
Introduction

The ecological significance of nematodes as bioindica-

tors for evaluating the impact of stressors on soil conditions

has been highlighted in numerous studies. Their importance

lies in their high abundance and diversity, variety of trophic

types and reproductive strategies (Yeates 2003), and in their

contribution to soil nutrient turnover (Ferris and Matute

2003, Ferris et al. 2004).

Our aim in this study was to use the soil nematode com-

munity as an ecological tool to estimate soil disturbance after

different agricultural practices, namely soil disinfection with

either chemical fumigants or plant-based alternatives. We re-

port the results of a field experiment, in which several plots

were disinfected with metham sodium (sodium-N-methyl-

dithiocarbamate), one of the most commonly used biocides

that acts simultaneously as a fungicide, bactericide, herbi-

cide, insecticide and nematicide (Weiss and Lowit 2004),

whereas other plots received a mixture of organic additives.

The latter consisted of neem cake (a product of the neem tree

Azadirachta indica) and a mixture of basil, marigold and

clove oils. A nematicidal action has been reported for both

the neem products (Akhtar and Malik 2000) and the pre-

viously mentioned essential oils (Pandey et al. 2000, Dover

et al. 2003). Surface tillage with a disc harrow followed the

application of all disinfectants to incorporate them into the

soil. However, tillage per se is considered a very strong pres-

sure on agricultural soils (Fu et al. 2000, Sanchez-Moreno et

al. 2006), the effects of which may mask the effects of other

practices if they are applied together (Fiscus and Neher

2002). Therefore, in order to avoid bias of our results due to

tillage, we included in our experiment control plots that were

tilled only without receiving any disinfectants.

There are several studies dealing with the response of

nematodes to soil disinfectants, either chemical (e.g., Gian-

nakou and Karpouzas 2003, Gilreath et al. 2005) or organic

(e.g., Akhtar and Mahmood 1994, Akhtar and Malik 2000).

Most of these studies focus on plant parasitic nematodes,

such as Meloidogyne spp. or Pratylenchus spp. In the present

study, we considered all nematode functional guilds, since

the study of their community both in terms of trophic types

and life strategies gives a better insight in the structure of the

soil food web.

A part of the results of this experiment has been publish-

ed by Kapagianni et al. (2010), who tried to explore the in-

teractions among soil biochemical variables and nematode

guilds. In the present study, we attempted a detailed descrip-

tion of the soil nematode community before and after the ap-

plication of agricultural practices, in terms of trophic and ge-

neric structure, nematode functional indices and diversity.

These analyses may evaluate the disturbance from agricul-

tural practices on the basis of the intensity of responses of the

individual components of the community, either trophic

groups or genera. However, they do not offer insight into

possible qualitative structural changes within the commu-

nity, because the interactions among its members are not con-

sidered.
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Thus, apart from these “traditional” methods of commu-

nity analysis, we employed network analysis techniques to

evaluate changes in the web of interactions among nematode

genera. For this purpose, we mapped the nematode commu-

nity as a network, where the nodes represent nematode gen-

era, while the ties connecting these nodes represent the joint

occurrence of genera in samples. Moreover, we analyzed the

structure of nematode networks by estimating certain metrics

provided by the mathematical graph theory for the assess-

ment of network connectedness or the structural importance

of certain nodes/genera. Network thinking is gaining ground

among biologists, who study networks from the gene and

protein level up to the level of communities (Proulx et al.

2005, May 2006). Network approaches are mostly limited to

the study of mutualistic networks, such as food webs, while

applications on communities of a single trophic level are still

rare (e.g., Fuller et al. 2008, and references therein). Al-

though nematodes occur at multiple trophic levels within the

soil food web, interactions between nematode genera on the

basis of their co-existence do not necessarily represent cause-

effect relationships. They reflect the underlying variability of

the soil environment, presumably induced by the different

agricultural practices. Thus, another task of this paper was to

explore the usefulness of network analysis with respect to the

most commonly used methods for analyzing the impacts of

agricultural practices on nematode communities.

