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Abstract The impact of diazinon spraying in an agricul-

tural tropical soil through the evaluation of both the habitat

and retention functions of the soil system was never repor-

ted. To fill this gap, five times the recommended dose of a

commercial diazinon formulation was sprayed in an agri-

cultural area of Costa Rica, and dilution gradients of the

sprayed soil were prepared in the laboratory. Avoidance and

reproduction tests with soil organisms (Eisenia andrei,

Enchytraeus crypticus and Folsomia candida) to evaluate

losses in terrestrial habitat function, and growth and repro-

duction tests with aquatic organisms (Chlorella vulgaris and

Daphnia magna, respectively) to evaluate the retention

function of soil were performed. Results demonstrated that

regarding habitat function, F. candida reproduction was the

most sensitive endpoint (EC50 = 0.288 mg a.i./kg), fol-

lowed by avoidance behaviour of E. andrei (EC20 =

1.75 mg a.i./kg). F. candida avoidance and the reproduction

of E. andrei and E. crypticus were not affected by diazinon.

The toxicity tests with aquatic organisms showed that the

soil retention function was insufficient to prevent effects of

diazinon either on microalgae growth (EC50 B 0.742 mg/L

and EC20 B 0.223 mg/L) and on the reproduction of the

cladoceran (EC50 B 0.00771 mg/L and EC20 B 0.00646

mg/L). Results suggested that diazinon exerted toxic effects

even at the dilution corresponding to the recommended dose,

fact which makes its misuse an issue of environmental

concern. Furthermore, the present study highlighted the

importance and complementary nature of the assessment of

both habitat and retention functions to an ecological risk

assessment in tropical systems.
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Introduction

Agricultural practices have deleterious consequences for

soil and aquatic systems, and are usually associated with

the degradation of natural resources (e.g., soil carbon and

nutrients in water). In temperate regions, after the con-

version of natural ecosystems into agricultural use, soil

organic matter losses usually occur in the first 25 years,

whereas in tropical soils such losses may occur in the first

5 years after cultivation (Matson et al. 1997). This fact

highlights the importance of the local environmental con-

ditions (including properties of the local soils) on the

noxious effects of pesticides in natural systems and, con-

sequently, the need for an evaluation of the impact of

pesticide applications in tropical agricultural systems

integrating both the soil and water components. Recently, a

guideline for the ecotoxicological characterization of soils

for landfill covering, green areas, parks and recreation

areas, and horticulture and agriculture areas, recommended

the evaluation of both the habitat and retention functions of

the soil (ISO 2003a). According to the latter international

standard, the soil habitat function is the ability of soil to

serve as habitat for soil living organisms, and the soil

retention function is the ability of soil to adsorb contami-

nants preventing their mobilization into aquatic systems.
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Whereas the habitat function should be evaluated by means

of tests on soils with soil organisms, tests on aqueous soil

extracts (i.e., eluates) with aquatic organisms are recom-

mended to evaluate the soil retention function.

Pineapple plantation farming is an example of a horti-

cultural crop industry with an increased development in the

last decades, which contributed to the large increase of

pesticide applications over the last years. According to the

Food and Agriculture Organization (FAO) of the United

Nations (Anon 2002), the pineapple world production more

than tripled during the last 30 years. Actually, pineapple

production is the most important tropical fruit crop in the

world after banana and citrus. For instance, in 2009, Costa

Rica was the third country in the world with the highest

annual pineapple production (1,870,121 t; FAOSTAT

2011). One of the pesticides used on pineapple plantations

is the organophosphate diazinon (Rodrı́guez and Jordán

1993). This insecticide acts on the activity of the acetyl-

cholinesterase enzyme which is involved in the transmis-

sion of neural impulses (NPTN 1998). Diazinon is highly

toxic to birds, fish and aquatic insects (USEPA 1986), has

an average half-life of 40 days in soils and 4 days in foliage

at 25 �C (Wauchope et al. 1992), and a water solubility of

40 mg/L at 20 �C (Kidd and James 1991; see Table 1 for

details on Diazinon physical and chemical properties). Due

to its hazard to agricultural workers and wildlife species, the

use of diazinon is restricted in countries such as the US

(USEPA 2004) and Australia (APVMA 2003), although it

remains a widely used pesticide worldwide.

The toxic effects of diazinon to non-target organism

have been reported for several groups of aquatic organisms,

such as cladocerans (Fernández-Casalderrey et al. 1994;

Sánchez et al. 2000; Bailey et al. 2001; Jemec et al. 2007),

decapods (Sucahyo et al. 2008), amphipods (Smith et al.

2007), chironomids (Schuler et al. 2005), oligochaetes

(Ankley and Collyard 1995), ploimas (Fernández-Casal-

derrey et al. 1992), microalgae (Butler et al. 1975; Doggett

and Rhodes 1991), bivalves (Bouldin et al. 2007), and fish

(Bisson and Hontela 2002), and also for soil organisms,

including earthworms (Booth and O’Halloran 2001; Leland

et al. 2001), isopods (Vink and Van Straalen 1999), bac-

teria (Higgins and Hohn 2008), and fungi (Baicu 1982). Its

effects on birds’ behaviour (Brasel et al. 2007), mammals

(Gokcimen et al. 2007) and along the food chain (risk to

passerine birds through earthworms) have also been eval-

uated (Stephenson et al. 1997). However, to date, none of

the assessments of the toxic effects posed by diazinon

addressed the impact of its spraying on agricultural soils,

through the evaluation of both the habitat and retention

functions of the soil system. Aiming to fill this gap, the

ecotoxicological characterization of a soil sprayed with

diazinon under a real scenario of tropical conditions was

performed in the present study. To fully attain this purpose,

the study was conducted according to internationally

adopted guidelines (ISO 2003a), by carrying out the rec-

ommended sublethal toxicity tests on soils (with three

species of soil organisms) and on eluates (with two species

of aquatic organisms), to evaluate the habitat and retention

functions, respectively.

