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Abstract: An experiment was carried out in a greenhouse with the aim of determining an acceptable

method to quantify the fungal population in a soil treated with the fungicide chlorothalonil. Doses of

the fungicide ranging from 12 to 96mg AIgÿ1 soil were applied and microbial biomass carbon (C), soil

ergosterol content, living hyphal length, as well as counts of total and cellulolytic fungi colonies, were

measured 1,2,3,4 and 5 weeks after application. At the end of 16 weeks a new evaluation was done using

the three ®rst methods. The microbial biomass C was the least sensitive parameter and, on balance,

the living hyphal length was the most sensitive parameter for demonstrating effects of chlorothalonil

on the fungal population. Some problems related to the ef®ciency of the ergosterol content and living

hyphal length measurements in the evaluation of the effect of the fungicide on the fungal micro¯ora are

discussed, as is the need to compare short-term (0±5 weeks after treatment) with longer-term (16

weeks) results.
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1 INTRODUCTION
Chlorothalonil (tetrachloroisophthalonitrile), a fungi-

cide widely used in Brazil,1 is a non-systemic, contact

material which protects plant surfaces from fungal

pathogens; the amount applied varyies with the crop to

be treated. It is a broad-spectrum material which

conjugates with, and thus depletes, the thiols (parti-

cularly glutathione) present in the target fungi.2

The fungi are an important part of the terrestrial

ecosystem. They usually dominate the microbial

biomass in most soils3 and are the heterotrophs

primarily responsible for the decomposition of organic

residues.4 Furthermore, fungi represent a large

nutrient pool, contribute to soil aggregation5 and

participate in mycorrhizal symbiosis.6 In spite of their

importance in the terrestrial ecosystem, the fungi are

vulnerable to damage from fungicides which may

accumulate in soil. These pesticides, like others, could

affect biochemical and physiological processes that are

common to target and non-target organisms.

Several techniques have been used to quantify fungi

in soil, but serious sources of error exist in all of these.7

The method most used for measuring fungal popula-

tions in soil is the direct microscopic counting of

hyphae. This method, along with the quanti®cation of

¯uorescein diacetate-stained hyphal length, tends to
eived 29 November 1999; accepted 5 January 2000)

rrespondence to: Rosana F Vieira, Embrapa Environment, CP 69, CE
il: rosana@cnpma.embrapa.br

000 Society of Chemical Industry. Pest Manag Sci 1526±498X/2
underestimate the fungal population and may be

in¯uenced by a high degree of observer's subjectivity.8

The soil ergosterol content is a biochemical method

which has been cited as an indirect and sensitive

indicator of changes in fungal populations9 and also as

a possible indicator of pesticide side-effects.10 Ergos-

terol is the major sterol in the majority of eucomycotic

fungi.11 An important disadvantage of this fungal

marker compound is the absence of its production by

oomycetes and by a number of yeasts, both of which

may be important in some soils.8 Another problem

associated with this method is that the ergosterol

content of fungal tissue varies with their physiological

state.12,13

Considering that, on a mass basis, fungi represent

the most abundant group of micro-organisms in soils,3

the microbial biomass carbon (C) could be also an

adequate parameter to measure the toxic effects of

fungicides in soil. Although that premise has been

veri®ed with some fungicides, other authors have

shown the ergosterol content to be a more sensitive

measure of pesticide side-effects than microbial

biomass carbon.10

The aim of this work was to determine the most

appropriate and sensitive method for measuring

possible deleterious effects of the fungicide chlorotha-
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ergosterol content, living hyphal length, and counts of

total and cellulolytic fungal colonies on speci®c culture
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2 MATERIALS AND METHODS
2.1 Materials
The experiment was conducted in a greenhouse, in

Embrapa Environment, JaguariuÂna, SP, Brazil, using a

soil classi®ed as Red Yellow Oxisol, with the following

chemical and physical characteristics: pH(H2O) 4.8;

cationic exchange capacity 73.6mmolCdmÿ3; organic

matter 30.5gdmÿ3; clay 387g kgÿ1; sand 485g kgÿ1

and silt 128g kgÿ1.

