
CHAPTER THREE

THE LONG TERM EFFECT OF 2,4-DICHLOROPHENOXYACETIC

ACID ON ECOSYSTEM FUNCTIONING OF FIELD PLOTS
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Abstract 

The effects of annual application of 2,4 -D on the soil biosphere was studied in 

plots that received technical grade or the amine formulation of 2,4-D at rates of 0 

kg/ha (control plot), IX (the normal field rate of application of 1.1 kg/ha), 10X, and 

100X that amount for ten consecutive years. The soils were sampled to determine 

the effect of herbicide on microbial C and N processes, and the structure and the 

metabolic status of microbial community. In the top 15 cm of soil, microbial 

biomass, microbial nitrogen, and total phospholipid fatty acids (PLFA) were 

depressed with an increase in 2,4-D concentration while rates of nitrification 

increased. Both nitrogen and carbon mineralization were depressed with 

increased 2,4-D concentration. After one month of incubation the depressive 

effect of 2,4-D on C mineralization was significant but this was not the case at 

subsequent sampling times. 

The Gram negative community in the 100X plots appeared to be in the 

inactive phase based on PLFA signatures whilst that of the other treatments were 

in the active phase. The rate of microbial turnover in these plots was low and the 

microbial community was showing signs of adaptation. Although some herbicide 

-induced changes were significant (P < 0.05) all the depressive and stimulatory 

effects were relatively small (< 50 % change from the control). The effects of long 

term 2,4-D application were not ecologically significant to the soil microbial 

community nor did they significantly interfere with nutrient cycling to adversely 

affect soil fertility. The results suggest a trend towards disturbance of the 

ecosystem equilibrium if 2,4-D were to be continually and repeatedly applied to 

the plots at high rate. 
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Introduction

The role of microorganisms in agroecosystems is often understated (23) yet

without microbes and their function, no other organism could be supported by

the soil. Microorganisms constitute a source of and sink for nutrients in all

ecosystems and play a major role in plant litter decomposition and nutrient

cycling (5, 9, 39), soil structure (26), dinitrogen fixation (40), mycorrhizal

associations (1), reduction in plant pathogens (10) and other alterations in soil

properties that influence plant growth.

Soil microorganisms also are sensitive biological markers (31. 43) and

useful for classifying disturbed or contaminated systems since diversity can be

affected by minute changes in the ecosystem. Early investigators such as

Waksman (42) noted that the use of microorganisms coupled with physical and

chemical parameters could indicate the fertility of a soil. The microbial criteria

identified then were numbers of microbes, nitrification, carbon dioxide evolution,

cellulose decomposition, dinitrogen fixation, etc. Domsch et al. (13), on the

otherhand, suggested other microbial parameters be measured such as those

populations with greater sensitivity to perturbation including nitrifiers,

Rhizobium, actinomycetes and those of moderate sensitivity, which were algae,

bacteria, fungi and soil respiration, denitrification and ammonification. It is also

possible that individual species can function as indicators of the status of an

ecosystem. These are the keystone species in that they should reflect the

response of the community they represent. There is, however, concern over the

use of single populations to identify stress response of a system (6, 24). It is

argued that the effect of stress on single species cannot predict what will happen
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throughout the community nor identify all the interactions that may be altered 

(7). 

Management practices influence microbial activities over the long term in 

agricultural lands (3, 27, 32). One such agricultural practice is the use of 

herbicides to control the weeds which pose a major threat to crop yields (34, 36). 

Therefore, there has been considerable interest in the side effect of these 

chemicals on non-target organisms, including soil microorganisms (16, 35). Most 

of the studies on this subject have focused on herbicide effects on microbially 

mediated processes eg. nitrification, denitrification, soil respiration and soil 

enzyme activity (8, 20, 46). Process level measurements, although critical to 

understanding the ecosystem, may be insensitive to community level changes due 

to the redundancy of these functions and the complexity of relationships within 

particular communities. This measure also does not indicate the diversity and 

location of the organisms responsible for such alteration. The majority of studies 

have used laboratory incubation techniques for investigating such side-effects 

(35) but there are certain difficulties in attempting to extrapolate such information 

to the field, especially relating it to the importance of a detected herbicide side-

effect relative to the background spatial and temporal biotic variability in the field 

(11). The authors generally conclude that detailed field data on spatial and 

temporal variation in environmental variables could provide a background of 

natural variability against which pesticide side-effects could be assessed. 