Our hypothesis was that chemical and organic disinfec-

tions constitute driving forces that alter the structural and

functional characteristics of the nematode community in dif-

ferent ways, shaping nematode networks of different struc-

ture.

Materials and methods

Experimental site and sampling

The study area is located in Northwestern Greece, in the

Prespa region, at approximately 850 m a.s.l. The climate is

mild continental-central European with Mediterranean fea-

tures as well. The average annual precipitation ranges be-

tween 600 and 900 mm, and the wet season lasts from Octo-

ber to May. Snowfall is common from October until April

(data from WWF-Greece 2002). The soil of the experimental

site is alluvial with a sandy-loam texture (56% sand, 25% silt,

19% clay), pH 5.9 and quite high values of bulk density (1.6

g cm
��

). These soil physical properties were estimated once,

before the beginning of the experiment. Soil texture was es-

timated by the Bouyoucos (1962) method, while the soil bulk

density was estimated according to the method described by

Arshad et al. (1996).

Within an area of 3000 m
�
, which was conventionally

cultivated with shell beans (Phaseolus vulgaris L.) for sev-

eral years, a field plot experiment was set consisting of 18

plots (10 m × 10 m each). During the time interval between

the cultivation periods of beans and, more specifically, two

months before the new sowing of the year, six replicate plots

were sprayed with metham sodium (10 l NEMASOL-51SL /

100 l H�O / 100 m
�
), six were disinfected with a mixture of

organic additives, whereas the rest six received no disinfec-

tants and were used as control. Organic additives consisted

of neem-cake and a mixture of basil, marigold and clove es-

sential oils. Neem was dispersed by hand (10 kg / 100 m
�
)

and immediately afterwards the oil mixture (trade name: VI-

VERE-FYT) was sprayed over the plots (0.33 l / 100 l H�O /

100 m
�
). The quantities of both chemical and organic addi-

tives are those recommended by the manufacturers (Taminco

N.V., Gent, Belgium for NEMASOL-51SL and GEOVET-

HELLAS S.A., Veria Imathias, Greece for Neem-cake and

VIVERE-FYT). Surface tillage with a disc harrow (up to 20

cm) followed the application of all disinfectants for their in-

corporation into the soil. Control plots were also tilled. All

plots receiving different treatments were randomly inter-

spersed, while untreated empty spaces of 2 m width were left

between them.

Two samplings were carried out; the first just before

treatments and the second after one month. The one month

period was chosen first to allow enough time for the residual

activity of metham sodium, which according to the manufac-

turers persists for 25 days, and second to avoid additional dis-

turbance due to the beginning of the new cultivation period,

i.e., deep tillage, sowing and fertilizer application. On both

sampling occasions, there was no vegetation cover, since P.

vulgaris is an annual crop and the experiment took place in

late winter, i.e., during the fallow period between crops. The

sampling scheme included 3 treatments × 6 replicate plots.

For the study of nematodes, composite samples were col-

lected from the upper 20 cm of the soil by a core sampler 3

cm in diameter. Each composite sample consisted of 3 soil

cores. Three composite samples (pseudoreplicates) were

taken from each replicate plot to account for within-plot het-

erogeneity.

Nematodes were extracted from 150 ml of each compos-

ite soil sample. Before taking this subsample, the soil was

gently mixed by hand and soil aggregates were broken up.

For extraction, we used the modified Cobb’s sieving and de-

canting method proposed by s’Jacob and van Bezooijen

(1984), according to which a cotton-wool filter is used in the

last step. After counting total abundance of nematodes, we

fixed them with formaldehyde 4%. Later on, we randomly

selected at least 150 nematodes from each sample and iden-

tified them to the genus level, using the identification key of

Bongers (1994).

Nematode indices

Nematode taxa were assigned to trophic groups accord-

ing to Yeates et al. (1993), classified along the colonisation-

persistence gradient (c-p values) following Bongers (1990)

and Bongers and Bongers (1998), and arranged to functional

guilds (portions of particular trophic groups exhibiting the

same c-p value) according to Bongers and Bongers (1998)

and Ferris et al. (2001).

