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Non-target effects of herbicides on soil
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Abstract
BACKGROUND: Herbicides are used extensively to control weeds. However, little is known about the non-target effects of
herbicides on soil nematode assemblages. The objective of this study was to determine whether herbicides affect the abundance
of nematodes in specific trophic groups. Meta-analysis was performed, and the calculated effect size, lr, quantified the impact of
herbicides on the abundance of total nematodes and five trophic groups (bacterivores, fungivores, plant parasites, omnivores
and predators).
RESULTS: Measurements of lr indicated that herbicides decreased abundance of both fungivores and predators; however,
abundance of bacterivores, plant parasites and omnivores increased. Overall, total nematode abundance tended to increase in
response to herbicide application.
CONCLUSION: The decrease in predator abundance suggests that herbicide application disturbs soil food webs. The increase
in bacterivore and decrease in fungivore abundance suggest that bacterivores are more tolerant and both fungivores and
predators more sensitive to herbicide applications. Herbicides also have non-target effects on omnivores, which may be due to
the increased amount of food resources for omnivores after weed control. Additionally, the use of herbicides may result in a
risk of an increase in plant-parasitic nematode abundance.
c 2013 Society of Chemical Industry
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INTRODUCTION
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approach was employed to determine herbicide effects on soil
nematode communities.

2

MATERIALS AND METHODS

The first step of meta-analysis of the effect of herbicides on total
soil nematode numbers and nematode trophic group abundance
was to utilize ‘herbicide’ and ‘soil nematode’ as topics to search
the literature via the ISI WEB OF KNOWLEDGESM in October
2011. This search resulted in 3050 studies, which were then
inspected for further references that isolated control and herbicide
treatments. Most of the studies used herbicides as auxiliary
management practices in agriculture; some studies focused
on certain species of plant-parasitic nematodes; some studies
showed relative abundance (percentage data) of nematode
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In the United States, conservation no-till agriculture technologies
have greatly reduced soil loss compared with conventional
agriculture technologies.1 In many agroecosystems worldwide,
herbicides are used extensively to control weeds, reduce soil
erosion, conserve soil structure and improve labor efficiency.
However, herbicides affect more than just weeds; they also impact
upon soil biota directly or more frequently indirectly, through
the alteration of plant cover and root exudates.2 – 5 However,
different types of herbicide are associated with negligible, positive
or negative effects on various soil organisms (e.g. microorganisms,
nematodes, arthropods and earthworms).4,6 – 10
Soil nematodes are the most abundant metazoa and occupy
key positions at most trophic levels (bacterivore, fungivore, plant
parasite, omnivore and predator) in soil food webs.11 – 14 Therefore,
the composition of the soil nematode community can indicate
ecosystem processes and environmental conditions.11,12,15 A
considerable number of studies have focused on the effects
of herbicides on plant-parasitic nematodes, especially root-knot
nematodes and cyst nematodes.16 – 18 Generally, herbicides are
usually less toxic to nematodes than insecticides.19 In most cases,
herbicides are usually applied with other agricultural management
practices (e.g. other pesticides, fertilization and tillage).20 Because
little is known about the effects of herbicides alone on soil
nematode assemblages, the objective of the present study
was to determine whether herbicides affect nematode trophic
group composition. Because meta-analysis is a powerful approach
for analyzing existing data to obtain general conclusions, this

www.soci.org
trophic groups, which was not suitable for the present study,
and therefore those studies were omitted. Eventually, 18 literature
citations that isolated control and herbicide treatments were
identified (Table 1). Nematode taxa were assigned to the main
trophic groups (bacterivores, fungivores, herbivores, omnivores,
predators) according to Yeates et al.13 when trophic group
abundance was not displayed in the tables and/or in the figures
of the 18 collected studies. Next, control and herbicide-alone
treatment groups were used to calculate effect size, lr.21 Means
of total nematode, bacterivore, fungivore, herbivore, predator
and omnivore abundance under control and herbicide treatments
were extracted from the 18 investigations. When data were shown
in figures, the data were extracted with the Digitize module of
Origin 7.5 software (OriginLab Corp., USA). Sixty-two observations
of total nematode abundance, 26 observations of bacterivores,
20 observations of fungivores, 27 observations of plant parasite
abundance, 16 observations of omnivore abundance and 14
observations of predator abundance were used to calculate effect
size lr as follows:


