83 ± 4.07 5.00 ± 1.15 7.33 ± 3.28

Canal area/pond area 0.06 ± 0.01 0.18 ± 0.16 0.02 ± 0.01 0.05 ± 0.01 0.08 ± 0.02 0.03 ± 0.01

Canal depth (m) 1.46 ± 0.19 1.03 ± 0.34 0.92 ± 0.24 2.00 ± 0.24 1.10 ± 0.21 0.43 ± 0.07

Settling basin area (ha) 11.29 ± 3.81 — 9.50 12.98 ± 4.45 0.50 —
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pumps; the rest were centrifugal pumps. Ninety-eight percent of the pumps were operated with diesel engines and

the rest with electric motors. The sizes of these power units ranged from 20 to 1,400 hp (average = 235 ± 5.9 hp).

Pump discharges ranged from 0.03 to 4 m3/s with an average of 1.48 ± 0.06 m3/s against elevation heads of 1–

17 m (average = 4.3 ± 0.2 m). Overall, the installed pump capacity for farms averaged 7.35 hp/ha.

Farms had variable numbers of vehicles and other farm machinery depending upon farm size. Most farms had at

least one flatbed truck, one dump truck, one pickup truck, and three or four motor bikes. They also usually had

at least one tractor, one backhoe, two or more outboard motors, several small boats, and a larger barge.

3.2 | Pond management

Production was feed-based and an undetermined number of farms stocked postlarvae (pls) at high density into

ponds, which served as nurseries before transferring the larger juvenile shrimp to other ponds at lower density for

grow-out to harvest size. The stocking density in grow-out ponds averaged 20.6 ± 4.5 pls/m2 (range 1.0–350

F IGURE 2 Satellite images of an Ecuadorian shrimp farm with large ponds (a) and a renovated farm with small
ponds (b)

F IGURE 3 A large pump station at an Ecuadorian shrimp farm
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pls/m2). Overall, there was an average of 3.6 crops per year with a range from 2.9 in Santa Elena to 4.1 in El Oro and

Manabi. Crop duration averaged 91 days and varied from 85 to 96 days depending upon province (Table 5). Twenty-

five farms had crop durations of 60–80 days.

All farms applied pelleted shrimp feed containing 28.0–38.5% crude protein. The crude protein content typically

was reduced as shrimp grew. The average protein concentration used in ponds was 33.3 ± 0.48%, and it varied little

among provinces. Feed was applied daily in amounts adjusted for shrimp size and standing crop of biomass in ponds.

Feed was broadcast over pond surfaces from a small boat or by automatic feeders. The number of farms using auto-

matic feeders was not recorded.

Water exchange was practiced in 87 farms (86.1%), and the daily exchange rates averaged 8.5 ± 5.7% of produc-

tion pond volume/day (range = 0.7–30.0%). Nineteen farms also applied internal water recirculation at rates of 10–

20% of pond volume daily.

The farms used a wide range of pond amendments for water quality improvement, wild fish destruction, and

shrimp health. The most commonly applied amendments were liming materials, fertilizers, and molasses. Ninety of

the 101 farms applied liming materials: 17 used agricultural limestone only; 22 used only burnt or hydrated lime, and

51 farms used both agricultural limestone and lime. Of the 101 farms, 88 used one or some combination of the fertil-

izers listed in Table 6. Eighty farms applied molasses and one farm applied sugar as a carbohydrate source aside from

carbohydrate in feed. Hydrogen peroxide was used in 37 farms for emergency treatment for low dissolved oxygen

concentration. Forty-three farms applied zeolite for removing ammonia nitrogen and 34 farms applied probiotics as a

water quality enhancer. Twenty-eight farms applied piscicides, 38 farms used chemicals for disease treatments, eight

farms used disinfectants, four farms applied vitamin C to feeds, and two farms used copper sulfate for algal control.

The compounds applied and the typical application rates reported for each are provided in Table 6.