In recent times, field experiments have been conducted such as that of 

Wardle and Parkinson (44) who found that 2,4-D significantly influenced all 

microbial variables investigated but that they were transient being detectable 

only within the first 1-5 days of herbicide addition. Similarly, Biederbeck (2) 
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found that the effect of 2,4-D after 40 years of field application was not of

ecological significance. Domsch et al. (13) also concluded that most detected side

-effects of pesticide applications on the soil microflora were relatively

unimportant because variability in natural factors may depress soil processes by

over 90 %. Few have done ecosystem level studies monitoring ecosystem

processes and their relation to community structure and activity.

The objective of this study was to elucidate any long term effect of 2,4-D

of soil ecosystem processes carried out by the microbial community.

Materials and Methods

Soil sampling. 2,4-0 was applied to the 2,4-0 Gene Transfer plot at the Kellogg

Biological Station, Hickory Comers, MI. during 1996 to 1998. The plot consisted

of eight subplots, each 3.6 by 9.1 ill (15). Each subplot was separated by a buffer

zone 4.5 m wide. The frrst application of 2,4-0 occurred in October of 1988, and

was continued each year. The levels of 2,4-D application were OX (for the control

plot), IX (which is the rate of good agricultural practice - 1.1 kglha), lOX the

normal field rate of application and 100X the normal field rate of application.

Each application rate was replicated twice. Beginning in 1996, the 2,4-0 the

dimethylamine ester form was applied from August each year to early October in

the form of five applications every other week. One week after the last

application, soil samples were collected, kept on ice and brought to the laboratory

and immediately sieved through a 2 mm sieve. The same 2,4-0 application scheme

was followed in August 1997. However in August 1998 instead of five

applications of 2,4-0, seven applications were made so that it might be possible to

see differences in microbial communities not previously detectable. Soil samples

were stored at -20°C °C for experimental use.

68



Microbial parameter measurements.

The potential nitrification rate is the enzymatic oxidation of ammonia to

nitrates by the nitrifiers (viz Nitrosomonas and Nitrobacter) and this rate was

determined by the shaken soil- slurry method for assessing the maximum rate

(Vmax) of nitrification for a soil sample (18). Samples were incubated under

laboratory conditions that had been optimized with respect to water content,

ammonium, aeration and P availability. Fifteen gram of sieved, field-most soil was

put into a 250-ml Erlenmeyer flask. with 100 ml of combined solution ( 0.3 roM

KH2P04, 0.7 roM K2HP04 and 0.75 roM NH4S04 ) and the flask covered with a

vented cap. All flasks were placed on an orbital shaker and shaked at

approximately 180 rpm for 24 h. At 2 h intervals aliquot samples (5 ml) were

collected, 1 ml of 2N HCL was added and centrifuged. The supernatant was then

stored at -20°C and later analyzed for NH4+ and N03- contents.

The N mineralization rate is the microbial release of organically bound nitrogen

to inorganic mineral forms and it was determined using the sieved field-moist soil

that was placed in plastic caps and put in a Mason jar sealed with a lid, Hart et al.,

(18). The soil was then incubated for at least 100 days at room temperature (250

C) in the dark. Ammonium and nitrate concentrations were determined by

extracting soil subsamples with IN KCI before the experiment began and every

tenth day of incubation.

Carbon mineralization was measured by incubation of soil for > 100 days at

room temperature in the dark in Mason jars. Accumulated C02 was collected in a

plastic vial containing IN KOH that was placed near the soil sample in the jar.

Every ten days the C02 released was determined and fresh vial containing IN

KOH was placed in the Mason jar.
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Microbial biomass was determined by the chloroform - fumigation incubation 

method (CH) as described by Howarth and Paul (21). Chloroform was used to 

lyse living microbial cells in a soil sample whilst an identical sample remained 

unfumigated. The soil samples were then incubated for a period of 10 days in 

sealed Mason jars. The temporary flush of carbon dioxide was primarily due to 

decomposition of microorganisms (22). In addition, an increase in the NH4
+ pool 

occurred as a result of mineralization of nitrogenous constituents from lysed 

microorganisms. The increase in C02 evolution and extractable NH4
+ from 

fumigated samples were used to estimate the size of soil microbial biomass carbon 

and microbial biomass nitrogen, respectively. The microbial respiration rate was 

determined from the C02 evolved from the unfumigated soil after the ten day 

period of incubation. Thus differences in incubation period distinguished 

microbial respiration from carbon mineralization. 