The soil was collected at 0±15cm depth in an area

occupied by molasse grass (Melinis minuti¯ora Beauv),

which had not been cultivated in the last 10 years. It

was contained in white plastic boxes without drainage

(20kg soil per box). The commercial product Vanox1

was used at doses of 12, 24, 48 and 96mg AIgÿ1 soil

(doses 1±4), with untreated soil (dose 0) included for

comparison; dose 4 represented twice the greatest

amount normally affected in the ®eld. Before the

addition of the fungicide to the experimental units, the

soil remained in the boxes for seven days, with

humidity corrected to 50±70% water holding capacity

(WHC). At the end of this period the initial evalua-

tions of the microbiological parameters were per-

formed and the pesticide was then added. In each case,

the chlorothalonil was affected in a suf®cient volume

of water to bring the soil to 60±70% WHC. Soils were

assessed at weekly intervals for ®ve weeks (short-term

evaluation) and at the end of 16 weeks (long-term

evaluation) after fungicide addition. The soil was

sampled periodically for humidity evaluation in the

laboratory, and the humidity was maintained at the

standard level. Soil temperature was also monitored

periodically; it remained around 19°±23°C in the

morning, and around 27±28°C, in the afternoon,

during the whole experimental period, these tempera-

tures being typical of ambient conditions in the area.

For all the methods described below, calculations

were based on the weight of a sample dried at 105°C,

for 24h

2.2 Analytical methods
2.2.1 Soil microbial biomass C
Soil microbial biomass C was measured by the

fumigation-extraction method.14 Soil (50g) was di-

vided into two equal parts, one of which was exposed

to chloroform for 24h and the soil was then extracted

with potassium sulfate solution (0.5M; 100ml); the

other portion was not fumigated but was extracted,

under the same conditions, at the time fumigation

began. Organic C in the extracts was determined by

dichromate digestion. The soil microbial biomass C
432
content (Cmic) was calculated using the relation:

Cmic � 2:64 :Ec �1�
where Ec is the extracted organic C of the fumigated

soil less the extracted organic C of the non-fumigated

soil.
2.2.2 Living hyphal length
The living hyphal length was evaluated according to

method proposed by Melloni and Cardoso15 with

some adaptations reported by Nogueira and Cardo-

so.16 To soil (20g) in a 500-ml beaker, water (c300ml)

was added under pressure and the resulting suspension

was passed through 0.71- and 0.25-mm sieves,

mounted above a funnel placed over a 2-litre beaker.

The sieves were then washed with a strong jet of water

(c1.4 litres) and the resulting suspension was trans-

ferred to a blender and the volume made up to 1.5

litres. The blender was operated for 10s at a low speed

to ensure aggregate dispersal and the mixture was then

allowed to stand for 2min, after which a sample

(500ml) was passed slowly through a 44-mesh sieve.

The retained material was then suspended in phos-

phate buffer solution (pH 7.4; KH2PO4 0.1M�NaOH

0.1M; 10ml) For the determination of living hyphal

length, 5ml of this suspension was mixed with

¯uorescein diacetate solution (FDA; 5ml), as in

Reference 17, except that the FDA (5mg) was

dissolved in acetone (2ml).16 After incubation at

room temperature for 5min., hyphae were collected

by ®ltration onto a gridded Millipore ®lter (0.45mm).

The length of ¯uorescing hyphae was determined

using an epi¯uorescent microscope equipped with a

blue ®lter (60�magni®cation). Hyphal length was

enumerated in 64 squares delineated on the centre of

the ®lter. For the calculation of the living hyphal

length, Newman's equation18 was used:

R � ��An�=2H �2�
where: R is the length of extra-radicular mycelium

evaluated on the 64 ®elds of the Millipore ®lter (mm);

A is the ®lter area; n is the number of hyphal

intersections on the horizontal lines of the grid of the

reticulated ocular; H is the total length of the

horizontal lines of the grid.
2.2.3 Soil ergosterol content
Soil ergosterol content was evaluated using the

simpli®ed method proposed by Eash et al19 with a

few modi®cations. Brie¯y, soil (5g) in a centrifuge

tube was mixed with methanol (15ml) and potassium

hydroxide solution (40g litreÿ1 in 95% ethanol; 5ml),

homogenized in a vortex mixer for a few seconds, and

sonicated for 1min. The supernatant was removed and

placed in a water bath (80±83°C) for 15min, homo-

genized in a vortex and returned to the water bath for a

further 15min. Tubes were then cooled. The extrac-

tion mixture was ®ltered through Whatman No 1

paper, which was rinsed with water (5ml) and
Pest Manag Sci 56:431±440 (2000)
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methanol (10ml). The ®ltrate was transferred to a

separatory funnel and extracted with hexane

(3�10ml). The hexane extracts were combined and

concentrated to c2±3ml in a rotary vacuum evaporator

at 42±43°C, transferred to a graduated ¯ask, made up

to c6ml and then dried using a stream of nitrogen. The

residue was dissolved in methanol (4ml), homoge-

nized, and ®ltered through a HV Millex 0.45-mm pore

size membrane ®lter. Determination of ergosterol was

performed in four replicates for each dose and in four

replicate samples spiked with standard ergosterol at

0.2mg gÿ1 soil. Extracted ergosterol was analysed by

HPLC using a Shimadzu LC-10AD pump and a SPD-

10AV UV-VIS detector, with a CR7A integrator

chromatopac. The wavelength was set to 282nm.

