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History

Back in the early 20th century, about 50 years into the era in which the
diversity and abundance of nematodes became generally recognized, Cobb
(1914) calculated that if the nematodes resident in one acre (0.4ha) of soil
near San Antonio, Texas, USA, were to proceed head-to-tail to Washington
DC, some 3200km distant, the first nematode would reach Washington before
the rear of the procession left San Antonio! Eighty years later, Jairajpuri and
Ahmad (1992) estimated that nematodes constitute nearly 90% of the world’s
multicellular animals while Platt (1994) asserted that four out of every five
cualticellular animals on the planet are nematodes.

Awareness of the seething hordes of worms was at first constrained by
fhe microscopic nature of most of the phylum Nematoda. The study of human
and animal parasites, usually larger than soil and aquatic forms and of imme-
diate interest to their hosts, was first to develop (Dujardin, 1845; Baird, 1853).
Besides patches of poor growth or ‘tired soil” of undetermined cause, early
recognition of the prevalence and impact of plant-parasitic nermatodes was of
those for which there are characteristic signs and symptoms in buds, seed

heads, stems, foliage and roots (see examples in Christie, 1959 and Tilipjev

and Schuurmans Stekhoven, 1941). Around 1850, marine biologists began to
studies on the nematodes of

recognize nematodes; there were, for example,
Tceland (Leuckart, 1849), the Mediterranean (Eberth, 1863), the English coast
(Bastian, 1865), the coast of Brittany (Villot, 1875) an
by various exp
_ to receive attention around 1890 with the papers of Daday
Hungarian fauna. The development of information on
todes is well reviewed by Filipjev and Schuurman
Overgaard Nielsen (1949) and Paramonov (1962). Early wo
nematodes included careful descriptions of Enoplus, Oncholaimus, Rhabdit:

©CAR International 2009. Nematodes as Environmental I{rdicaior
: (eds M.J. Wilson and T. Kakouli-Duarte

s Stekhoven (1941)
rk on the free-livir

i24

d on nematodes collected: _

editions (Von Linstow, 1876). Freshwater nematodes began- .
(1897) on the

free-living soil nema-

Indices for A n '

and:

discg.-
to de
and! -
edge
abu:ﬁ'
of pe -
Unf¢.
ware

logy, -
1949;
cal d"
logy/
the &
impr.
prac .
atol¢
the fi -
Doul "
tion_'
code
i
a fey
and:»i :
the
Den_jﬁ«
theu:
able!
1975
Sohl)
1976
the [ :
Ecoli




Indices for Analysis of Nematode Assemblages 125

and Dorylaimus (Dujardin, 1845). That work was followed by a period of
discovery during what Filipjev (1918) called ‘the period from Bastian (1865)

to de Man (1884-1893)" in which Bastian’s studies on terrestrial, freshwater
ly and marine nematodes were followed by further contributions to the knowl-
' edge of soil nematodes (e.g. Biitschli, 1873). Awareness of the diversity and .
abundance of nematodes was further accelerated with the impressive series
of papers by de Man (see Karssen, 2006) and by Cobb (see Spenneman, 2003).
Unfortunately, despite his legendary productivity, Cobb was sometimes una-
ware of the European literature, which resulted in a confusion of termino-
logy, species descriptions and classification schemes {Qvergaard Nielsen,
1949; Paramonov, 1962).

Further impetus to the study of nematology was provided by technologi-
cal developments: advances in microscopy, biochemistry and molecular bio-
logy. Awareness of the impact of nematodes on plants increased as a result of
P : the development and wide-scale use of nematicides; crop yields were
improved in previously less-productive soils. Consequently, researchers and
practitioners with varied backgrounds and interests were drawn into nem-
atology. From the 1970s onwards, research on nematodes exploded following
the fortuitous connections and interactions among Margaret Briggs, Ellsworth
Dougherty, Warwick Nicholas and Sydney Brenner that resulted in the selec-