Statistical analyses. Analyses of variance (ANOVA) were performed with the 

general STATA program for the microbial biomass, microbial respiration, microbial 

nitrogen and carbon mineralization. The number of replicates was three. To 

determine the standard error of the metabolic status of microorganisms n was two. 

PLFA analyses. Samples of soil for phospholipid fatty acid analysis (PFLA) 

were removed as soon as soils were sieved and kept frozen at -20 °C. The samples 

were then sent on dry ice to the Microbial Insight Incorporated at Rockford, 

Tennesee. The metabolic status of the Gram negative population was determined 

as follows; 

cy 17:0 + cy!9:0 

16:lw7c 18:lw7c 
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which is based on the fact that in Gram negative bacteria 16:1w7c and 18:1w7c

are converted to cylopropyl fatty acids (cy 17:0 and cy 19:0) as microbes move

from log to a stationery phase (17).

Turn over rate= L
cy 17:0/16:1w7c +cy19:/18:1w7c

Stress indicator of microbes: Gram negative bacteria generate trans fatty acids

to minimize the permeability of their cell membranes as protection against changes

in the environment such as toxicity or starvation. Hence

16:1w7t + 18:1w7t

16:1w7c 18:1w7c.

if the sum of the two is > 0.1 then the starvation state is indicated (19).

Results

Effect of 2,4-D on non-target organisms: The total PFLA for the control was the

highest (29,182 pmlg soil, Table 1) suggesting that this plot had the highest viable

cells. This value decreased by 42 % in the plots with the highest 2,4-D. Generally

as the 2,4-D concentration increased the total PLFA also decreased. 2,4-D

depressed the Gram negative population (represented as the monoenoics) more

than the other populations ( Fig. 1 a and Fig. 1d). In this comparison the 4 %

decrease in the Gram negatives was compensated by a slight increase in the Gram

positive (mostly represented by terminally branched saturated fatty acid) and the

actinomycete populations (also represented by the mid chain branched saturated

fatty acid). The % Gram positive bacteria on the otherhand increased slightly in

the lOX 2,4-D treatment and then decreased again. The proportions of the

71



actinomycete and the eukaryote populations remained relatively unchanged In

the rest of the treatments.

Effect of 2,4-D concentrations on microbial parameters: High 2,4-D

concentrations reduced the microbial biomass as measured by the chloroform

fumigation method by 22 % in the 100X plots as compared to the control plots

and the other treatments (Table 1), Similarly microbial respiration declined

indicating that there was a reduction in microbially related activities with an

increase in 2,4-D concentration although no difference was statistically

significant. Microbial biomass nitrogen on the otherhand increased with 2,4-D

concentration and the differences in treatment were significant. The low C:N ratio

especially in the 100X treated plot suggest that nitrogen was being immobilized

into the microbial cells rather than being released into the envinronment for the

plant community. The C:N ratio for the other treatments remained relatively high

(Table 1).

The Gram negative population contributed more to microbial respiration

with increasing 2,4-D (r 58, Table 2) whilst the converse was observed for the

Gram positive population and eukaryote populations (Table 2). A negative

correlation coefficient was observed between microbial nitrogen and the % of

Gram negative population in the microbial community implying that an increase in

microbial nitrogen was not favorable to the Gram negative population. Generally

microbially biomass carbon was negatively correlated with microbial biomass

nitrogen (Table 2).