Materials and methods

Test organisms and culture conditions

Soil habitat function tests were performed using the

oligochaetes Eisnenia andrei Bouché (Lumbricidae) and

Enchytraeus crypticus Westheide & Graefe (Enchytraeidae)

Table 1 Physical and chemical

properties of the

organophosphate insecticide

Diazinon. Data taken from the

Hazardous substances data bank

(HSDB 2011)

Property Diazinon

CAS registry number 333-41-5

Molecular weight 304.35

Color/form Colorless liquid

Odor Faint ester-like

Boiling point 83–84 �C at 2 9 10-3 mm Hg

Density/specific gravity 1.116–1.118 g/mL at 20–4 �C

Water partition coefficient (Kow) 6457

Soil adsorption/mobility (Koc) 191 (40–432)

Solubility

Water 0.004 % (40 mg/L) at 20 �C

Organic solvents Miscible with petroleum ether, alcohols, ether,

cyclohexane, benzene and similar hydrocarbons

Vapor pressure 9.01 9 10-5 mm Hg at 25 �C

Volatility 2.4 mg/m3 at 20 �C; 17.6 mg/m3 at 40 �C

Henry’s law constant 1.17 9 10–7 atm-m3/mol
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and the collembolan Folsomia candida Willem (Isotomidae)

as test species. Soil retention function was evaluated using

the cladoceran Daphnia magna Straus (Daphniidae) and the

green microalgae Chlorella vulgaris Beijerink (Chlorella-

ceae). Although E. crypticus and D. magna were never

observed in Costa Rica, all test species used are recom-

mended for standard toxicity testing and are used worldwide

for soil and water quality assessments and monitoring (e.g.,

OECD 1984a, b; EC 1992; ISO 1996, 1999, 2003b).

All soil test species originated from laboratory cultures

kept between 23 and 27 �C under a 16:8 h light:dark

photoperiod. The earthworm E. andrei and the collembolan

F. candida were both maintained as described by Natal-da-

Luz et al. (2009). Whereas the earthworms used for testing

were more than 1 month old with a well-developed clitel-

lum and a fresh weight (average ± standard deviation

[SD], n = 200) of 341 ± 28.6 mg, the collembolans were

10–12 days old from synchronized cultures. The pot worm

E. crypticus was kept in plastic boxes with a natural agri-

cultural soil previously defaunated through more than two

freeze–thaw cycles (48 h at -20 �C followed by 48 h at

25 �C). The water content of this soil was adjusted once a

week in order to maintain a moisture content of 40–50 %

of its water-holding capacity. Cultures were fed every

2 days with ca. 2 g of wetted ground rolled oats (Frutocal

company, Lisbon, Portugal) not cooked. Only organisms

with a well-developed clitellum and apparently healthy

were used in the tests.

The microalgae C. vulgaris was maintained in nonaxe-

nic batch cultures between 21 and 23 �C under a 16:8

light:dark regime (100 lE/m2/s), in cotton-stoppered

1,000-mL Erlenmeyer flasks filled approximately until half

with the growth medium recommended by Environment

Canada (EC 1992). To obtain the algal inoculum to start

new cultures, an aliquot of an exponentially growing cul-

ture was harvested, centrifuged (8 min at 3,0009g; Clay

Adams Compact II Model 420225 centrifuge, Becton

Dichinson, Sparks, MD, USA) and resuspended in algal

growth medium. Cultures of D. magna were maintained at

23–26 �C under a 14:10 h light:dark regime (100 lE/m2/s),

in reconstituted hard water (ASTM 2002), hereafter referred

to as ASTM water, supplemented with selenium (2 lg/L)

and vitamin B12 (2 lg/L). Cultures (25 and 12 daphnids/L

up to the first brood and from there onwards, respectively)

were fed daily 3 9 105 cells/mL of a mixture of Pseud-

okirchneriella subcapitata (Koršhikov) and C. vulgaris (on

a 3:1 ratio). All organisms used in tests were third to fifth

brood neonates (6–24 h old).

Experimental design

To simulate a real scenario of pesticide application, a

commercial formulation of diazinon (Piñorel 60EC, 600 g

a.i./L) was sprayed in an agricultural field with a typical

soil from a region in Costa Rica where pineapple planta-

tions are largely abundant and unpredictable heavy rain-

falls often occur (Limón province, 108 060 N, 838 360 W).

The soil of the selected area was free of pesticide and

fertilizer applications for more than 5 years. Table 2 pre-

sents the following soil physical and chemical character-

istics, measured immediately after field collection: pH

(1 M KCl; 1:6, v:v), water-holding capacity (ISO 1996),

organic matter content (loss on ignition at 500 �C for 6 h),

density (water volume increase after dry pre-weighed soil

addition), and soil texture (LNEC 1970). The area selected

was divided into two units with 5 m2 each and with a

buffer distance of 2 m from each other. One of the units

was sprayed solely with water (control unit) and the other

unit with five times the average recommended dose of

diazinon for pineapple plantations in Costa Rica, which is

2.4 kg a.i./ha (Chaverri 2002; NRA 2002; test unit sprayed

with 12 kg a.i./ha). This high dose of diazinon, hereafter

referred to as the 100 % dose, was selected to simulate

worst-case scenarios since the amounts of pesticide applied

by local farmers often largely exceed the recommended

dose (Castillo et al. 1997). Spraying was performed using a

16-L portable atomizer with water for the control unit and

test solution for the contaminated one. In both cases, ref-

erence water collected from a nearby reference stream was

used (pH, conductivity and hardness of 8.3, 64 lS/cm and

26 mg CaCO3/L, respectively).

To avoid cross contamination, the control unit was first

sprayed and the top 50-mm soil layer was collected 30 min

later. Afterwards, the test unit was sprayed and the soil

collection was performed in the same way (30 min was

considered sufficient to allow pesticide incorporation into

the soil). It was assumed that the soil had an average

density of 1.5 g/cm3 and that diazinon would not penetrate

the soil to a depth higher than 50 mm, which means

that the amount of insecticide applied to the test unit

Table 2 Physical and chemical characterization of the soil

(mean ± standard deviation) from the study area (Limón province,

108 060 N, 838 360 W)

Parameters Natural soil

pH (KCl 1 M, n = 9) 5.4 ± 0.16

Water-holding capacity (%, n = 3) 136 ± 1.7

Organic matter (%, n = 3) 11.3

Density (g/cm3, n = 3) 1.4 ± 0.17

Clay (%, n = 1) 14

Silt (%, n = 1) 18

Sand (%, n = 1) 68

Soil texture type Sandy loam
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corresponded to a nominal concentration of 16 mg a.i./kg

dry weight (DW).