The maturity index (MI) for free living nematodes (c-p

from 1 to 5) and the plant parasitic index (PPI) for plant feed-
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ing nematodes, both indicating the successional stage of

communities, were calculated according to Bongers (1990)

as Σv�p�, where v� is the c-p value of taxon i and p� the propor-

tion of the taxon in the nematode community.

The Enrichment index (EI) and the Channel Index (CI)

were calculated according to Ferris et al. (2001). EI was cal-

culated as EI= 100 × (e/(e+b)). The b component refers to the

nematode functional guilds that indicate basal characteristics

of the food web, namely the bacterivores with c-p 2 value

(Ba-2) and the fungivores with c-p 2 value (Fu-2), and was

calculated as Σk�n�, where k� are the weights assigned to the

Ba-2 and Fu-2 functional guilds and n� are the abundances of

nematodes in those guilds. The e component was calculated

similarly, using those guilds indicating enrichment (Ba-1,

Fu-2). Finally, CI which indicates the predominant decom-

position pathway, was calculated as CI=100 × (0.8 Fu-2 / (3.2

Ba-1 + 0.8 Fu-2)).

Data analysis

In order to examine the nematode responses to different

treatments in terms of abundance and nematode indices, we

used t-tests for dependent samples (before and after treat-

ment). Prior to analysis, data were examined for normality,

homogeneity of variance (Levene’s test) and independence

between variance and mean. For abundance data we used

logarithmic or power transformations. For nematode indices

we used an arc-sinus transformation, since their values are

bounded. Wilcoxon matched pairs test was used in the case

where the prerequisites of normality were not met even after

transformations. For all procedures we used Statistica 7.

For assessing the diversity of nematode communities, we

used the method of diversity ordering described by Patil and

Taillie (1979), which is based on Rényi’s index (1961).

Rényi’s parametric index of order α shows varying sensitiv-

ity to the rare and abundant species of a community, as the

scale parameter α changes (Ricotta 2000). For each commu-

nity it provides a profile of the most widely used diversity

indices. For α = 0, the index equals log species number, for

α = 1, it equals Shannon’s index, for α = 2, it equals Simp-

son’s index. For α tending to infinite, the index is most sen-

sitive to the abundant species of a community. Thus, when

two diversity profiles differ in the range of small α values,

this is due to the number of species. In the range of large α
values, differences between communities are due to the pres-

ence of abundant species. When two diversity profiles inter-

sect, the two communities may be ordered differently by dif-

ferent diversity indices. For calculations we used DivOrd

(Tóthmérész 1995).

Network analysis

For network analysis, the abundance data of the nema-

tode genera were used to construct community matrices on

the basis of their joint occurrence. The probability of joint

occurrence was calculated according to the niche overlap in-

dex of MacArthur and Levins (1967). This is defined by

a��= Σ(p�� p��) / Σ(p��)
�

where a�� is the overlap between the genera i and j, while p��

and p�� are the probabilities of genera i and j respectively to

occur in site k. The overlap of genera reflects the intensity of

their relation. The more frequent their joint occurrence, the

higher their overlap and the more intense their relation.

Therefore, when the overlap of two genera was below 10%

of the maximum recorded one, their co-occurrence was con-

sidered accidental and the corresponding entry in the matrix

was set to zero. These data were further analyzed by the net-

work analysis software UCINET 5 (Borgatti et al. 1999), to

construct graphs for the nematode networks before and after

treatments, where the nodes represent nematode genera,

while the ties between them represent co-occurrence.

In order to understand the structure of nematode interac-

tion networks, we estimated parameters that assess networks’

cohesion and centrality. More specifically, we estimated the

density, i.e., the degree of network connectedness, and the

distance among nodes. Density is estimated as the total of all

weights of ties that are present in the network divided by the

maximum number of possible ties (Jordano et al. 2006, Wey

et al. 2008). The distance between two nodes is the number

of ties contained in the shortest path that connects them. In

valued networks, like the ones of the present study where ties

have a certain weight, the distance between two nodes is de-

fined as the strength of the weakest tie along the path between

them (Hanneman and Riddle 2005).