Forty-seven (46.5%) farms applied mechanical aeration in some or all ponds. Three types of aerators were used:

2- and 3-hp, floating, electric paddlewheel aerators; long-arm paddlewheel aerators powered from the sides of ponds

by small diesel engines; 2-hp floating, electric propeller-aspirator-pump aerators. Electric aerators were used at

12 farms, diesel aerators at 29 farms, and six farms used both. The average installed aeration capacity in ponds with

aeration was 9.1 ± 2.9 hp/ha at farms with only electric aerators, 7.3 ± 1.0 hp/ha at farms using only diesel aerators,

and 23.5 ± 6.9 hp/ha at farms with both electric and diesel aerators. The average, daily duration of aeration was

reported to range from 1–15 hr/day with an average of 7.8 hr/day. The percentage of the total production area of

the sample in which aeration was applied could not be determined from the data reported.

TABLE 5 Shrimp production data for survey farms by province

Production variable El Oro Esmeraldas Guayas Manabi Santa Elena Overall

Individual farm average

Postlarvae (Pls/m2) 14.6 ± 3.3 11.2 ± 1.6 15.5 ± 1.2 58.2 ± 30.3 13.3 ± 1.5 22.5 ± 8.7

Crops duration (days) 88 ± 3 93 ± 4 95 ± 2 85 ± 5 96 ± 5 91 ± 2

Annual crops (no./year) 4.1 ± 0.1 3.4 ± 0.2 3.4 ± 0.1 4.1 ± 0.4 3.0 ± 0.2 3.6 ± 0.1

Pond yield (t/ha/crop) 1.82 ± 0.28 1.15 ± 0.16 1.97 ± 0.18 3.22 ± 0.19 1.24 ± 0.24 1.96 ± 0.29

Pond yield (t/ha/year) 7.39 ± 0.93 3.80 ± 0.45 6.75 ± 0.67 11.95 ± 5.56 3.67 ± 0.71 7.03 ± 0.93

Farm FCR 1.23 ± 0.04 1.24 ± 0.09 1.44 ± 0.05 1.19 ± 0.11 1.33 ± 0.13 1.32 ± 0.03

Weighted average for all farms

Annual production (t) 12,037 3,986 74,004 2,653 6,153 98,833

Annual feed use (t) 15,534 6,367 113,652 3,194 7,958 146,705

Calculated FCR 1.29 1.60 1.54 1.20 1.29 1.48

Annual pond yield (t/ha) 7.36 4.04 7.89 4.76 3.73 6.93
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Shrimp ponds were completely drained at harvest so that pond bottoms could dry for sanitary purposes. In

87 farms, sediment was not removed from pond bottoms following draining for harvest. Liming materials usually

were applied to moist pond bottoms soon after draining. Two farms reported removing sediment after each crop,

five removed sediment annually, five removed sediment at 2- to 3-year intervals, and two conducted the task at 5-

to 6-year intervals.

3.3 | Production

Farmers were not asked about survival rate of postlarvae, because highly accurate counts of the tiny postlarvae are

difficult to achieve and farmers do not count the number of shrimp harvested. Based on average stocking rate of

22.5 postlarvae/m2 and 3.6 crops/year (Table 5), the total number of postlarvae stocked would have been about

1.15 billion for all sample farms. Assuming an average harvest weight of 15 g for shrimp, the total sample farm pro-

duction of 98,833 t would have contained an estimated 0.66 billion shrimp—a survival rate of 57.3%.

The average single crop yield ranged from 1.51 t/ha in Esmeraldas to 3.22 t/ha in Manabi with an average of

1.96 t/ha (Table 5). Only four farms had single crop yields above 4 t/ha. Annual, average pond yield was 7.03 t/ha/

year (3.80 t/ha in Esmeraldas to 11.95 t/ha/year in Manabi. Nine farms had yields greater than 10 t/ha/year

(Figure 4). Annual yield intensity did not differ (p > .05) among provinces as a result of the great variation among

farms. Weighted average annual pond yield intensities based on total annual production and total production pond

area of survey farms by province (Table 5) were slightly different from averages based on individual farm

performance.