Habitat function

Soil gradients

Both control and diazinon field-sprayed soils were col-

lected and immediately transported to the laboratory, air

dried (for 8 h), defaunated (by means of two freeze–

thawing cycles), and sieved (5 mm). The diazinon-sprayed

soil was diluted with the control soil (uncontaminated soil)

to prepare the following gradient of the diazinon-contam-

inated field soil (each dilution was prepared in a single

batch): 100, 70, 45, 30, 20, and 0 % (Table 3). This range

of concentrations intended to simulate different application

doses of diazinon (e.g., the 20 % dilution represented the

recommended dose). Because the quantity of the field

diazinon-sprayed soil was not enough to perform all

reproduction tests planned to extensively evaluate the soil

habitat function, a diazinon laboratory-spiked soil (at the

same field nominal dose of 16 mg a.i./kg DW) was used to

prepare a second dilution gradient of 100, 20, and 0 % of

diazinon. In the laboratory, control soil was spiked with a

stock solution of diazinon to achieve a concentration of

16 mg of diazinon/kg of soil (DW equivalent) and this

soil was diluted with control soil, following the same

procedures as above. This second diazinon soil gradient

was only used to perform the E. andrei and E. crypticus

reproduction tests (Table 3). For both dilution gradients,

soil moisture was adjusted before the toxicity tests. Nom-

inal soil diazinon concentrations of each dilution gradient

were 16, 11, 7.2, 4.8, 3.2, and 0 mg/kg and 16, 3.2, and

0 mg/kg, respectively.

Toxicity tests with soil organisms

All avoidance and reproduction tests were conducted at a

temperature of 23–27 �C, under a photoperiod of 16:8 h

light:dark. The soil pH and the moisture content were

always measured at the beginning and at the end of each

test. Details on the procedures adopted for the toxicity tests

with soil organisms are presented in Table 4. In the

avoidance tests with E. andrei and F. candida (ISO 2007a,

b), plastic containers were used as replicates and each was

divided into two equal sections. During the test each rep-

licate was covered with a transparent lid with a few pierced

holes to allow aeration. At the end of the tests, a divider

was inserted in the midline of each replicate. The number

of worms in each section was immediately determined and

the individuals found in the midline of the test container

were counted as 0.5 independently of the body part found

at each side. For collembola counting, the content of each

of the sections was transferred to a small vessel. Individual

Table 3 Diazinon soil and

eluate dilutions originated from

diazinon-contaminated soil and

used in the toxicity tests with

soil and aquatic organisms,

respectively

a Range of dilutions prepared

from the diazinon-field sprayed

soil
b Recommended diazinon dose

for pineapple plantations in

Costa Rica
c Range of dilutions prepared

from the diazinon-laboratory

spiked soil
d Eluate dilutions prepared

from the soil dilutions
e Eluate dilutions prepared

from the eluate of the 20 %

diazinon-field spayed soil and

expressed relatively to the

100 % dose

Soil function Test endpoint (test species) Dilution (%)

Habitat (tests on soils) Avoidance (Eisenia andrei, Folsomia candida)a

Reproduction (F. candida)a

0

20b

30

45

70

100

Reproduction (E. andrei, Enchytraeus crypticus)c 0

20

100

Retention (tests on soil eluates) Growthd (Chlorella vulgaris) 0

20

30

45

70

100

Reproductione (Daphnia magna) 0

0.5

0.74

1.1

1.66

2.5
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contents of each section were flooded with water and the

organisms floating at the water surface were counted after

the addition of few drops of blue ink and gentle stirring.

Missing collembolans were considered dead, since dead

organisms decompose fast. In two-section treatment repli-

cates, the control soil (0 % diazinon) was tested against

each of the prepared soil dilutions. To verify whether the

distribution of the individuals was random in both sections

of the replicate when soil contamination was not an

experimental factor (Yeardley et al. 1996; Hund-Rinke and

Wiechering 2001; Natal-da-Luz et al. 2009), dual-control

tests with the control soil were also performed.

In the reproduction tests with E. andrei and F. candida,

the test vessels consisted of plastic containers covered with

transparent lids with a few pierced holes to allow aeration,

whereas glass vessels covered with opaque non-perforated

lids were used for the test with E. crypticus. In all repro-

duction tests, replicates were weighed at the beginning of

the test and weekly to correct for water losses, times at

which test containers were opened for a few seconds to

allow aeration. Individuals of E. andrei were pre-weighed,

acclimated in control soil for 48 h and exposed for 28 days

to the concentration gradient. After the 28-days exposure,

adults were retrieved and re-weighed to determine biomass

changes, whereas at the end of the test (56 days) the

number of juveniles per replicate was determined using a

water bath (ISO 1996). At the end of the tests with

E. crypticus (28 days), each replicate was filled with

ethanol (at 70 %) up to a depth of 4 cm plus 200–300 lL

of Bengal red (1 % solution in ethanol), gently stirred, left

to rest overnight, washed through a sieve (0.25 mm) with

tap water, and transferred to a Petri dish to count juveniles

under a binocular microscope. At the end of the collembola

test (28 days), each replicate was flooded with water and

blue ink. The water surface was photographed by a digital

camera and surviving adults and juveniles were counted

using the Image Tool software for Windows (version 3.00;

Wilcox et al. 2002).