The column was a C18 reversed phase Shim-Pack

CLC-ODS (250�4.6mm�5.0mm) operated at room

temperature. The mobile phase was methanol. The

¯ow rate was 0.8ml minÿ1. A 20-ml injection loop was

used. The retention time for ergosterol was approxi-

mately 20min. The HPLC data were quanti®ed by

measuring appropriate liquid chromatographic peak

heights in the sample chromatograms and then

referring to calibration curves prepared with ergosterol

standards.

2.2.4 Plate counting of total and cellulolytic fungal
colonies
For estimating the number of soil fungi, the dilution

plate technique was employed. The fungi were

assessed on Martin's medium.20 The cellulolytic fungi

content was determined using cellulose-asparagine-

agar.20 The cellulolytic fungi formed cellulose degra-

dation halos around their colonies. Both fungal counts

were performed only at the ®fth week after treatment.

2.3 Statistical methods
A complete randomized block design with four

replications was used. For all techniques, the absolute

measures at each time were converted to relative

measures, dividing the observed value by the corre-

sponding observed value for time zero, before the

fungicide addition. Expressing all the measurements

using the same scale allowed us to compare their

variability patterns, among the different chlorothalonil

doses, over time. The time variability patterns in the

short-term evaluation for microbial biomassC, soil

ergosterol content and living hyphal length were

evaluated using quadratic or linear models, ®tted for

each chlorothalonil dose. Key parameters such as

intercept, slope or vertex coordinates were estimated

for each dose. After that, the effect of dose on such key

parameters was evaluated, using regression analysis.

For plate counts of total and cellulolytic fungi colonies,

no model adequately described variability pattern over

time. The effect of chlorothalonil doses on the relative

counts at the ®fth week was analysed, using non-linear

models. The signi®cance of the parameters in these

models was evaluated by means of unilateral t-tests for

contrasts. In the long-term evaluation, non-linear
Pest Manag Sci 56:431±440 (2000)
models were also ®tted to describe decreases in relative

measurements as function of the applied chlorothalo-

nil doses. For the non-linear models, the parameters

were estimated by the non-linear least squares

method. The modi®ed Gauss±Newton iterative tech-

nique,21 was employed using the SAS1 procedure

PROCNLIN. The linear and quadratic models were

adjusted by maximum likelihood using the SAS

procedure PROCMIXED.22
2.3.1 Short-term evaluation
2.3.1.1. Microbial biomass C. For microbial bio-

massC, quadratic models with intercept equal to

100% were adjusted for each dose, in order to describe

changes in relative microbial biomass C across time.

Some additional parameters, useful to describe

changes in relative microbial biomass C, were esti-

mated: minimal microbial biomass C achieved (MB),

time to achieve the minimal microbial biomass C

(TM) and recuperation rate of the minimal microbial

C (RR). MB and TM correspond to the vertex

ordinate and abscissa, respectively, from the adjusted

model. RR is the velocity of recuperation in relative

microbial biomass C after the MB has been achieved.

The MB, TM and RR were estimated for each block

and fungicide dose. In order to obtain a mean value for

each treatment, the four block values were averaged.

To quantify effects of fungicide dose on the par-

ameters of the relative microbial biomass C model

(MB, TM and RR), linear regressions were adjusted

using the MIXED procedure from SAS1.

2.3.1.2 Soil ergosterol content and living hyphal length.
Linear models were ®tted to describe changes in

relative soil ergosterol content and in relative living

hyphal length between the ®rst and the ®fth week, for

each chlorothalonil dose. The slope corresponds to the

rate of decrease in soil ergosterol content over time

(ERG_VD). The intercept of these models should not

be interpreted as ergosterol level at time zero because

models were adjusted to take into account only the

data from ®rst to ®fth week. The soil ergosterol

content at the ®rst week (ERG_W1) was estimated

instead from the intercept parameter. Regression

methods were used to investigate the in¯uence of

chlorothalonil doses on ERG_VD and ERG_W1. The

statistical procedures used for ergosterol content were

also utilized for living hyphal length. The code

LHL_VD was used to designate the decrease rate in

the living hyphal length and LHL_W1 was utilized to

indicate the living hyphal length on the ®rst week.