Farm-level feed conversion ratios (FCR) varied from 0.1 to 2.2 (Figure 5). The farm-level FCR is not the true

FCR, because a portion of the shrimp production, typically between 0.1 and 0.5 t/ha/crop (Akber, Islam, Ahmed, &

TABLE 6 Pond management amendments used by farms in the survey

Product Farms using product (n) Application rate (mg/L/application)

Urea 13 23.2 ± 4.2

Triple superphosphate 5 8.4 ± 3.1

Diammonium phosphate 3 7.3 ± 1.3

Potassium chloride 5 —

Ammonium nitrate 2 —

Sodium nitrate 2 —

Fertipaka 6 30

Fitoblooma 12 30 ± 2.3

Fertivina 3 —

Nutrilakeb 26 15.1 ± 7.2

Magnesium sulfate 4 —

Organic fertilizerc 13 83.8 ± 13.8

Silicate fertilizersd 43 41.5 ± 10.6

Molasses 80 100.8 ± 13.6

Zeolite 47 142.3 ± 26.9

aMixed fertilizer, N-P2O5-K2O ratio not reported.
bSodium nitrate with silicate.
cHumate.
dSodium and calcium silicates.
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Rahman, 2017; Garson, Pretto, & Rouse, 1986; Nhuong, Luce, Tu, Tam, & Nguyet, 2002), results from natural food

organisms produced in ponds. The farm with FCR = 0.1 produced only 0.62 t/ha/crop, and this very low FCR is obvi-

ously meaningless.

The farm-level FCR averaged 1.32 for all provinces with a range of 1.19 (Manabi) to 1.44 (Guayas).

However, the FCR calculated on total production and feed use by province had an average of 1.48 and range of

1.20–1.54. Adjusting this average FCR for 0.5 t/ha/year of shrimp biomass from natural productivity results in an

FCR of 1.60.

F IGURE 4 Histogram for annual farm
production intensities based on production
pond water surface area

F IGURE 5 Histogram for individual farm
FCR values
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3.4 | Resource use

The energy required for construction and maintenance of farm earthen infrastructure was based on a unit the area

of which was that the average production pond (6.59 ha) plus the average ratio of canal and reservoir area to pro-

duction pond area (0.92 ha) from Table 3. Calculations were for embankment height (including freeboard) of 1.75 m,

side slopes of 2:1 (horizontal:vertical), and embankment tops of 4-m width. The embankment cross-section had an

area of 13.125 m2. The length of the embankments for the unit was 1,147 m. Earthfill for this unit was 15,054 m3,

and adding a settling factor of 10% (Yoo & Boyd, 1994) resulted in 16,559 m3 earthfill. Diesel fuel use for embank-

ment construction of 1.48 L/m3 earthwork is typical (https://www.ksdot.org/Assets/wwwksdotorg/bureaus/

burConsMain/specprov/2007/pdf/07-01008-r01.pdf). An estimated 24,508 L of fuel were used for the unit, and

20% more was considered necessary for site preparation for a total of 29,409 L.

The survey farms were repaired at 1–10-year intervals—the average interval was about 3 years. Based on con-

versations with a shrimp farm design consultant (A. M. Schuur, Aquaculture Management Services, Polluck Pines,

CA), the maintenance and repair work over a 30-year period would consume an amount of fuel at least equal to that

used for initial farm construction. Total fuel use over 30 years would be 58,819 L/unit, and this is equivalent to

2,276 GJ of energy for the unit. The diesel fuel contained 412 GJ embodied energy. The concrete and steel rein-

forcing bar in two water gates contained 90 GJ of embodied energy (Boyd, 2019). Thus, each unit incurred 502 GJ

embodied energy use or 22% of the direct fuel energy used.

A unit equated to a 6.59 ha of production pond area, and over a 30-year period, energy use for construction and

maintenance (expressed per hectare of production pond water surface area) is equal to 11.51 GJ/ha/year of direct

fuel energy and 2.54 GJ/ha/year of embodied energy. These energy use factors were divided by annual pond yields

to obtain the energy use per ton of shrimp resulting from farm construction and maintenance at each farm.