Retention function

Eluates

All soil eluates to perform the tests with the aquatic

organisms, were first prepared from each of the six soil

dilutions (100, 70, 45, 30, 20, and 0 %; Table 3) according

to the German standard method to determine leachability

by water (DIN 1984). A mixture of soil and water (1:10

ratio, 100 g/1000 mL, based on DW soil) was shaken in a

magnetic stirrer for 24 h, centrifuged at room temperature

and the supernatant collected and stored at 4 �C in the dark

until use (within 48 h and 1 week of preparation, for the

microalgae and cladoceran tests, respectively). Waters used

to prepare the eluates were the media used for culturing

(but without vitamins and selenium in the case of the

ASTM water), as they were also used in the toxicity tests as

Table 4 Procedure adopted to perform the two-section avoidance tests with Eisenia andrei and Folsomia candida and the reproduction tests

with E. andrei, Enchytraeus crypticus, and F. candida

E. andrei E. crypticus F. candida

Avoidance tests

Guideline followed ISO 17512-1.2 (2007a) – ISO 17512-2 (2007b)

Test period (h) 48 – 48

Test containers (cm) 20 9 12 9 5 (L 9 W 9 H) – 7 9 6 (D 9 H)

Number of replicates per combination 5 – 5 ? 1a

Number of organisms per replicate 10 – 20

Food per test container None – None

Soil per section of test container (g DW) 250 – 30

Reproduction tests

Guideline followed ISO 11268-2 (1996) ISO 16387 (2003b) ISO 11267 (1999)

Test period (days) 56 28 28

Test containers (cm) 11 9 12 (D 9 H) 5 9 9 (D 9 H) 4 9 7 (D 9 H)

Number of replicates per treatment 4 5 ? 1a 5 ? 1a

Number of organisms per replicate 10 10 10

Food per test container (g FW) 10 (horse dank) 0.025 (rolled oats) 0.002 (dry yeast)

Days of food supply 0, 14th, 28th 0, 14th 0, 14th

Soil per test container (g DW) 500 20 30

L length, W width, H height, D diameter
a Additional replicate without organisms to control soil pH and moisture content at the end of the test
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control media. Eluates for the microalgae test were pre-

pared in 250-mL Erlenmeyer flasks and were centrifuged at

3,0009g for 30 min (Clay Adams Compact II Model

420225 centrifuge). For the cladoceran test, eluates were

prepared in 2-L Erlenmeyer flasks and centrifugation was

at 1,5009g for 15 min (Beckman Model TJ6 Tabletop

centrifuge, Bechman Instruments, Palo Alto, CA, USA).

The differences during centrifugation were a compromise

between the volume of the mixture to centrifuge and the

need to have an eluate with a low level of total suspended

solids (TSS) for the microalgae test. Measurements of TSS

followed standard methods (Arnold 1995) and were 55 and

110 mg/L for the microalgae and cladoceran control elu-

ates (0 %), respectively.

Toxicity tests with aquatic organisms

A 96-h C. vulgaris growth test was carried out on all six

eluates following the OECD (1984a) and EC (1992)

guidelines. The test was conducted in 4.5-mL glass vials

(1.2-cm diameter), in an orbital shaker (80 rpm; Flat rotator

Model DSR-2100A, Digisystem Laboratory Instruments,

Hsi Chih City, Taipei Hsien, Taiwan), at 22–24 �C, and

under the same light conditions as those used for culturing.

Three 2-mL replicate cultures of each eluate and six of the

control algal medium were set up and inoculated with a

20 lL algal inoculum, so that the initial cell concentration

was 104 cells/mL. At the end of the 96-h exposure, the mean

specific growth rate per day was estimated. Final cell den-

sities were counted on well-mixed aliquots of each replicate

under a microscope (4009 magnification), using a Neu-

bauer chamber (American Optical, Buffalo, NY, USA).

Values of pH (Corning pH meter 220, Corning Incorporated

Life Sciences, Lowell, MA, USA) and conductivity (WTW

330i conductivity meter, Wissenschaftlich Technische

Werkstätten, Weilheim, Germany), measured in all eluates

and in the control at the start of the test, were comparable

across treatments; pH ranged from 6.70 to 7.53 and con-

ductivity from 128 to 247 lS/cm.

A reproduction test with D. magna was conducted

according to the OECD (1984b) guidelines for a 14-day

reproduction test, which is the test duration required for the

development of at least three broods at 20 �C. In accor-

dance with the work of Gersich and Milazzo (1990) who

proposed the shortening of the classic D. magna repro-

duction test from 21 days at 20 �C to 14 days at 25 �C, it

was possible to reduce the duration of a three-brood test

from 14 to 12 days by performing it at 23–26 �C instead of

at 20 �C. Since the eluate from the 20 % soil dilution was

expected to be highly toxic to D. magna, a 48-h lethal test

following the OECD (1984b) guidelines was first per-

formed on the following dilutions of the 20 % eluate, using

ASTM water as dilution medium: 100, 50.0, 25.0, 12.5,

6.25, and 3.13 %, i.e., on eluates corresponding to 20.0,

10.0, 5.00, 2.50, 1.25, and 0.625 % of the diazinon dose

applied in the field (100 % dose). From hereafter all

nominal eluate dilutions will refer to the latter dose. The

lethal test was incubated under the same conditions as the

reproduction test. Given that the 48-h LC50 (and 95 %

confidence interval) for diazinon was 1.77 % (1.52–2.08)

(calculated using the software PriProbit 1.63; Sakuma

1998), the reproduction test was performed on 2.50, 1.66,

1.10, 0.740, and 0.500 % of eluate (Table 3) and on 2.50 %

of eluate from the control soil, to test for the influence of

TSS. Ten replicates were set up for each eluate and for the

control (ASTM water), each with 30 mL of test solution

and one organism. During testing, feeding regime, medium

renewal frequency and incubation conditions were similar

to those used for culturing. After the 12-day exposure

period, fecundity was determined as the total number of

neonates released per female. Values of pH, conductivity

and dissolved oxygen (WTW Oxi 325 oxygen meter) were

measured in three replicates of all eluates and in the con-

trol, in new and old medium, at all medium renewals.

Comparable values were found across all treatments,

ranging between 7.68 and 8.36, 531 and 601 lS/cm, and

6.4 and 9.3 mg/L, respectively.

Chemical analysis

Diazinon concentrations in soil were measured for the

concentration gradient prepared from the field-sprayed soil

(0, 20, 30, 45, 70, and 100 %); soil samples were taken

immediately after preparation and frozen (at -20 �C) until

analysis. For the soil dilution gradient prepared from the

laboratory spiked soil (0, 20, and 100 %), it was assumed

that these soil dilutions had diazinon concentrations similar

to those measured in the same dilutions prepared from the

field-sprayed soil. This assumption was based on the fact

that field spraying was performed very close to the soil

surface (to minimize pesticide losses by volatilization and/

or spray-drift), a 30-min period was left for pesticide

incorporation into the soil and a layer corresponding to

50 mm depth of soil was collected (depth at which most

pesticide is expected to be retained). In all eluates used in

testing, diazinon concentrations were estimated assuming

that all detected diazinon was eluted from the soils (i.e., the

soil retention function for diazinon was null, which rep-

resents the worst-case scenario for aquatic organisms).