MH
(1)
lr = ln
MC
where MC is the mean of the control group, and MH is the mean
of the herbicide treatment group. The calculated mean effect
sizes across the studies for the fixed-effect model were weighted
by reciprocal of the variance. Then, 95% confidence intervals
were calculated following the method of Gurevitch and Hedges21
and utilized to investigate whether the 95% CI overlapped zero
(neutral effect). Briefly, there are significant positive effects of
herbicides on nematode assemblages when 95% CI exceeds zero;
there are significant negative effects of herbicides on nematode
assemblages when 95% CI is less than zero. There are no significant
effects of herbicides on nematode assemblages when 95% CI
overlaps zero. The lr of the six variables (i.e. total nematode
abundance and five trophic group abundances) were calculated
independently. The variances between these six variables were not
compared directly. Heterogeneity of each dataset was calculated
using the Q-statistics method via the procedures of Gurevitch and
Hedges.21 A chi-square distribution table was used to determine
P-values of heterogeneity.

3

RESULTS

680

The P-values of the within-class heterogeneity test were less
than 0.05 in all six datasets (abundance of total nematodes and
the five trophic groups), which indicated apparent variation within
dataset. By comparing 62 observations with and without herbicide
treatments, lr of total nematode abundance tended to exceed
zero; the mean value equaled 0.008 with 95% CI ranging from
−0.005 to 0.021 (Fig. 1). The lr values of fungivore and predator
nematode abundances were significantly less than zero (Fig. 1).
The mean value of lr describing the effect of herbicide application
on fungivorous nematodes was 0.153 with 95% CI ranging from
−0.188 to −0.119; for the effect of herbicide application on
predatory nematodes it was 0.719 with 95% CI ranging from
−0.872 to −0.566 (Fig. 1). However, the lr values of bacterivore,
plant-parasitic and omnivore abundances were remarkably greater
than zero (Fig. 1). The mean value of lr describing the effect of
herbicide application on bacterivorous nematodes was 0.115 with
95% CI ranging from 0.095 to 0.134 (Fig. 1); for the effect of
herbicide application on plant-parasitic nematodes it was 0.069
with 95% CI ranging from 0.038 to 0.101 (Fig. 1). Additionally, the
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mean value of lr summarizing the effects of herbicide application
on omnivorous nematodes was 0.265 with 95% CI ranging from
0.140 to 0.390 (Fig. 1).