The fish meal and fish oil inclusion rates in shrimp feeds were not divulged for proprietary reasons by feed mills

producing shrimp feed in Ecuador. However, 50,000 t of fish meal from the reduction fishery were used in Ecuador

in 2018 (https://www.indexmundi.com/agriculture/?country=ec&commodity=fish-meal&graph=domestic-

consumption), and likely this fish meal was included almost exclusively in shrimp feed. At an FCR of 1.48 (Table 5)

and a national production of 510,000 t shrimp, an estimated 754,800 t of shrimp feed were produced. This suggests

a fish meal inclusion rate in Ecuadorian shrimp feed of around 6.62%. Shrimp feeds in general probably contain an

average of 5% fish meal from the reduction fishery, because many large feed producers use fish meal made from

trimmings from fish processing (D. A. Davis, Auburn University, personal communication). The 6.62% inclusion rate

seems reasonable. An estimate of fish oil use in Ecuador was not found. According to Tacon and Metain (2008),

Ecuadorian shrimp feed contained an average of 3% fish oil in 2006, and D. A. Davis also indicated that an inclusion

rate of 2–3% from the reduction fishery was typical at present.

When the fish meal inclusion rate is 4.44 times or more than the fish oil inclusion rate in a feed, all of the fish oil

can be accounted as a byproduct of making the meal (Boyd & McNevin, 2015). Assuming Ecuadorian shrimp feed

has an average of 5.6% fish meal and 2.5% fish oil from the reduction fishery, more wild fish use would be accrued

than for the fish meal alone. An equation presented by Boyd and McNevin (2015), which adjusts for wild fish for fish

oil in feeds with less than 4.44 times as much fish meal as fish oil, was used to calculate wild fish use. The average

wild fish use in the feed was calculated as 0.498 t/t feed.

Average individual farm wild fish use values (0.498 t/t feed � FCR) ranged from 0.05 to 1.09 t/t shrimp with an

average of 0.65 ± 0.02 t/t shrimp. The averages by province were similar, ranging from 0.60 to 0.72 t/t shrimp.

Aquaculture certification programs usually require that the wild fish embodied in harvested shrimp be 1.0 t/t shrimp

or less. Based on the estimated fish meal and fish oil inclusion rates in Ecuadorian shrimp feed, farms must have an

FCR of 1.54 or less to comply with the standard of 1.0 t wild fish or less per ton of shrimp. Twenty-two (21.8%) of

the farms had FCR values above 1.54.

Total land, water, and energy use per ton of harvested shrimp are summarized in Figure 6. The overall averages

were 0.54 ha/t shrimp, 76,817 m3/t shrimp, 61.2 GJ/t shrimp, respectively. Esmeraldas had significantly higher land
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use compared with El Oro and Guayas (see Supporting Information). Average water use did not differ among prov-

inces. Water use differed between El Oro and Manabi. Energy and wild fish use did not differ among provinces.

There was, however, a wide range among individual farms with respect to the use of these resources. The ranges

were as follows: total land use, 0.23–0.95 ha/t shrimp; total water use, 2,903–389,362 m3/t shrimp; total energy

use, 8.93–850.9 GJ/t shrimp; wild fish use, 0.04–0.88 t/t shrimp.

Eleven farms that did not exchange water had average total water use of 9,862 ± 1,619 m3/t shrimp as com-

pared with the average for all farms of 76,817 ± 6,330 m3/t shrimp. Interestingly, the total energy use by these

11 farms without external water exchange of 54.7 ± 11.8 GJ/t shrimp was only slightly less than the sample aver-

age of 59.4 ± 4.2 GJ/t. Similar energy use between farms with and without external water exchange likely

resulted from aerator use in the absence of water exchange and pump energy necessary for internal water

recirculation.

Land embodied in feed exceeded direct land use for production pond water surface area (Figure 7). The sup-

port area on farms made up about one-fourth of direct land use. Saline water was used for filling ponds and

exchanging water accounted for 88.5% of total water use. Embodied freshwater was mainly in feed and fuels.

Embodied energy in pond amendments when spread over the farm sample production was only 3.04 GJ/t shrimp.