Measurements of real diazinon concentrations in eluates

were not considered mandatory to fulfil the objective of the

present study for which tests on eluates were designed—to

assess whether the soil retention function for different

doses of diazinon field spraying was protective for aquatic

organisms (relatively to the risks posed by diazinon

spraying to soil organisms), and not to estimate
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concentration–response curves between diazinon and mic-

roalgae growth or cladoceran reproduction.

Quantifications of diazinon in soil were performed by gas

chromatography (Varian 3500, Varian Scientific Instru-

ments, Walnut Creek, CA, USA) using a flame photometric

detector equipped with a phosphorus mode assembly (FPD-

P) and confirmed by gas chromatography-mass spectrometry

(Shimadzu GCMS QP5000, Tokyo, Japan) and capillary

columns (25 m BPX-35 fused silica column 0.25 or

0.32 lm, SGE, Austin, TX, USA). All solvents used in the

analysis were of residue analysis grade and obtained from

J.T. Baker (Phillipsburg, NJ, USA; dichloromethane) or

Merck (Darmstadt, Germany; acetone and cyclohexane).

The diazinon standard (98 % purity) was obtained from Dr.

Ehrenstorfer (Augsburg, Germany). Quantification limits

and recoveries were between 6 and 20 lg/kg DW and 70 and

90 %, respectively. For each soil, diazinon was extracted

from 25 g of a homogenized air-dried sample, in a 250-mL

centrifuge tube, in three steps (15 min each): first with ace-

tone (50 mL), second with dichloromethane (50 mL) and

finally with acetone–dichloromethane (50 mL; 1:1 ratio),

using an ultrasonic bath. A 15-mL saturated sodium chloride

solution (analytical grade from Merck) was added and the

separated organic phase was dried and concentrated to 4 mL

on a rotary evaporator (Büchi Labortechnik AG, Flawil,

Switzerland) and further to 0.1 mL with a gentle stream of

nitrogen. This extract was transferred to acetone–cyclohex-

ane (1:9 ratio) to a final volume of 2 mL.

Data analysis

Avoidance and reproduction tests with soil organisms

Statistical analyses were performed considering the diaz-

inon concentrations measured in the soil dilutions (100, 70,

45, 30, 20, and 0 %) prepared from the diazinon field-

sprayed soil. For avoidance tests, Spearman correlation was

used to evaluate the association between survival and actual

diazinon concentrations in contaminated soil. An avoidance

behaviour, in the two-section avoidance tests, was consid-

ered when the number of organisms found in the section

with contaminated soil was significantly lower than that

found in the control section (p B 0.05), whereas in the dual-

control tests it was when the number of organisms found in

each of the two soil sections was significantly different

(p B 0.05) (Natal-da-Luz et al. 2009). These differences

were evaluated by the one- and two-tailed Fisher’s exact

test (Zar 1999), respectively. Prior to the statistical analysis,

the number of dead or missing organisms in each combi-

nation was distributed by both sections of each replicate.

The soil dilutions that provoked 50 (EC50) and 20 % (EC20)

of avoidance behaviour and the respective 95 % confidence

limits (CL) were computed using the Priprobit 1.63

software (Sakuma 1998; http://bru.gmprc.ksu.edu/proj/

priprobit/download.asp), with the probit transformation of

the proportion of avoiders and the log transformation of the

actual concentrations.

For chronic tests, differences in reproduction and bio-

mass (earthworms only) were evaluated by one-way anal-

ysis of variance (ANOVA) followed by Dunnett’s tests, to

test for significant differences between the control and the

diazinon contaminated soils. When the assumptions of

normality (Kolmogorov–Smirnov test for p [ 0.05) and

homoscedasticity (Levene’s test for p [ 0.05) were not

fulfilled, the Kruskal–Wallis test was used followed by a

Fisher LSD on ranks. The EC50 and EC20 values were

calculated by non-linear regressions using, for each data,

the best fitted model (EC 2004).

Growth and reproduction tests with aquatic organisms

Eluate diazinon concentrations used for statistical analysis

were estimated based on soil actual concentrations and

assuming that the soil retention function for diazinon was

null, as above mentioned. For the microalgae test, esti-

mates were based on the 100, 70, 45, 30, 20, and 0 % soil

dilutions, whereas for the reproduction test, all estimates

were based on the 20 % soil dilution.

Population growth and reproduction responses of

C. vulgaris and D. magna, respectively, were analysed to

determine differences between contaminated eluates and

control, as detailed above for reproduction tests with soil

organisms. Prior to the latter analysis, the standard and

eluate controls were compared through a two-tailed Student

t test, to verify whether the eluate per se (e.g., TSS, colour)

influenced the organism responses. Since the eluate control

was found not to affect the measured responses, all sub-

sequent analyses were performed with this treatment (see

Results section). The logistic model was used to estimate

EC50 and EC20 values and respective 95 % CL (EC 2004).

Given that the latter toxicity parameters were based on a

worst-case scenario of contamination (null retention func-

tion for diazinon), they are here presented as equal to or

possibly lower than the estimated value. These estimates

were based on nominal diazinon concentrations in eluates,

which were estimated from actual soil concentrations. Such

approach allows evaluating the toxic risks that diazinon

field-spraying poses to aquatic organisms. Statistical anal-

yses for all growth and reproduction data were performed

using the STATISTICA 7.0 software (StatSoft).

Results

To facilitate direct comparisons among the results of the

different tests performed in the present study, all results in
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figures are presented (in %) in function of the range of

nominal diazinon dilutions prepared from the 100 % dose

sprayed at the field site.