Transformation of carbon was depressed in the 100X plots but not in the

other treatments (Fig. 2). Significant differences in the treatments were observed

for carbon mineralization on the 30th day of incubation but not on the fiftieth

72



and seventy days of incubation (Table 1). Likewise, the rate of carbon 

transformation declined with an increase in 2,4-D. The Gram negative population 

played a significant role in C mineralization as 2,4-D concentration increased (r 

being 98%) as compared to the Gram positive and the eukaryote populations 

(Table 2). Net nitrogen mineralization also declined in the other plots. This is 

reflected in the decrease in nitrogen mineralization rate as 2,4-D concentration 

increased (Fig.3). However, there were no significant differences in the treatment 

after 30, 60 and 70 days of incubation . At all levels of 2,4-D treatment, 

correlation between the rate of carbon and nitrogen mineralization was not high 

and was even negative in the 10X 2,4-D treated plots (Table 2) implying that the 

two processes were not closely related. Beyond 70 days of incubation, N 

immobilization was observed in some of the higher 2,4-D treated plots, for 

instance in the 10X and the 100X plots. 

The nitrification rate, on the otherhand, was slightly higher (4.57 ug/g soil) 

with the highest 2,4-D concentration. A graphic plot of the nitrification vs time 

revealed a biphasic activity (Fig. 4). The control, IX 10X plots had 4.46, 3.27, 

3.71 ug/g soil as their nitrification rates, respectively. The rate of N mineralization 

for all 2,4-D treatments was similar, however, the rate of C mineralization for the 

control plot was higher than the rest of the treatments (Table 3). This indicates 

that long term 2,4-D application has the tendency to affect the carbon cycle. 

Metabolic status of the microbial community: According to the PLFA analysis, 

the gram negative community was in the inactive phase whilst for the other 

treatments they were in the active phase (Table 1). Moreover the microbial 

turnover rate declined from the control plots to the higher 2,4-D treated plots. The 

turnover rate in such higher treated plots was 0.43 as compared to 0.74 for the 
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control plots. Also the microbial community showed signs of adaptation to the

environmentally induced stress from either toxicity or starvation. Ammonification

on the otherhand was not affected by the increase in the 2,4-D concentrations,

hence the rate of ammonification remained the same in all the plots.

Discussion

With increase in 2,4-D concentration, microbial respiration declined which might

not be beneficial to soil fertility since it can reduce the rate of herbicide

dissipation leaving a herbicide concentration which might be injurious to more

sensitive 2,4-D degraders. The effect of high 2,4-D concentrations on the

microbial community might be due to the accumulation of 2,4-dichlorophenol

especially when 2,4-D is applied at high rates (28 ). Chlorophenols, are classic

cytochrome uncouplers and are not always readily used as sole carbon source

because of toxicity at low substrate concentration e.g. 100 ppm, ( 33). Recently

2,4-dichlorophenol was isolated by Smith (38) from laboratory-incubated soils

and identified as a soil degradation product of 2,4-D.

Another reason why high 2,4-D concentration appear toxic to the

microbial community might instead be due to the decrease in available soil

organic matter or altered soil conditions due to the lack of plant growth. The

higher 2,4- D treated plots were virtually weed free even after the planting season

and this was observed at least for 2 years. This could possibly lead to decrease in

organic matter, causing significant changes in the microbial populations hence

affecting nutrient transformation. Significant changes in the microbial populations

were observed in a dwarf apple tree orchard treated annually with atrazine at 4

kglha for fifteen years (44). In particular anaerobic sporeforeming bacteria and

cellulolytic microorganisms were permanently reduced. The authors ascribed
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these changes to the long-term elimination of direct vegetative cover and

concomitant loss of organic matter input to the atrazine treated soil. Also lack of

substrates in the 100X plots for the microorganisms could have contributed to

some of the observed side effects. If carbon in the form of crop residue from

surrounding plots had been addded to that plot, the C:N ratio would likely not

have been as low as in the 100X plots. The microbes would have used the carbon

for growth and microbial biomass might not have been depressed to that extent.

Any interpretations of antimicrobial herbicide effects on soil fertility is

difficult, because herbicide induced stress in the surface soil can cause changes

which can be both inhibitory and stimulatory to microbial populations and their

activities which although statistically significant, are neither of ecological

consequence nor of practical agricultural significance. The microbial community

in these Gene transfer plot mnay have been sustainable by adding crop residue to

the plot from time to time so that the effects of 2,4-D could be seperated from the

effect of carbon loss.

The absence of any significant effect of 2,4-D concentration on nitrogen

mineralization suggests that over the many years of 2,4-D application the major

groups of organisms within the soil microflora have become adapted to 2,4-D .

Similar soil microbial adaptations in response to repeated applications have also

been reported from studies of long-term effects of other herbicides (14, 15, 44).