More than one-half of the energy use was incurred as embodied energy, and 49.4% of the embodied energy

resulted from feed.

F IGURE 6 Average total land, water, and energy use per ton shrimp by province in Ecuador and overall average
for sample farms. The bars are standard errors
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Log10-log10 regressions of resource use were made in order to compress the numerical range of the variables

(Figure 8). The regression between production intensity and total land use had a coefficient of correlation (r2) of .45

(p < .05). The slope of the regression line showed that each 10% increase in production intensity resulted in a reduc-

tion of about 4.99% in total land use. The regression for total water and total energy use had much smaller coeffi-

cients of correlation than obtained for total land use (Figure 8), but they were significant (p < .05) and suggested a

diminishing trend in water and energy use per ton of production at greater yield intensity. Total water and energy

use would not be expected to increase at greater intensity in ponds operated mainly by water exchange.

4 | DISCUSSION

Statistics on the number and area of shrimp farms in Ecuador dated August 2020 was obtained from Yahira

Piedrahita of the C�amara National de Acuacultura in February 2021 (after completion of the survey). This list also

revealed whether farms were concessions and located in the intertidal zone or ownerships located in the supratidal

zone (area above the level of the greatest spring tide).

In all, there were 3,933 shrimp farms occupying 216,611 ha of property. Using data from Table 3, it was esti-

mated that there were 160,823 ha of production ponds. Of the land actually devoted to shrimp farming (not solely

property controlled by the farms), 50,047 ha and 149,157 ha were located in the intertidal zone and the supratidal

zone, respectively.

Only 1.86% of the farms were in Santa Elena with 13.73–34.58% in the other provinces. Santa Elena, Manabi,

and Esmeraldas each had less than 10% of the production area. Guayas had 34.58% of farms and 63.48% of produc-

tion pond area. Farms in the intertidal zone were concessions, whereas those in the supratidal zone were owner-

ships. By location, 52.3% of farms and 31.12% of the production pond area were located in the intertidal zone.

The sample included 2.57% of all farms, but the percentage of survey farms in Santa Elena made up much less

than the actual percentage from the statistics (Table 7). The sample also captured a much lower percentage of

F IGURE 7 Direct and embodied use of resources at Ecuadorian shrimp farms

F IGURE 8 Regressions for resource use versus annual pond yield intensity

784 BOYD ET AL.



property area and production pond area for Santa Elena. The production pond area within the intertidal zone was

grossly overrepresented in the sample for Esmeraldas and to a lesser extent in Santa Elena. Shrimp production by

the farms was roughly proportional to production pond area except in Manabi. The higher contribution of production

than expected from production pond area in Manabi resulted from two small, but highly intensive farms in Manabi.

Based on extrapolation of national production since 2008 (Figure 9), the country might have produced

540,000 t of shrimp in 2019, but the total production of all farms by province was not found. The sample of farms

produced 18.30% of estimated national production for 2019, but they contained only 8.86% of the national produc-

tion pond area estimated for 2020. This bias in the production pond area to national production was unavoidable.

When the farms were selected, the sizes and production levels of individual farms were not known, some farm

owners could not be contacted, and others refused to participate.

Data from the Subsecretariat of Acuacultura reveals an average production on pond area per farm of 24.33 ha in

the intertidal zone and 59.05 ha in the supratidal zone. In the sample, the production pond area was 83.5 and

236.3 ha/farm in the intertidal and supratidal zones, respectively. Although the difference in size of production pond

areas per farm was similar in the two zones between sample farms and the national average, the sample farms had

more than twice the production area in both cases. On average, the farms included in the sample were considerably

larger than typical farms. Moreover, it is likely that large farms were easier to contact, more willing to participate in

the survey, tended to stock postlarvae at greater densities, and used better management practices than smaller

farms. This tendency was noted in farm surveys conducted in Asian countries (Boyd et al., 2017, 2018).