2.1.1.3 Plate counting of total and cellulolytic fungal
colonies. The effect of chlorothalonil concentration on

the relative counts of total fungi (RTF) and relative

counts of cellulolytic fungi (RCF) at the ®fth week was

investigated using non-linear regression analysis. Non-

linear models were ®tted to describe decreases in RTF
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or RCF as the applied chlorothalonil doses increases:

Yij � �ÿ ���1ÿ exp�ÿy : xij�� � �ij �3�
where Yij is the observed RTF or RCF corresponding

to dose i and block j at ®ve weeks after the fungicide

application; a is the mean of the RTF or RCF at dose

zero, b is the decrease in those relative measurement

between dose zero and the doses for which the curve

¯attens off, g is a parameter related to rate of decrease

in RTF or RCF as the chlorothalonil dose increases

and �ij is the random disturbance associated with each

observation Yij. The difference (a±b) corresponds to

the RTF or RCF achieved when the model ¯attens off.

Plots of standardized residuals and coef®cients of

determination (R2) were employed to evaluate the

adequacy of the negative exponential models.23

2.3.2 Long-term evaluation
The effect of chlorothalonil doses in the long-term

evaluation of the relative measurements were

described by a non-linear model similar to that

represented in eqn (3), where Yij is the relative

measurement corresponding to dose i and block j at

16 weeks after chlorothalonil application; a is the mean

of the relative measurement corresponding to dose

zero. The parameters b, g, (a±b), as well as the error

term �ij have the same interpretation as in eqn (3). R2

and plots of standarized residuals were also employed

to evaluate the model adequacy.

Based on the ®tted models, chlorothalonil concen-

trations corresponding to reductions of 50, 75 and

90% in relative microbial biomass, relative living

hyphal length, and relative soil ergosterol content at

16 weeks after fungicide application were estimated.

Using the results of the ®ve-week experiment, the

variation in the relative measurements over the period

(0±5) and 5±16 weeks was evaluated. This is important

information for assessing the in¯uence of the period of

evaluation on the comparison between different

methods.
Table 1. Minimum relative microbial biomass C (MB),
relative time to achieve the minimum (TM) and relative
recuperation rate (RR) corresponding to each chlorothalonil
dose

Dose (mg AIgÿ1) MB a (%) TM (weeks) RR (%)

0 70.34 2.21 13.25

12 38.09 2.71 23.07

24 41.21 2.73 21.63

48 44.60 2.69 20.58

96 37.92 2.70 23.03

a Expressed as percentage of the respective values before

chlorothalonil application.
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3 RESULTS AND DISCUSSION
3.1 Evaluation of short-term (1–5 weeks) tests
The values for soil ergosterol content in the control

ranged from 1.28 to 2.00mg gÿ1 soil over the period of

the experiment, while those in the chorothalonil

treatments varied from 0.21 to 0.74mg gÿ1 soil. These

values, particularly those for the control soil, are very

close to values obtained by other authors in ploughed

soils.10,24 The extraction ef®ciency, based on analysis

of soil samples spiked with ergosterol standard, was

86%. On the other hand, the values obtained for living

hyphal length, ranging from 1.39 to 6.41mgÿ1 soil in

the control, and from 0.61 to 1.90mgÿ1 soil in the

chlorothalonil treatments, were lower than those

found in other soil types.25 The microbial biomass C

ranged from 215.5 to 333.1mg gÿ1 soil in the control

and from 126.8 to 247.8mg gÿ1 soil in the chlorotha-

lonil treatments (data not shown).
434
3.1.1 Microbial biomass C
The variability of the microbial biomass C over ®ve

weeks showed a clear quadratic pattern (t-test,

P<0.0001) for all pesticide doses (Fig 1A). The key

parameters for the models, MB, TM and RR, were not

affected over the 12±96mg gÿ1 dose range (F-test,

P>0.38) (Table 1). The overall mean MB value for

those doses was 43% smaller than that obtained in the

treatment without the fungicide. The TM and RR

values were 23% and 67% higher, respectively, than

those for the control (t-test, P<0.0001). Although the

recuperation rate of the minimal microbial C (RR) was

greater in the chlorothalonil treatments, than that in

the untreated soil, the achieved relative microbial

biomass C at ®ve weeks in those treatments was still

28% smaller than that observed in the control.

Although the soil microbial biomass C values

apparently demonstrate that the effect of chlorothalo-

nil treatment is transitory, other factors must be taken

into consideration when interpreting these data. The

observed initial decline can be attributed to chlor-

othalonil activity as well as to the micro-organisms

adapting to the new growth conditions, as shown also

by the decline of the microbial biomass C in the

control. Therefore, the recuperation of this biomassC,

from the second to the third week after treatment, may

be caused, at least partially, by the presence of dead

micro-organisms over that period and not due to the

transitory effect of the fungicide. The fungitoxic effect

of chlorothalonil on the microbial biomass C is

demonstrated by the minimum value of the microbial

biomass C (MB). The MB of the treatments which

received the fungicide was reached about one week

after the MB was achieved in the control. The highest

recovery rate (RR) of the microbial biomass C in the

chlorothalonil-treatmented soils could have been a

result of a higher availability of carbon due not only to

micro-organisms which died due to non-adaptation to

the new environmental conditions, but also to the

micro-organisms that were killed as a result of the

fungicide application.