4

DISCUSSION

Although some previous studies report that herbicides have
negative effects on total soil nematode abundance,10,22 – 24 others
indicate that herbicides have positive effects on total soil nematode
abundance.25 – 27 One likely reason is that the different types and
concentrations of herbicides used in those studies led to different
impacts on total nematode abundance.4,28 – 32 In the present
meta-analysis, herbicide treatment did not significantly affect total
nematode abundance, a result that might be due to heterogeneity
within the original dataset for total nematode numbers.
Soil nematodes are the most numerous mesofauna in soil.33 They
are ubiquitous and contribute to many soil ecosystem processes.
For example, they are important components of both the soil
detrital food chain and the grazer food chain. Therefore, they
are involved in soil decomposition and N mineralization.34,35 The
increasing N availability may increase net primary production
(NPP); however, an outbreak of plant-parasitic nematodes may
significantly reduce NPP.12,34 The response of different soil
nematode trophic groups to herbicide application may indicate
a change in soil ecosystem processes (e.g. soil decomposition
and nutrient mineralization). In the present study, fungivore
abundance decreased and bacterivore abundance increased after
herbicide application. Therefore, herbicide application may cause
the soil food web to become more bacterially dominated. The
meta-analysis results suggest that bacterivores dominated, and
most of them were tolerant to herbicide application. Furthermore,
although fungi and fungivores are usually considered to be primary
decomposers of soil surface residues, bacteria and bacterivores
may be more important in the decomposition of underground
residues.36 Therefore, surface fungi and fungivores are more
directly exposed to the impact of herbicides than underground
bacteria and bacterivores. Herbicide application decreases weed
biomass remaining in a field and increases crop biomass that is
harvested. Therefore, herbicide application generally decreases
total post-harvest above-ground plant biomass, a decrease that
may be detrimental to fungi and fungivorous nematodes.
In general, k-selected species (i.e. organisms that successfully
compete for limited resources in an environment and tend to occur
near the carrying capacity for that environment) are relatively
sensitive to disturbance, and r-selected species (i.e. those with
high potential to reproduce quickly) are relatively tolerant to
disturbance,37 as reflected in the colonizer-persister (cp) scale of
soil nematodes.11,12 Therefore, nematodes that are r-selected have
life-history characteristics including a short generation time, many
offspring and tolerance of disturbance; k-selected nematodes
have life-history characteristics including a longer generation
time, fewer offspring and sensitivity to disturbance. The colonizerpersister (cp) value ranges from an extreme colonizer (cp value = 1)
to an extreme persister (cp value = 5), with the index values
representing life-history characteristics associated with r- and kselection respectively. According to this system, predator and
omnivorous nematodes are assigned to high cp (cp4 or cp5) guilds
because of their long life-history characteristics and sensitivity
to disturbance. In the present study, however, predators and
omnivores showed significantly different responses to herbicide.
The significant decrease in predators indicates that herbicide
application disturbs the soil food web and shortens the food chain.

c 2013 Society of Chemical Industry
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Table 1. Studies investigating herbicide effects on soil nematode assemblages and used in the meta-analysis
Herbicide treatment

1. Mecoprop and dicamba

1. Glyphosate 0.56 kg AI ha−1
2. Glyphosate 1.12 kg AI ha−1
3. Glyphosate 2.24 kg AI ha−1
4. Glyphosate 3.36 kg AI ha−1
5. Glyphosate 3.48 kg AI ha−1
1. Fluorodifen 1.5 kg AI ha−1

1. Paraquat in spring, paraquat and bromacil in summer

1. A clove oil-based herbicide (Matran) 13.5 L ha−1
1. Paraquat
2. Chlormethoxynil
3. Thiobencarb-Simetryne

1. Glufosinate-ammonium 2.5 L ha−1

1. Acetochlor

as pre-emergence
2. Atrazine 1.0 kg ha−1 as pre-emergence followed by 0.25 kg ha−1 as
post-emergence
3. Atrazine 2.0 kg ha−1 as pre-emergence
4. Atrazine 2.0 kg ha−1 as pre-emergence followed by 0.25 kg ha−1 as
post-emergence
5. Atrazine 0.25 kg ha−1 as post-emergence
6. 2,4-D-amine 0.75 kg ha−1 as post-emergence
7. 2,4-D-amine 1.0 kg ha−1 as post-emergence
8. Pendimethalin 1.5 kg ha−1 as pre-emergence
9. Pendimethalin 2.0 kg ha−1 as pre-emergence
1. Terbuthylazine
1. Simazine 2.68 kg AI ha−1
2. Diuron 1.79 kg AI ha−1

1. Atrazine 1.0 kg ha−1
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Table 1. Continued
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Field

Field

Laboratory

Laboratory

Laboratory

Laboratory

Field
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Total nematode
Bacterivore
Fungivore
Plant parasite
Omnivore
Predator
Total nematode
Bacterivore
Plant parasite