Based on production pond area calculated from data provided by Piedrahita (2018) and national production data

from FAO (2020), the average pond yield in Ecuador has increased as follows: 1984, 0.49 t/ha/year; 1991, 0.88 t/

ha/year; 2006, 1.45 t/ha/year; 2018, 3.18 t/ha/year. The farms in the present survey outperformed the national

average for 2018, and there is much potential for greater intensification in the country. Moreover, greater intensifi-

cation will not increase land, water, and energy use per ton of shrimp and will actually tend to decrease resource use

per ton of shrimp (Figure 8). The national farmed-shrimp production of Ecuador could be increased to about

TABLE 7 Comparison of key variables by percentages between farms in the survey sample and the national
average based on statistics from the Undersecretariat of Acuacultura

El Oro Esmeraldas Guayas Manabi Santa Elena Overall

Number farms

All farms 27.84 13.73 34.58 22.00 1.86 100.00

Sample 27.72 9.90 40.59 13.86 7.92 2.57

Area of property

All farms 19.35 6.81 61.27 9.29 3.29 100.00

Sample 10.94 9.50 63.18 4.69 11.60 8.88

Production pond area

All farms 20.68 4.92 63.48 7.62 3.28 100.00

Sample 11.74 6.92 65.86 3.91 11.57 8.86

Production pond area in intertidal zone

All farms 45.33 30.23 26.73 39.14 9.11 31.12

47.35 1.23 22.50 27.70 3.16 21.67

Total production

All farms — — — — — 100.00

Sample 12.18 4.03 74.88 26.8 6.23 18.30
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1,000,000 t annually by simply increasing the average national pond yield to that of the farms in the survey without

the need of constructing new farms or expanding existing ones.

In spite of the farms surveyed having higher than average production, some farms produced more shrimp and

used resources more efficiently in doing so than did other farms. Variation in efficiency and resource is introduced at

the farm level through specific farming practices, such as the use of fertilizers or liming materials, water exchange

rate, and feed management (Davis, Boyd, & Davis, 2021). There is much opportunity to improve yield and resource

use efficiency even among the surveyed farms. The main technique for increasing production obviously would be

greater use of mechanical aeration. The increase in yield possible with mechanical aeration is dependent on the

amount of aeration applied, because aerators have the capacity to allow 300–500 by more shrimp per horsepower

(Boyd & McNevin, 2020). Aeration generally does not increase the energy input per ton of shrimp, but allows greater

shrimp yield in proportion to the amount of aeration applied. Aeration also lessens the necessity for water exchange

and could reduce energy use for pumping.

The average FCR reported in this study seemed surprisingly low to the investigators. Nevertheless, it was calcu-

lated by dividing reported feed use by farm production, and the farmers should have known how much feed they

purchased and how much shrimp were sold to processing plants. Some farms, nevertheless, still had elevated FCR

values, and reducing FCR lessens both feed use and wild fish required for fish meal in feeds.

Many of the pond amendments used have not been shown through research to be effective, and this is particu-

larly true for molasses, other than in biofloc systems (Hargeaves, 2013), and for zeolite and probiotics (Boyd &

Tucker, 1998). It is doubtful that much benefit is generally obtained by liming shrimp ponds in areas with nonacidic

soils and in applying nitrogen and phosphorus fertilizers to ponds receiving daily feed application (Boyd &

Tucker, 1998). No benefit will result from silicate fertilizers unless the silicate concentration in ponds is lower than

that of normal seawater (Daniels & Boyd, 1993). Of course, the amendments did not contribute greatly to embodied

resource use (Figure 6), but their use incurs a greater production cost.

Improving resource use efficiency, and especially efficient feed use, should be a goal at all shrimp farms. It will

reduce and save resources, lessen pollution potential of shrimp farms (Chatvijitkul, Boyd, Davis, & McNevin, 2017),

and lessen production cost. Even though the average farm in the survey apparently was more productive than the

average Ecuadorian shrimp farm, the wide range in production and resource use among the sample farms confirms

F IGURE 9 National farmed shrimp production by Ecuador from 1980 to 2018 (FAO, 2020)
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that improvements in efficiency are achievable and should be encouraged by leaders within the shrimp farming

sector.
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