3.1.2. Soil ergosterol content
There was a decline in relative soil ergosterol content

over the ®ve-week duration of the experiment for all

treatments (Fig 1B). During the ®rst week, there was
Pest Manag Sci 56:431±440 (2000)
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Figure 1. Time variability patterns of relative fungal
measurements over five weeks: (A) microbial
biomassC, (B) living hyphal length and (C) soil
ergosterol content. Doses (*) 0, (�) 12, (* ) 24,
(&) 48, (~) 96mg chlorothalonil gÿ1 soil.
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an increase in the relative soil ergosterol content

(13.3%) in the untreated soil, but an average decrease

of 13.3% with fungicide treatments (Table 2). The

ERG_W1 decreased linearly with increasing chlor-

othalonil dose (t-test, P =0.073). No signi®cance in

the ERG_VD with time was observed over the range of

doses tested (t-test, P =0.500). The overall mean

ERG_VD for the chlorothalonil treatments was

around 28% greater than in the untreated control soil.

Although the soil ergosterol content has been

recommended recently as a means of quantifying

changes in soil fungal populations,9 as an indicator of

living fungal biomass24 or as a useful method for

assessing pesticide side-effects,10 this method presents

some problems. The ergosterol content, besides

varying with the phase of fungal growth,13 also varies
Pest Manag Sci 56:431±440 (2000)
among fungal species.12 Several studies have demon-

strated that soil ergosterol content is signi®cantly

greater in older and stationary-phase fungal mycelia

than in young or growth-phase mycelia.13 The decline

in the ergosterol content in all treatments in this work

could lead to mistaken interpretations with regard to

the effect of chlorothalonil on the soil fungal popula-

tion, if used in isolation from other data. The decrease

in the soil ergosterol content in the control suggests

that other factors as well as the fungicide were affecting

the soil fungal population. It would be dif®cult to

evaluate the contribution of such factors to variations

in the soil fungi micro¯ora. The recuperation of the

microbial biomass C after two to three weeks,

however, could indicate that a large proportion of the

soil fungi population was in the initial phase of growth
435
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Table 2. Relative soil ergosterol contents at the first
week (ERG_W1), rate of decrease in relative
ergosterol content over time (ERG_VD) and their
respective standard errors (SE), for each
chlorothalonil dose

Dose (mg AIgÿ1) ERG_W1 (%) SE a (%) ERG_VD (%) SE a (%) P-value b

0 113.3 7.2 ÿ9.0 2.2 < 0.001

12 94.7 7.2 ÿ11.5 2.2 < 0.001

24 92.0 7.2 ÿ11.7 2.2 < 0.001

48 80.2 7.2 ÿ10.9 2.2 < 0.001

96 79.8 7.2 ÿ11.8 2.2 < 0.001

a The standard error was estimated under the assumption of homogeneous variances.
b P-value corresponding to unilateral t-test for the null hypothesis ERG_VD=0.
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hyphal length, in the same way, indicated increasing

fungal growth in the control with time.
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3.1.3 Living hyphal length
In contrast to observations with microbial biomass C

and soil ergosterol content, the variability pattern of

the living hyphal length over ®ve weeks was different in

the control soil from those that received fungicide (Fig

1C). In the ®rst week the living hyphal length (LHL-

W1) remained constant in the control soil, while in the

other treatments an average decrease of 58% was

observed (Table 3). Over the ®ve-week period there

was an increase of 76% per week in the living hyphal

length (t-test, P<0.001) in the treatment without

chlorothalonil; in the treated soils the LH_VD values

were not signi®cantly different (t-test, P>0.131),

indicating no in¯uence of chlorothalonil dose on the

LH_VD.

The living hyphal length, however, was the par-

ameter which supplied the most useful information in

relation to the effects of chlorothalonil on the soil

fungal population. Effects could be observed visually,

but the high data variability, possibly due to de®cien-

cies in methodology, made it dif®cult to obtain

signi®cant differences between doses over the ®ve-

week period of the experiment.
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3.1.4 Plate counting of total and cellulolytic fungal
colonies
In untreated soil, counts of total fungi and cellulolytic

fungi increased by 51 and 58%, respectively, over the

®ve-week period (Table 4). By contrast, counts in

treated soils decreased with increasing dose indicating

a negative exponential pattern (Fig 2), with the counts

of total and cellulolytic fungi evening out at 62 and

52% of the initial counts, corresponding to the (a±b)
Table 3. Relative living hyphal length at the first
week (LHL_W1), the rate of increase (dose 0)
or decrease (treated soils) (LHL_VD) and their
respective standard errors (SE)

Concentration

(mg AIgÿ1)

LH

0 1

12

24

48

96

a The standard error was est
b P-value corresponding to u
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parameter of the respective models (Table 4; see eqn

(3)).