Total nematode

Total nematode

Total nematode

Bacterivore
Plant parasite
Omnivore
Predator
Total nematode

Nematode taxa

1. Acetochlor

1. Terbuthylazine 1.0 g m−2
2. Terbuthylazine 15.0 g m−2
3. Terbuthylazine 50.0 g m−2
1. 30% atrazine, 11.5% MCPP, 5.2% 2,4,5-T applied repeatedly
2. 7.5% chlorthiamide applied repeatedly
3. 50% 2-chlorine-4,6 ethylamine-1,3,5-triazine treated repeatedly
4. 25% terbuthylazine, 25% terbumethone applied repeatedly
5. 40% amitrole, 20% methabenzthiazurone, 20% MCPA applied
repeatedly
6. 48.5% simazine applied once
7. 25% terbuthylazine, 25% terbumethone applied once
8. 7.5% chlorthiamide applied once
1. 30% atrazine, 11.5% MCPP, 5.2% 2,4,5-T treated repeatedly
2. 7.5% chlorthiamide applied repeatedly
3. 50% 2-chlorine-4,6 ethylamine-1,3,5-triazine treated repeatedly
4. 25% terbuthylazine, 25% terbumethone treated repeatedly
5. 40% amitrole, 20% methabenzthiazurone, 20% MCPA treated
repeatedly
1. Isopropylamino 12.0 L ha−1
2. Isopropylamino 30.0 L ha−1
1. Atrazine
2. Sulfonylurea
3. Terbumeton/terbuthylazine
4. Bromacil

1. Diquat and paraquat, or carfentrazone-ethyl and glyphosate

Herbicide treatment
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Figure 1. The effect of herbicides on the abundance of total nematodes
and five nematode trophic groups (bacterivore, fungivore, plant parasite,
omnivore and predator). Data are presented as natural-log-transformed
response ratios (lr) of treated-to-control group means. The numbers of
observations are in parentheses following the nematode taxa. Bars indicate
±95% confidence intervals.
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Although herbicides may not be directly toxic to omnivores, the
likely reason for this effect is that herbicide application increased
the amount of food resources for omnivorous nematodes.
Omnivores feed on a wide range of foods (e.g. fungi, bacteria,
substrate, protozoa, rotifers, algae and nematodes);13 herbicide
application might increase the abundance of food resources
(e.g. bacteria and bacterivorous nematodes) for omnivorous
nematodes. Alternatively, because herbicides kill weeds, there
is potentially greater light transmission to the soil surface, which
subsequently favors growth of soil algae, which are an important
food for some omnivores.13,38,39 Another possible reason is that
some genera of omnivorous nematodes are not k-selected species
(e.g. Epidorylaimus).40,41 Additionally, omnivores may live in deeper
soil layers which protect them from being exposed to the direct
impact of herbicides. However, further studies of this topic are
needed. For any or all of these reasons, the omnivores may
never respond negatively to herbicide application. Although
previous studies yielded inconsistent conclusions as to how
herbicides impact upon plant-parasitic nematodes, the present
study shows that numbers of plant-parasitic nematodes tend to
increase after herbicide application. One possible reason is that
herbicide application suppresses predators (e.g. nematophagous
fungi, carnivorous nematodes), and herbicide application did
indeed suppress predators in the present study. Even though weed
species are hosts of plant-parasitic nematodes,42,43 herbicides may
kill weed hosts, thereby resulting in a shift of some plant parasites
to parasitize or feed on crop species. This increase in plant-parasitic
nematodes, if large enough, may decrease crop productivity.
The main contribution of this study is that meta-analysis
performed across multiple studies indicated that herbicides clearly
impact upon all five trophic groups of soil nematode assemblages.
To improve the understanding of the effects of herbicides on the
soil nematode community, additional large-scale, long-term and
comparable (control and treatment) research experiments with
different agroecosystems are needed. The change in nematode
community structure may alter the soil decomposition pathway.
Additionally, the use of herbicides may enhance the risk of
increased abundance of plant-parasitic nematodes and a possible
loss of crop yield.
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