Centrality on the other hand, refers to how a given net-

work is focalized on certain nodes. Thus, centrality is a prop-

erty of individual nodes as well as of the whole network. To

assess the centrality of each individual node within each net-

work, i.e., to assess the structural importance of each node

(Freeman 1979, Friedkin 1991), we used the simplest cen-

trality metric, which is degree centrality. This parameter ac-

counts for the number of weighted ties of each node with the

other nodes of the network. Focusing on the number of

nodes/genera to which a node/genus is adjacent, it offers an

idea of the distribution of a genus in samples.

To assess the global centrality of each network, we pre-

ferred to estimate eigenvector centrality, which better reflects

the global structure of the network and pays less attention to

local configurations within it (Hanneman and Riddle 2005).

Eigenvector centrality depends on both the number and the

quality of ties, assigning higher scores to nodes that are con-

nected with well connected neighbors than to nodes con-

nected with impoverished ones (Newman 2007). Thus,

eigenvector centrality can be considered an extension of de-

gree centrality, reflecting that centrality is not simply a mat-

ter of one’s own network ties (Mote 2005).

The network centrality estimations, on the basis of eigen-

vector centrality, were compared to the possible maximum

centrality that characterizes the corresponding “star net-

work”, i.e., a network with the same number of nodes, where

only one focal node is connected with all others, whereas the
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latter are connected only to the focal node. Thus, in highly

centralized networks very few central nodes dominate.

Results

Functional structure and diversity

The abundances of nematode functional guilds before

and after treatments are given in Table 1. Only the most nu-

merous guilds are presented. The rest include nematodes

with c-p value 4 or 5 that altogether account for about 1% of

the community or even less, and are therefore classified as

“other”. Chemical disinfection reduced the abundance of al-

most all functional guilds (Table 1), resulting in a significant

reduction of the overall nematode abundance. However, the

result of this treatment was not reflected on the numbers of

cp-1 bacterivores. Organic amendments, on the other hand,

seemed to favor mainly bacterivores and fungivores, which

increased significantly after treatment, leading to a signifi-

cant increase of total abundance. Plant feeders were not af-

fected significantly. Finally, in the control plots that were

tilled but received no inputs, the only significant change was

the increase of the cp-1 bacterivores. The percentage contri-

bution of the latter increased in all plots, while the one of

plant feeders was reduced.

The Maturity Index (MI) decreased significantly after

treatments in all plots (Table 2). Similarly, under all treat-

ments, the Enrichment Index (EI) increased and the Channel

Index (CI) decreased, although these changes were statisti-

cally significant only in organically treated plots. On the

other hand, the changes of the Plant Parasitic Index (PPI) due

to treatments were not significant, except in the case of the

organically treated plots, where a significant increase was re-

corded.

Rényi’s diversity profiles before and after treatments are

presented in Figure 1, where the number of nematode genera

before and after treatments is also indicated. One month after

treatments, diversity increased in all plots, although an in-

crease of the number of genera was recorded only in the or-
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ganic and the control plots. In the chemically disinfected

plots, the profiles before and after treatment differ only in the

range of high values of the scale parameter α, i.e., the in-

crease of diversity is attributed to a more even distribution of

numbers among genera. Indeed, the population of the phy-

toparasite Paratylenchus, which was the dominant genus of

the nematode community in all plots, decreased from 240

ind/100 ml soil (accounting for 39% of the community) to 27

ind/100 ml soil (i.e., 22% of the community). The component

of diversity that refers to a more even distribution of numbers

among genera increased also in the plots that were not treated

with chemicals. However, the population of Paratylenchus

remained unaffected in the control plots and increased

slightly after organic amendments. In both cases, the domi-

nance pattern changed due to the increase of populations of

non-dominant free-living genera.

Nematode networks

The nematode interaction networks before and after

treatments are depicted in Figure 2. Networks’ parameters

are given in Table 3. Since centrality is not only a network

property but refers also to individual nodes, in Table 4 we

present the centrality scores of the most central nematode

genera.