In comparison to the other methods utilized in this

work, the two methods of plate counting were not

suf®ciently ef®cient to demonstrate the effect of

chlorothalonil, except at the higher doses and then

only at 35 days after treatment: for shorter times after

treatment the variability in fungal counts was so large

that appropriate data interpretation was not possible.

These results agree with the general consensus that

dilution plating, as commonly used to isolate bacteria,

has severe drawbacks in ecological studies of fungi.26

The results demonstrated that, at least during ®ve

weeks, the use of the microbial biomass C as an

isolated factor is not adapted to verify possible adverse

effects of chlorothalonil on the soil fungal population,

in comparison to soil ergosterol content and living

hyphal length. Hart and Brookes10 also demonstrated,

in an experiment conducted over 28 days, that the soil

fungal ergosterol content is a more sensitive indicator

of side-effects of ergosterol-inhibiting fungicides than

measurements of the soil microbial biomassC. How-

ever, for the better interpretation of data on ergosterol

content, it should be associated with a parameter that

indicates growth of the microbial micro¯ora, since its

content in soil is closely linked to the fungal growth

stage. Although all the data demonstrated that the

lowest dose of the fungicide applied to the soil in this

work was suf®cient to fully inhibit the fungal popula-

tion, the soil ergosterol content seems to be the more

useful parameter for obtaining differentiated results in

the fungal population, when different doses are

considered, in experiments conducted over a short

period.

3.2 Evaluation of long-term tests
All methods used were effective for the determination

of the effects of chlorothalonil on soil micro¯ora 16
L_W1

(%)

S.E. a

(%)

LHL_VD

(%)

S.E. a

(%) P value b

00.7 18.5 76.1 5.5 <0.001

47.2 18.6 ÿ2.7 5.4 0.619

45.4 18.6 ÿ6.1 5.4 0.263

36.4 18.6 ÿ3.3 5.4 0.542

36.4 18.6 ÿ4.7 5.4 0.385

imated under the assumption of homogeneous variances.

nilateral t-test for the null hypothesis LHL_VD=0.

Pest Manag Sci 56:431±440 (2000)

 O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Table 4. Values, derived from eqn (3),
for the relative total fungal content and
relative cellulolytic fungal content, over
increasing doses of fungicide

Evaluated measurements Parameter a

Calculated

Value

Asymptotic

P-Value

Asymptotic 95%

con®dence

limits (%)

Lower Upper

a 150.6 0.004b 126.0 175.1

Relative total fungi b 88.7 <0.0001c 55.6 121.9

g 4.5 0.017d 0.4 8.6

a 157.8 0.0001b 132.9 182.8

Relative cellulolytic fungi b 105.8 0.001c 41.4 170.2

g 2.1 0.082d ÿ0.9 5.1

a Derived from eqn (3) in section 2.1.1.3 of the text.
b P-value corresponding to asymptotic two-tailed t-test for the hypothesis a=1.
c P-value corresponding to asymptotic upper-tailed t-test for the hypothesis b=0.
d P-value corresponding to asymptotic upper-tailed t-test for the hypothesis g=0.

Figure 2. Negative exponential models describing changes in (A) relative
counts of total fungi and (B) relative counts of cellulolytic fungi for
increasing chlorothalonil concentrations.

Measurement of fungal populations in chlorothalonil-treated soil
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weeks after the fungicide application. Increasing the

dose brought about a decrease of the evaluated

parameters, which followed a negative exponential

pattern, ie a rapid reduction was caused by increase of

the pesticide concentration, followed by a slow

reduction, with a tendency to stabilization (Fig 3).

The relative decreases of microbial biomassC, caused

by fungicide doses 1 to 4, were 38, 50,62 and 70%,

respectively (Table 5). The values for soil ergosterol

were decreased by 78, 87, 94 and 96%, respectively.

However, the decreases were not dependent only on

the fungicide addition to the soil, since the average

data obtained with the dose zero, a value, (Table 5)

showed that, regardless of the chlorothalonil applica-

tion, the microbial biomass C and soil ergosterol

content decreased by around 20 and 61%, respec-

tively, during the 16 weeks of experimentation. Some

other factors, therefore, must be implicated in soil

micro¯ora growth limitation.