The stimulatory effect of 2,4-D on nitrification was unexpected because it had

been reported that phenoxy herbicides significantly, albeit temporarily, reduce

nitrification, (16, 25, 28, 37). The increase in nitrification I observed was not

relevant to the maintenance of soil fertility because the nitrate could easily be

leached from the ecosystem and burden the receiving waters. In the current
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study, the nitrifier population might have adopted to the 2,4-D application an

explanation noted by other authors who saw adaptation of nitrifiers to phenoxy

herbicides after repeated application (41). The slightly higher nitrification rate

observed might also be due to the effect of higher organic N added through the

usage of the dimethyl amine form of 2,4-D. This form of 2,4-D is 20 % N by weight

and organic N released could stimulate growth of the nitrifier population. The

biphasic form of N03-production suggested that nitrifiers initially used soil Nand

later used the N from the dimethyl amine salt of the 2,4-D for growth. The low

C:N ratio of the microorganisms might have a negative impact on the ecosystem

because the nitrogen is not made available for plant growth but immobilized by

microorganisms. The low microbial turnover rate also suggests that it takes a long

time for this N to be released to the environment. It is not surprising that after 70

days of incubation that N immobilization was observed especially in the 100X

and the lOX soils.

Through C mineralization, energy is released for other ecosystem

functions. Hence any decrease in energy released in an ecosystem causes the

system to degrade. The reduction in the microbial biomass with increasing 2,4-D

concentration could mean that the net primary productivity and soil organic

matter levels are affected because of the high correlation of microbial biomass and

net primary productivity (30). But, in the present study such a reduction was

obvious only in the Gram negative populations possibly because of the

differences in cell wall composition. The Gram positive bacteria have a thicker cell

wall peptidoglycan with no outer membrane and have techoic acids whilst the

Gram negative bacteria have a thin layered peptidoglycan layer. Zelles et al (47 )
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also observed that Gram negative populations were heavily affected during

chloroform fumigation whilst the Gram positive only was slightly affected.

Because the effects of a toxic chemical are a function of both dose and

time, the possibility of hann to the soil microflora is greater in situations where

repeated applications are used over a long period. The use of PLF A in the current

studies instead of soil enzymes as a measure of the microbial status is

advantageous because it also gives more information on "health" of the microbial

community. Domsch (12) stated that the duration and magnitude of the response

to herbicide induced stress should be compared to that of the naturally occurring

stress situations or "catastrophes" in soil microhabitats such as drought, flooding,

freezing etc. From the result of many soil biological studies it was observed that a

depression of 50 % or more in biomass or biochemical process that persist for 30

days or longer frequency occurs in surface soils under natural conditions (16).

Hence Domsch (12) states that ecologically critical situations occur. when the

herbicide-induced depressions of soil microbial biomass or function last for more

than 60 days and the reduction is > 50 % of the control. Assessment of our data

according to this European system for chemical stress evaluation shows that that

none of the herbicide-induced depressions of soil microbial biomass or functions

met the criteria. Further, these 2,4-D effects were generally confined to the surface

10-15 em and, as stated by Greaves and Malkomes (16), side- effects that are

restricted to the surface layer may be ignored since a large volume of underlying

rooted soil will maintain normal biological processes.

Since 10 years of 2,4-D at four different concentrations viz OX, IX, lOX,

and 100X, produced temporary and minor soil side effects that did not

significantly interfere with the normal cycling of C and N in surface soil under
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field conditions, we conclude that there was no agronomically significant effect

of long-term 2,4-D applications on soil fertility. However, it is possible that with

time the effect of 2,4-D especially on the lOOX plot might be of ecological

significance since the microbial populations were not "healthy". These findings

show that the repeated use of 2,4-D at high concentration (lOOX) might result in

a disturbance of the biological equilibrium in the soil and possibly lead to

eventual loss of fertility. While the microbial ecosystem was not seriously

perturbed, the plant - soil ecosystem was since primary productivity (plant

growth) was seriously reduced. Hence the plant community was much more

sensitive to herbicide-induced effects.
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Microbial community in the
control plot (2,4-0 is added)
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Figs. I a-d. Distribution of microbial community components as determined by

PLFA .2,4-0 additions are as follows a=OX, b= IX, c=10X, d=100X. Data are

mean values of 2 replicates.
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Microbial community at 10X field
application of 2,4-0
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Carbon mineralization in soils of varying 
2,4-D levels 
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Fig. 2. Cumulative C mineralization with time. The plots were amended with the 
indicated 2,4 -D concentrations. 