Network density decreased in plots that received chemi-

cals or their organic alternatives and increased in the control

plots (Table 3). The values of average distance decreased af-

ter treatments in all plots. Out of the three newly formed net-

works, the one in chemically treated plots exhibited the lower

density and distance. Moreover, this network, apart from be-

ing the least cohesive, had the lower number of nodes (Figure

2). We should note that the number of nodes corresponds to

the number of genera with joint occurrence in samples and

not necessarily to the number of genera that are present in the

plots.
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Regarding centrality, the nematode network after chemi-

cal disinfection was highly centralized, while network cen-

trality decreased in the organic and even more in the control

plots (Table 3). The phytoparasite Paratylenchus and to a

lesser extent the bacterivore Chiloplacus occupied central

positions within all new networks (Table 4). The differences

in the centrality scores of Paratylenchus compared to those

of the other genera were larger in the highly centralized net-

works.

Discussion

Trophic structure and nematode indices

The overall nematode abundance was significantly re-

duced in chemically disinfected plots, probably due to a di-

rect toxic effect of metham sodium on the nematode commu-

nity (Pen Mouratov and Steinberger 2005, Collins et al.

2006). Indeed, one month after disinfection, the abundance

of almost all functional guilds was found significantly re-
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duced. Only the numbers of the cp-1 bacterivores remained

at the same level as before the application of metham sodium,

probably because the one month interval between samplings

was enough for the recovery of their populations. Indeed, the

cp-1 bacterivores are known to recover nearly one month af-

ter the application of chemical disinfectants (Yeates et al.

1991, Ettema and Bongers 1993, Wang et al. 2006), due to

their high reproduction rates and short life cycles (Bongers

1990). We should also note that at the time of the second

sampling, the bacterial populations had started to recover

from disinfection (Kapagianni et al. 2010). In addition, the

Ba-1 functional guild might have been favoured also by the

surface tillage that followed the treatments, since it was the

only group that exhibited a significant increase in the control

plots that were tilled only. A positive tillage effect on bac-

terivores, and especially on the Ba-1 group, is also reported

by Lenz and Eisenbeis (2000), Liphadzi et al. (2005),

Sanchez-Moreno et al. (2006) and Rahman et al. (2007).

In the organically treated plots, the total abundance of

nematodes increased significantly. However, the response of

the various functional guilds was not uniform, indicating an

indirect effect of the organic additives. The free living func-

tional guilds (Ba-1, Ba-2, Fu-2) increased significantly, as

also reported by Akhtar and Mahmood (1996) and Akhtar

(1998) for neem treatments, while plant feeders were not af-

fected. The increase of microbivorus nematodes might have

resulted from an increase of microbes, which used neem and

essential oils as a C and energy source (Vokou and Liotiri

1999). Regarding plant feeders, our results do not support

statements about the nematicidal effects of neem (Akhtar and

Malik 2000, Javed et al. 2007a,b, Jothi et al. 2004) and of

essential oils (Oka et al. 2000), probably because the efficacy

of these products is dosage dependent. Indeed, the neem

quantity used in our experiment (10 kg / 100 m
�
), which was

recommended by the manufacturer, was much less than the

one reported by Akhtar (2000) as effective, i.e., 40-100 kg /

100 m
�
.

Regarding nematode indices, MI and EI increased and CI

decreased after all treatments, either significantly or not sig-

nificantly, following the changes in the percentage contribu-

tion of the cp-1 bacterivores. The contribution of Ba-1 in-

creased even in the chemically treated plots, where their

absolute numbers were not affected. Thus, the different treat-

ments changed the functional structure of the communities

almost in the same way. Ferris (2010) states that functional

indices cannot provide information on the magnitude or na-

ture of ecosystem functions, since communities with either a

few or a lot of nematodes may have the same MI or EI. Our

results further showed that completely different alterations of

nematode communities after disturbances may not be re-

flected on the proportions of the different functional guilds

and consequently on the changes of nematode indices. Even

the significant increase of PPI after the organic treatment

does not reflect an alteration of the plant feeding community

different from that caused by the other treatments. It was the

emergence of the cp-4 phytoparasites in organic plots during

the second sampling that raised PPI, although this group ac-

counted for less than 1% of the community and was therefore

not presented in Table 1.