Chemical analysis

The mean (±SD) actual diazinon concentrations in the 100,

70, 45, 30, 20, and 0 % gradient prepared from the Piñorel

field-sprayed soil were 7.9 ± 0.8, 4.1 ± 0.4, 3.1 ± 0.0,

1.7 ± 0.0, 0.9 ± 0.07, and \ 0.02 mg/kg DW, respec-

tively. These levels showed that 30–50 % of the total

sprayed diazinon remained in the soil at the moment of its

collection. Based on such measurements, and, as above

stated, assuming that all diazinon was eluted from the soils,

diazinon concentrations in the eluates prepared from the

soil dilutions 100, 70, 45, 30, 20, and 0 % for the micro-

algae growth test were 0.79, 0.41, 0.31, 0.17, 0.090, and

\0.002 mg/L, respectively, whereas those in the eluates

prepared from the 20 % soil dilution for the cladoceran

reproduction test (2.50, 1.66, 1.10, 0.740, 0.500, and 0 %)

were 0.011, 0.0075, 0.0050, 0.0033, 0.0023, and 0 mg/L.

Following a similar approach, the D. magna 48-h LC50

(and 95 % confidence interval) for diazinon was

0.00797 mg/L (0.00684–0.00936).

Habitat function

Avoidance tests

No mortality was observed in all tested combinations with

E. andrei. In the dual-control test, the distribution found in

both sections was not significantly different. In the two-

sections test (control vs. contaminated soil) significant

avoidance (p B 0.05) was detected at the 30, 70, and

100 % diazinon dilutions (1.7, 4.1 and 7.9 mg diazinon/kg,

respectively; Fig. 1) and the EC20 and EC50 values were

1.75 and [7.9 mg diazinon/kg, respectively (Table 5).

The mean (±SD, n = 5) survival of F. candida was

92.0 ± 4.5 % in the dual-control test and ranged between

87.0 ± 11.0 and 88.0 ± 2.7 % in the two-sections test,

but was not correlated with the diazinon concentration

(Rs = 0.196, p = 0.299). As for earthworms, the dual-

control test with F. candida showed no significant differ-

ences in the distribution of the organisms. Avoidance was

detected only at the 70 % diazinon dilution (4.1 mg diaz-

inon/kg; Fig. 1), and thus the EC50 and EC20 values could

not be determined (Table 5).

Reproduction tests

The validity criteria defined for the reproduction tests (ISO

1996, 1999, 2003b) were fulfilled. In the tests with the

oligochaetes E. andrei and E. crypticus, the reproduction

was not affected by diazinon (Kolmogorov–Smirnov test,

p [ 0.20 and p [ 0.20; Levene’s test, p = 0.31 and

p = 0.28, respectively) (Fig. 2). The biomass change (% of

the initial weight) of E. andrei after a 28-day exposure to

diazinon was not significantly different from that of the

control (data not shown; Kolmogorov–Smirnov test,

p [ 0.20; Levene’s test, p = 0.63). The reproduction

of F. candida was significantly affected by diazinon

(Kolmogorov–Smirnov test, p \ 0.01; Levene’s test,

p = 0.002) at soil dilutions C20 % (C0.9 mg diazinon/kg;

Fig. 3), with EC50 and EC20 values of 0.288 and 0.097 mg/

kg, respectively (Table 5).

Retention function

The validity criteria defined for both the microalgae

(OECD 1984a; EC 1992) and cladoceran tests (OECD

1984b) were fulfilled. For the C. vulgaris test, no signifi-

cant differences in growth were observed between the

control treatments, whereas the reproduction of D. magna

in the eluate control was significantly higher than in the

standard control, demonstrating that the eluate control

had no detrimental effects on the organisms. Significant

-75

-50

-25

0

25

50

75

100

-75

-50

-25

0

25

50

75

100

0 vs 20% 0 vs 30% 0 vs 45% 0 vs 70% 0 vs 100%

%
 o

f a
vo

id
an

ce

*

*

*

*
Eisenia andrei

Folsomia candida

Diazinon-contaminated soils combination

Fig. 1 Mean (n = 5) percentage of avoidance ([No control - No

test]/[No control ? No test] 9 100) in the avoidance tests with

Eisenia andrei and Folsomia candida towards soil sprayed with

diazinon (20 % dilution corresponds to the recommended diazinon

dose for pineapple plantations in Costa Rica). The soil dilutions 100,

70, 45, 30, 20, and 0 % (w/w) correspond to the actual soil diazinon

concentrations 7.9 ± 0.8, 4.1 ± 0.4, 3.1 ± 0.0, 1.7 ± 0.0, 0.9 ± 0.0,

and \0.02 mg/kg, respectively. Error bars indicate ?1 standard

deviation; * denotes significantly (p B 0.05) higher percentage of

organisms in the control section than in the test section
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differences in the growth of the microalgae were observed

between the eluate control and the diazinon-contaminated

eluate dilutions as of the 45 % dilution (0.31 mg diazinon/

L; Fig. 4). The EC50 value for diazinon was B0.742 mg/L

and the EC20 was B0.223 mg/L (Table 5). The reproduc-

tion of D. magna was also significantly affected by eluates

from diazinon contaminated soils as of the 1.66 % dilution

(0.0747 mg diazinon/L; Fig. 5), with EC50 and EC20 values

B0.00771 and B0.00646 mg/L, respectively (Table 5).

Discussion

The diazinon recommended dose for pineapple plantations

in Costa Rica will correspond to a concentration of 3.2 mg

diazinon/kg of soil considering that the pesticide remains in

the top 5-cm soil layer. In the present study, the chemical

analysis results showed that, in the soil dilutions prepared

from the diazinon field-sprayed soil with five times the

recommended dose diazinon levels corresponding to the

recommended dose were reached in the 45 % instead of the

20 % dilution. In spite of that, the 100 % soil dilution still

simulated a pesticide overuse scenario since it corre-

sponded to an actual diazinon concentration more than two

times the recommended dose (7.9 mg/kg). However,

according to previous studies (Adhya et al. 1987; Smith

et al. 2006), a smaller difference between nominal and

actual soil diazinon concentrations would be expectable in

the present study due to the levels of pH, OM and clay

contents of the soil (pH = 5.4, OM = 11.3 %, and clay

content = 14 %). It is likely, therefore, that the difference

between actual and nominal concentrations of diazinon

found in soil dilutions was related to pesticide losses that

are usual in field applications (e.g., by air dispersion,

Table 5 Median and 20 % effective dilutions (EC50 and EC20) with 95 % confidence limits inside curve brackets, for all tests performed with a

gradient of soil sprayed with diazinon and eluates of the respective soils

Test Test species Endpoint EC50 EC20

Soil Eisenia andrei 48-h avoidance [7.90 (–)a 1.75 (–)a

56-days reproduction n.d. n.d.