Cumulative net N mineralization in soils 
with varying 2,4-D levels 
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Fig. 3. Cumulative net N mineralization with time amended with different 2,4-D 
concentrations. The plots were amended with the indicated 2,4 -D 

concentrations. 
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Fig. 3. Release of nitrate during incubation studies of soils amended with the 
indicated 2,4-D concentration 
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Table 1. Effect of long-teon use of 2,4-D on microbial parameters and ecosystem functioning
Variables Significance
measured of F ratio

(probability)
2,4- D Treatment levels

OX IX lOX 100X)
Microbial biomass

Carbon ugC/g 113.39:f:18.31 12 1.0O:t6. 9 121.5 8:f:9.94 84.04:t2.31 Prob>F
soil (0.00001)

Nitrogen ug/g 47.92:t2.7 48.73:f:3.9 57.07:t2.76 61.1l:t1.65 Prob >F
soil (0001)

CIN Ratio 4.38 5.42 5.47 2.49
Microbial respiration in CO2-C(uglg soil)

10 day 94.7:t2.25 98.0O:t13.3 85.7:t18.7 66.00:t15.87 Prob >F
incubation (0.1227)

Microbial metabolic status
Total PLFAs 29,182 26,802 23,637 18,166

pmlg soil
30rowth phase 1.34 1.02 1.47 2.35
hrJ'urnover rate 0.74 0.98 0.68 0.43

CSigns of 0.10 0.10 0.11 0.17
adaptation

Carbon mineralization (ugCOlg soil)
30 day 83.36:t2.1 73.01:t3.46 72.27:t8.19 59.42:tl0.12 Prob>F

incubation (0.0001)
50 day 82.43:t21.91 64. 16:t7 .27 75.18:t9.91 50. 13:f:13.7 Prob.F

incubation (0.1358)
70 day 64. 12:t7.84 59.03:t14.8 71.34:t4.195 46.24:t4.95 Prob>F

incubation (0.3676)
Nitrogen mineralization ( ppm)

30 day 6.26:tl.99 5.56:t1.64 4.54:tO.05 4.62:t0.081 Prob>F
incubation (0.3778)

60 day 7.53:tO.42 7.49:tO.73 8.75:t1.44 8.313:t1.26 Prob>F
incubation (0.427)

70 day 9.8I:tO.35 10.53:t0.89 9.64:f:0.13 11.29:t0.57 Prob>F
incubation (0.025)

a. Phase of growth=cy 17:/16: 1w7c+cy 19:0/18: 1w7c
b. Turn over rate= lIphase of growth

c. Stress indicator of microbes=16: 1w7t116: 1w7c+ 18: 1w7t118: 1w7
All values are means of three replicates :tstandard deviation
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Table 2. Effect of increasing 2,4-D on relationships of the microbial parameters

Variable

Gram negative vs
microbial respiration

Microbial carbon vs
microbial nitrogen

Gram negative vs
microbial nitrogen

r ( % Correlation
coefficient)

Microbial Respiration
58

Microbial Nitrogen
-65

-81.5

Regression equation

y=-80+5.36 % Gram
negative in population

y=79.87-0.24x

y= 134.2-2.54x

Carbon mineralization (C min)
Gram negative vs C min 98
Gram positive vs C min -66

n=8

y=-81.7+4.86x
y=170.3+5.48x

Table 3. Effect of 2,4-D concentration on nutrient transformation

2,4-D treatments nitrification rate N mineralization C mineralization
rate within the first rate within the first

30 days of 30 days of
incubation in ug/g incubation in

soil ug/g/day
OX 4.46 :tl.5 0.14 7.5

IX 3.27 :t63 0.1 6.8

lOX 3.71 :t.68 0.12 6.7

100X 4.75 :tl.3 0.97 6.0

All values are means of three replicates.

rate of N min=ili!!4+ -N +NO]- -N in ppm) '+1- (NH4+- N +NO]--N)!Q

30 days (incubation period)
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