Taking into consideration that such factors also

affected the soil micro-organisms in the treatments

with the fungicide, the decreases of the microbial

biomass C and soil ergosterol content caused by the

doses 1 to 4 of the pesticide were, respectively, 18, 30,

42 and 50% and 17, 26, 33 and 35%. The marked

decline of ergosterol content, even in the untreated

soil, could be explained by the fact that the ergosterol

content varies with growth conditions,9 and with other

factors as discussed previously. During the whole

experimental period no external sources of carbon

were added to the soil, and that might have affected the

soil ergosterol content more markedly than the

microbial biomass C as a whole. West and Grant9

have observed that substrate glucose amendment

increased or decreased the ergosterol content depend-

ing on soil type. Nevertheless, the marked decline of

ergosterol content during the experimental period did

not limit its capacity to demonstrate the toxic effect of

chlorothalonil on the soil fungal population.

In relation to the living hyphal length, the a value, in

the untreated soil, remained unaltered from the ®rst to

the last evaluation, 16 weeks later. Decreases caused

by fungicide doses 1 to 4 were 47, 73, 91 and 96%,
Pest Manag Sci 56:431±440 (2000)
respectively (Table 5). Considering the percentages of

decrease of the microbial biomass C and soil ergosterol

content, as a consequence of fungicide application,

those results might demonstrate a high sensitivity of

the living hyphal length measurement to the toxic

effects of chlorothalonil. However, values of hyphal

length obtained at short-term evaluation showed an

increase of 360% in relation to the evaluation

performed at time zero (Fig 4B). Therefore, living

hyphal length also presented decreases not associated

with fungicide addition, which demonstrated the

importance of the adequate establishment of the

evaluation periods in order to permit an ef®cient data

interpretation.
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Figure 3. Non-linear models describing changes in (A) relative microbial
biomassC, (B) living hyphal length and (C) relative soil ergosterol content
for increasing chlorothalonil concentrations. LCL: 95% lower confidence
limit; UCL: 95% upper confidence limit.

Figure 4. Variation in relative microbiological measurements over the
periods 0–5 weeks and 5–16 weeks: (A) microbial biomassC, (B) living
hyphal length and (C) soil ergosterol content. Doses: (*) 0, (&) 12, (~) 24,
(�) 48, (�) 96g chlorothalonil gÿ1 soil.

RF Vieira et al
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When the parameters of the negative exponential

models (Table 6) were analysed it was shown that the

soil ergosterol b value, although 29% and 65% lower
Table 5. Decreases in relative microbial biomassC, relative soil ergosterol content

Concentration

(mg gÿ1)

Relative

microbial

biomass C

Asymptotic 95%

con®dence

interval

Relative

soil

ergoster

contenLower Upper

0 0.80 0.69 0.90 0.39

12 0.62 0.55 0.69 0.22

24 0.50 0.42 0.58 0.13

48 0.38 0.31 0.44 0.06

96 0.30 0.20 0.40 0.04

438
than the microbial biomass C and living hyphal length

b values, respectively, had a g value 20% higher than

that observed for microbial biomassC, and only 17%

lower than that for living hyphal length. This

demonstrates that, in spite of the marked decreases

in ergosterol content, for non-determined reasons, this

method still shows a rapid decrease as a result of

increasing the chlorothalonil dose. Comparing the

living hyphal length b and g values, however, it is

observed that they were, respectively, on the average,

58% and 25% greater than those obtained for soil

ergosterol content and microbial biomassC, respec-
and relative living hyphal length, over increasing fungicide concentrations

ol

t

Asymptotic 95%

con®dence

interval

Relative

living

hyphal

length

Asymptotic 95%

con®dence

interval

Lower Upper Lower Upper

0.33 0.46 1.07 0.86 1.28

0.17 0.27 0.53 0.37 0.70

0.09 0.18 0.27 0.13 0.41

0.02 0.10 0.09 0.00 0.22

0.00 0.01 0.04 0.00 0.21

Pest Manag Sci 56:431±440 (2000)
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Table 6. Values for parameters derived
from negative exponential modelsa to
describe changes in relative microbial
biomassC, relative living hyphal length
and relative soil ergosterol content as a
result of increasing fungicide dose

Measurement

Estimated

parameters

values

Asymptotic

P-value

Asymptotic 95%

con®dence limits

Lower Upper

a 0.80 0.0009b 0.69 0.90

Microbial biomass C b 0.51 <0.0001c 0.36 0.67

g 0.04 0.4920d 0.009 0.06

a 0.39 <0.0001b 0.33 0.46

Soil ergosterol content b 0.36 <0.0001c 0.27 0.44

g 0.05 <0.0001d 0.02 0.09

a 1.07 0.0065b 0.06 1.20

Living hyphal length b 1.04 0.0010c 0.77 1.30

g 0.06 0.0018d 0.02 0.01

a See Eqn (3) in text.
b P-value corresponding to asymptotic two-tailed t-test for the hypothesis a=1.
c P-value corresponding to asymptotic upper-tailed t-test for the hypothesis b=0.
d P-value corresponding to asymptotic upper-tailed t-test for the hypothesis g=0.