Folsomia candida 48-h avoidance n.d. n.d.

28-days reproduction 0.288 (0.143–0.432) 0.0967 (0.0514–0.142)

Enchytraeus crypticus 28-days reproduction n.d. n.d.

Eluate Chlorella vulgaris 96-h growth B0.742 (0.131–1.35) B0.223 (0.0488–0.396)

Daphnia magna 12-days reproduction B0.00771 (0.00717–0.00825) B0.00646 (0.00552–0.00740)

Estimates for soil (based on soil actual concentrations) and aquatic organisms (based on soil actual concentrations considering all diazinon was

eluated, i.e., maximum possible concentrations under the study conditions) are expressed in mg/kg and mg/L, respectively
a Data does not allow estimation of a 95 % confidence interval

n.d. data does not allow estimation of the toxic value
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cate) of Eisenia andrei and Enchytraeus crypticus (n = 5), respec-

tively, in soils spiked with diazinon (20 % dilution corresponds to the

recommended diazinon dose for pineapple plantations in Costa Rica).

The soil dilutions 100, 20, and 0 % (w/w) correspond to the soil

diazinon concentrations 7.9 ± 0.8, 0.9 ± 0.0, and \ 0.02 mg/kg (for

estimations of diazinon concentrations see Materials and methods).

Error bars indicate ?1 standard deviation
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Folsomia candida in soils sprayed with diazinon (20 % dilution

corresponds to the recommended diazinon dose for pineapple

plantations in Costa Rica). See Fig. 1 for actual soil diazinon

concentrations. Error bars indicate ?1 standard deviation; * denotes

significantly different (p B 0.05) compared with the control (0 %)
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leaching to a depth higher than 5 cm) and, in the present

study, additional laboratory manipulations.

In the present study, the results obtained in the toxicity

tests with soil organisms (habitat function) showed that,

from all tests performed, only the reproductive output of F.

candida was considerably affected by diazinon contami-

nation, even though no toxic effects were observed on the

Collembola avoidance. Also, diazinon was suggested to

affetct the avoidance behaviour of earthworms, with an

EC50 value higher than the highest tested concentration

([7.9 mg diazinon/kg).

To date, the avoidance behaviour of earthworms against

diazinon was studied also for L. terrestris and Aporrecto-

dea caliginosa (Slimak 1997; Hodge et al. 2000). The

avoidance behaviour of E. andrei detected in the present

study appears to be more sensitive than that of L. terrestris

(Slimak 1997), and apparently was in the same order of

magnitude of the avoidance behaviour of A. caliginosa

(Hodge et al. 2000). The apparent higher sensitivity of

E. andrei compared to that of L. terrestris, might be due to

differences in physiology and behavioural habits (e.g.,

feeding selectivity) of the test species, as L. terrestris is an

anecic earthworm and E. andrei an epigeic one, and due to

differences between the substrates used in both studies,

which might have influenced diazinon adsorption and,

consequently, its availability to the test organisms condi-

tioning their avoidance behaviour.

Regarding the non-significant weight changes of

E. andrei found in the present study when exposed to

diazinon, a higher sensitivity was found by Leland et al.

(2001) who observed weight losses in E. fetida when

exposed to a soil amended with 10 % of pre-composted

diazinon residues (corresponding to 0.7 and 5.8 mg diaz-

inon/kg soil DW) for 13 days. However, in that study,

earthworms might have used the contaminated organic

residue directly as food, which may explain the reduction

of earthworm biomass at low diazinon concentrations.

Other studies exposing E. fetida to other organophosphates

(similar mode of action of diazinon; Espinoza-Navarro and

Bustos-Obreg 2005; Bustos-Obreg and Goicochea 2002)

have reported decreases in worms body weight and

reproductive output at concentrations considerably higher

(C80 mg malathion/kg and C444 mg commercial para-

thion/kg) than those of diazinon in the present study. Also,

Booth and O’Halloran (2001) reported detrimental effects

on the reproduction of A. caliginosa in a silt loam natural

soil (3.8 % OM and pH 6.5–7.0) spiked with 12 mg diaz-

inon/kg DW (nominal concentrations), suggesting the latter

species to be more sensitive than E. andrei for which no

toxic effects on reproduction were found at nominal diaz-

inon concentrations B16 mg diazinon/kg in the present

study. However, it has to be taken into account the specific

feeding selectivity typical from endogeic species like

A. caliginosa (different from that of epigeic species like

E. andrei), and the differences between physical and

chemical properties of the substrates used in the latter and

the present study that may be at the origin of the reported

sensitivity differences.

According to the available literature, the effect of diaz-

inon on the avoidance behaviour and reproduction of

F. candida was never evaluated. Nevertheless, the effect

of other organophosphates like chlorpyrifos (similar mode of
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eluates prepared from diazinon-field sprayed soils (2.5 % dilution

corresponds to 12.5 % of the recommended diazinon dose for

pineapple plantations in Costa Rica). The diazinon concentrations

of the eluate dilutions 2.50, 1.66, 1.10, 0.740, 0.500, and 0 % (v/v)

were 0.0113, 0.00747, 0.00495, 0.00333, 0.00225, and 0 mg/kg (for

estimations of diazinon concentrations see Materials and methods).

Error bars indicate ?1 standard deviation; * denotes significantly

different (p B 0.05) compared with the control (0 %)
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action of diazinon) reported in other studies at the collem-

bola community level (Frampton and Van den Brink 2007;

Fountain et al. 2007) suggests a high toxicity of diazinon to

F. candida. In addition, Jager et al. (2007) showed that low

concentrations of chlorpyrifos in food (nominal concentra-

tion\20 mg chlorpyrifos/kg food) provoke negative effects

to F. candida after an exposure longer than 45 days, which

agrees with the high sensitivity found for the reproduction of

collembola in the present study. The known higher sensi-

tivity of arthropods (including collembola) than oligochaetes

to the insecticide diazinon (Frampton et al. 2006, Jänsch

et al. 2006) or to the generality of insecticides (Daam et al.