Diversity

Many authors have reported a reduction of diversity and

more specifically a reduced number of nematode genera after

metham sodium application (Cao et al. 2004, Pen-Mouratov

and Steinberger 2005). In our study, the number of genera

increased in the control plots, either due to tillage that intro-

duced genera from deeper soil layers or due to temporal com-

munity changes. An analogous increase was recorded in the

organic but not in the chemically treated plots. This indicates

a lethal effect of the chemical treatment on most genera that

would otherwise be present if metham sodium was not ap-

plied.

Moreover, changes of dominance patterns after all treat-

ments led to a more even distribution of numbers among

nematode genera and thus to an increase of diversity. In a

similar experiment of Yeates and van der Meulen (1996), ag-

rochemicals changed the dominant genus of the nematode

community. In our study, the phytoparasite Paratylenchus

was dominant before and remained dominant after all treat-

ments. This might be an effect of the host plant on the struc-

ture of nematode communities (Neher 1999), since our study

site has been cultivated with shell beans for several years be-

fore the experiment. However, in the chemically treated

plots, the overdominance of Paratylenchus was reduced due

to the direct lethal effect of metham sodium on its population.

On the other hand, in the organically treated and the control

plots, an analogous change of the dominance pattern was

driven by a different cause, i.e., the increased abundance of

non dominant genera.

Nematode networks

Network analysis showed that the nematode networks

that resulted after treatments differed regarding the number

of nodes, the number of interactions between them as well as

regarding centrality.

Out of the three newly formed networks, the one in

chemically disinfected plots had the lower number of nodes,

the lower density and the shortest distance between nodes,

which indicates fewer and weaker interactions. This means

that the network was smaller and less complex. Furthermore,

this network was highly centralized around one central node,

namely the phytoparasite Paratylenchus. Compared to the

chemical network, the networks from the organic and the

control plots were large, more complex, with increased inter-

actions between genera. These networks were less central-

ized, i.e., the structural importance of Paratylenchus was re-

duced, while that of other genera was increased, indicating a

more homogenous community structure. We should note that

in the control plots that were only tilled the changes in cen-

trality, either of nematode genera or of the whole network,

were stronger than the ones in the organically treated plots.

This indicates that although the “tillage only” treatment did

168 Boutsis et al.



not cause significant numerical responses of most functional

guilds (Table 1), its impact on the structure of the nematode

networks might have been even stronger than that of organic

amendments.

Large and highly connected networks, like the ones from

the plots that were not treated with chemicals, are considered

more robust against disturbances (Allesina et al. 2009). On

the other hand, the structural importance of the central most

connected nodes is imperative for the stability of the network

(Wey et al. 2008). In highly centralized networks, as the ones

formed after chemical disinfection, a possible damage of the

central node increases the risk of a collapse. It is obvious that

the network perspective in ecological thinking has high-

lighted once again the debate on the relation of complexity

and stability of communities. More specifically, the concept

of network robustness will advance the understanding of sta-

bility and complexity by making ecologists redefine the

questions being asked (May 2006).

Conclusions

In response to our original hypothesis, our treatments al-

tered the structure of the nematode community in completely

different ways, although these differences were poorly re-

flected on changes of diversity and even less on those of

nematode indices.

Disinfection with metham sodium had a direct lethal ef-

fect on all nematode genera reducing or even eliminating

their populations. The resulting network was smaller, with a

less complex structure, almost entirely dependent on the

dominant phytoparasite Paratylenchus. On the other hand,

organic amendments favored only the free living nematodes

without affecting the plant feeders. Tillage seems to have

caused a significant increase of the cp-1 bacterivores, which

was obvious even in the case where chemicals were applied.

The networks formed after organic amendments and/or till-

age were large, more complex and possibly more robust than

the one formed after chemical disinfection.
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