Table 7. Chlorothalonil concentrations corre-
sponding to reductions of 50, 70 and 90% in
microbial biomassC, soil ergosterol content and
living hyphal length at 16 weeks after chlorotha-
lonil application

Microbial variable

Dose (mggÿ1

soil) required to

give% reduction

50% 75% 90%

Microbial biomass Ca 24.1 ± ±

Soil ergosterol

contentb ± 9.5 31.7

Living hyphal length 13.0 25.6 45.1

a Relative microbial biomass stabilized before

reaching reduction of 75%.
b Relative ergosterol reached reduction of 60%

even at concentration zero.

Measurement of fungal populations in chlorothalonil-treated soil
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tively. These data demonstrate that, despite the

sensitivity demonstrated by the soil ergosterol method,

the living hyphal length method presents a greater

number of parameters which lead to its being

considered as the most sensitive of the three

methods. The smaller response of the microbial

biomass C to chlorothalonil, in relation to the other

two measurements, can also be observed by the greater

value of the a±b parameter and by the data in Table 7.

In this method, in spite of a 20% decrease of the a
value, the relative microbial biomass C stabilized

before reaching a reduction of 75%, which did not

occur with the living hyphal length and soil ergosterol

determinations. Doses necessary for 75% and 90%

reduction of the soil ergosterol content were lower

than those for living hyphal length; it is likely that this

was a consequence of the low soil ergosterol content at

the end of the sixteenth week. On the other hand, the

data under discussion were obtained at time zero and

at the end of 16 weeks, which for the case of living

hyphal length might not be the most adequate, since its

increase at 35 days was not considered (Fig 4B).

The stabilization of fungicide effect, within the

studied doses, occurred near 48mg AI gÿ1 soil for all

evaluated measurements. For microbial biomassC,

ergosterol content and living hyphal length, differences

in effect between the doses of 48 and 96mg AI gÿ1 soil

were 8.6, 5.6 and 0.44%, respectively.

The living hyphal length determination, although

providing excellent results in short-duration experi-

ments, does not allow, under those conditions,

determination of the minimum dose needed to fully

inhibit the soil fungal population. The soil ergosterol

content, on the other hand, in contrast with the

observations obtained with the microbial biomass C

and living hyphal length, showed a similar behaviour in

both experimental periods, although the data only

showed a tendency to differentiation among doses in

the short-term evaluation (t-test, P =0.07). Conse-

quently, the soil ergosterol content seems to be the

more adequate method for short-duration evaluations
Pest Manag Sci 56:431±440 (2000)
(about 30 days) when one wishes to assess the effects

of change in fungicide dose, although a larger response

amplitude would also demand longer incubation of

soil with the pesticide. The absence of a differentiated

response of ergosterol content to two doses of two

ergosterol-inhibiting fungicides, as obtained by Hart

and Brookes,10 might also be associated with the short

duration of soil incubation (28 days) in their work.

Therefore, the results of the present study demon-

strate that, to obtain signi®cantly different results

between doses, it is necessary to use experiments

involving longer than ®ve and up to 16 weeks

incubation. On the other hand, it is important to

emphasize that some sort of stress must have occurred

in the soil during the experimental period. Stresses

associated with the presence of chlorothalonil in the

soil could intensify its fungitoxicity, thus making the

higher doses more prejudicial. Additional studies to

examine the in¯uence of different types of stress on the

overall effect of chlorothalonil on the fungal popula-

tion are needed. It was also well established that, in

short- or long-duration evaluations, and in comparison
439
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to soil ergosterol content and living hyphal length, the

microbial biomass C was the least sensitive method for

the measurement of chlorothalonil effects, although

this parameter has been cited as a indicator of pesticide

side-effects.27,28 The soil ergosterol content, although

offering excellent results, still requires further studies

relating ergosterol production to environmental con-

ditions to permit more conclusive interpretations.

Therefore, the living hyphal length technique has to

be regarded as currently the most sensitive method for

the determination of the effect of chlorothalonil on soil

fungi. However, it is important to point out that, as a

consequence of the various problems associated with

the living hyphal length technique, this method could

be utilized to compare treatments without concern for

obtaining actual values for soil fungi population.

The soil physical characteristics (texture, organic

matter content) will have also a major in¯uence on the

ef®ciency of hyphal extraction from the soil. This

implies that this technique is not suitable for compara-

tive studies of fungicide effects in different soil types,

when a suitable control without the fungicide is not

available. In this experiment only one soil type was

examined, so that consistent comparison between

treatments was possible. In comparison to the other

techniques utilized, the living hyphal length method

was cheaper and faster.
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