2011) also supports these findings. On the other hand, the

absence of collembola avoidance behaviour found in the

present study, lead to assume that springtails are not able to

detect diazinon in soil at least as much as needed to avoid it

at the concentrations tested. However, since the EC50 value

estimated for the reproduction of collembolans (0.288 mg

diazinon/kg) was considerably lower than the diazinon rec-

ommended dose for pineapple plantations (3.2 mg diazinon/

kg), the results of the present study suggest that the diazinon

recommended dose induces a significant loss of habitat

function in soil systems.

Based on the actual diazinon concentrations in the soil

dilutions (assuming no retention of diazinon by soil), the

diazinon concentrations in the eluates ranged from 0.79 to

0.090 mg/L and 0.011–0.0023 mg/L in the microalgae

growth and cladoceran reproduction tests, respectively.

However, considering the results obtained by Arienzo

et al. (1994), who demonstrated that OM (when [2 %) is

the most influential property on diazinon adsorption to

soils, it is likely that the 11.3 % of OM content of the soil

used in the present study contributed to a high retention

function to diazinon. This assumption is also supported

in the relationship Kd = (Koc) 9 (%OC)/(100) used by

Weber et al. (2004), where Kd is the ratio of pesticide

sorbed (mg/kg) to pesticide remaining in solution (mg/L),

Koc is the pesticide soil adsorption coefficient, and %OC

is the soil organic carbon content (%). Considering

%OC = 0.58 9 OM and Koc = 191, the Kd of diazinon

for the soil used in the present study was 12.5, which leads

to suppose that most likely only 8 % of the diazinon

present in the soil was mobilized into the eluates. Based

on these assumptions, it is probable that the real diazinon

concentrations in the tested eluates were considerably

lower than those estimated by assuming a null retention

function of the soil toward diazinon. Consequently, the

diazinon concentrations that provoked 50 and 20 % of

toxic effects on aquatic organisms might be lower than the

estimated EC50 and EC20 values, fact which makes the risk

of diazinon applications to the adjacent aquatic systems

even higher than that suggested by the toxic values esti-

mated in the present study.

Considering the results obtained in the toxicity tests with

aquatic organisms (retention function), the spraying of the

insecticide diazinon was less toxic to the microalgae

C. vulgaris than to the cladoceran D. magna. In effect,

invertebrates have been demonstrated to be the most sen-

sitive toward diazinon among all tested groups of organ-

isms (invertebrates, fish, amphibians, and microalgae)

(Werner et al. 2002; USEPA 2005). In the present study,

for C. vulgaris growth, the 96-h EC50 value was

B0.742 mg/L, whereas the 96-h EC20 value was

B0.223 mg/L. To date, the toxicity of this pesticide to

C. vulgaris growth, to our knowledge, has never been

reported. Nevertheless, the sensitivity of this microalgae

species to the tested diazinon concentrations seems to be

high compared to the 7-day EC50 value of 6.4 mg/L for

Selenastrum capricornutum (USEPA 2005). Also, Butler

et al. (1975) and Doggett and Rhodes (1991) reported con-

centrations of 10–25 mg/L and higher than 20 mg/L of

diazinon to inhibit in 50 % the 15-day growth of several

strains of green algae (primarily Chlorella sp. strains) and

one diatom and the 10-day growth of four strains of green

microalgae (Chlorella sp., Selenastrum sp. and Synecho-

coccus sp.), respectively.

In the present study, the 48-h LC50 value for D. magna

(1.77 % which corresponds to 0.00797 mg/L) was higher

than the 24-h LC50 of 0.0009 mg diazinon/L reported for

the same species by Fernández-Casalderrey et al. (1994).

On the other hand, the 12-day EC50 and EC20 reproduction

values for D. magna (B0.00771 and B0.00646 mg/L,

respectively) were about 100 times lower than the 96-h

EC50 value for C. vulgaris growth (B0.742 mg/L). Also,

the diazinon toxicity toward D. magna reproduction found

in the present study was 12–15 times lower than that found

in previous studies, either for D. magna (Fernández-Cas-

alderrey et al. 1994; Sánchez et al. 2000; Jemec et al. 2007)

or other invertebrates, such as Ceriodaphnia dubia (Bailey

et al. 2001; Werner et al. 2002) and the amphipod Hyalella

azteca (Smith et al. 2007). However, whereas in most of

the previous studies the toxicity of diazinon was evaluated

in its pure form in standard laboratory tests using artificial

reconstituted water, in the present study the eluates con-

tained suspended particles that are capable of sequestering

diazinon by adsorption, decreasing its availability to the

test organisms. In addition, it has to be taken into account

that the EC50 and EC20 values calculated in the present

experiment for aquatic organisms were based on the worst-

case scenario (100 % of soil diazinon mobilized into the

eluates). Despite these differences, the results of the pres-

ent study demonstrated that the diazinon recommended

dose is highly toxic for the cladoceran D. magna, and that

the aquatic systems adjacent to pineapple plantations

sprayed with the recommended diazinon dose are indeed

at risk.
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Conclusions

In conclusion, the results here obtained suggest that the

spraying of diazinon at doses recommended for pineapple

plantations in Costa Rica may significantly affect the

habitat function of soil and that the soil retention function

may be insufficient to prevent marked toxicity to aquatic

organisms, especially to cladocerans. These findings

highlight the harmfulness of diazinon for soil and aquatic

ecosystems, and evidence the usefulness and complemen-

tary of the assessment of both habitat and retention func-

tions of soil to an adequate ecological risk assessment in

tropical systems where unpredictable heavy rainfalls are

frequent. However, since the actual exposure concentra-

tions of diazinon were not measured in the eluates but were

estimated based upon measured soil field sprayed concen-

trations, further research is needed to confirm the toxic

effects of diazinon to soil and aquatic systems. Moreover,

further testing to evaluate the influence of diazinon

spraying in multiple soil types and on multiple invertebrate

species would be desirable to draw conclusions at a wider

geographic level.
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