ch the ] tion of Caenorhabditis elegans as a model organism for deciphering the genetic
- Cobb : code (http://plpnemweb.ucdavis.edu/Nemaplex). : i :
of soil £ Prior to the eruption of research on C. elegans, other than the activities of : 1
ngton a few taxonomists, most studies on soil nematodes centred on the biology
before i and management of those that cause damage to higher plants. A milestone in
ri and i the ecology of free-living soil nematodes was the seven-year study in
rorld’s - : Denmark by Overgaard Nielsen (1949) on nematode faunae of different soils,
ry five ' B their physiological ecology and even their ecosystem services. Further not- E
able ecological contributions emerged in the 1970s and 1980s (e.g. Nicholas, ' E
wd by i 1975). Centres of ecological study on nematodes developed in Sweden (e.g. : |
wman E : Sohlenius, 1973), Poland (e.g. Prejs, 1970; Wasilewska, 1970}, Italy (e.g. Zullini, :
mme- 1976), Germany (e.g. Sudhaus, 1981), and Russia (e.g. Tsalolikhin, 1976). In |
1853). the USA, there was a surge of activity in soil ecology at the National Resource |
, early ' Ecology Laboratory in Colorado Springs, led by Coleman. and others (e.g. 5
was of Yeates and Coleman, 1982}, and similar activity at the Institute of Ecology of |
3, seed ' the University of Georgia, led by Crossley and colleagues (e.g. Stinner and B
filipjev - Crossley, 1982). In the same time period, Yeates was developing a very
‘gan to productive programme on the ecology of soil nematodes in New Zealand
des of - ) (e.g- Yeates, 1979). A significant contribution was the publication of the PhD
1 coast _ research of Ingham, with its accompanying review of preceding studies, in
llected : which the functional significance of bacterivore and fungivore nematodes :
began ' was established by the demonstration that their excretion of nitrogen in x
on the excess of structural and metabolic needs stimulated plant growth (Ingham
nema- | 2 et al., 1985).
(1941), : During the latter part of the 20th century, analyses of nematode commu-
-living : nities in aquatic environments revealed that the incidence and prevalence of
wbdilis : species in the community reflect the nature and quality of the environment ;
dicators ' L
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1925; Prejs, 1970; 1977; Zullini, 1976; Callahan ef al., 1979).
Many subsequent studies have expanded our-understanding that various
nematode species differ in response to degradation of aquatic environments.
The nature and magnitude of changes in community structures of aquatic

nematodes are recognized as excellent indicators of water and sediment

quality in relation to pollution or enrichment (Beier and Traunspurger, 2001;

Barbuta and Zullini, 2005).
So, interest in the role of nematodes in soil and agquatic ecosystems was

established. In parallel, work continued in nematode taxonomy and system-
atics with understanding and interest accelerated by electron microscopy and
molecular tools. In his oft-quoted passage reflecting that if all non-nematode
matter was swept away, topography and land use patterns would be recog-
nizable from the remaining nematodes, Cobb (1915) speculated that, had we
sufficient knowledge, location and species of the various plants and animals
would be decipherable by examination of their erstwhile nematode parasites.
As documented above, we now have sufficient knowledge to concur with
Cobb’s speculation and, in fact, to expand on it in relation to environmental
quality (Bongers and Ferris, 1999).

The development of nematodes as bioindicators in soil and aquatic sys-
ation of appropriate ways to assess and quantify their
contributions to ecological processes, and the validation of their utility as
indicators of environmental condition. Several unique characteristics of
nematodes facilitated those developments (see Yeates cf al., Chapter 1, this
volume and Trett et al., Chapter 12, this volume). Key among those character-
istics is diversity, both taxonomic and functional, of nematodes.

(e.g. Micoletzky,

tems required determin

Diversity indices

Many indices have been developed and applied to assess the biodiversity of
ecosystems {see Neher and Darby, Chapter 4, this volume for fuller explan-
ation). In the purest sense, the indices are based on assessment of all organ-
isms at the species level. In practice, they are usually applied ata resolution
determined by available taxonomic knowledge and sometimes using data of
differing taxonomic resolution, which confounds comparison among stud-
jes. They have seldom, if ever, been applied to an ecosystem in absolute
terms; rather they are more likely applied to numbers of species of above-
ground vertebrates, soil nematodes, efc.

Indices of taxonomic diversity have been described previously (Neher
and Darby, Chapter 4, this volume); in summary they include: Species rich-
ness (S) (sometimes referred to as Hill’s N, index (Hill, 1973)), Simpson’s
diversity index (D) (Simpson, 1951), Shannon’s diversity index (H)

. (Shannon and Weaver, 1949), Hill’'s N, index (Hill, 1973) which is the expo-
nential of the Shannon’s index, Hill'’s N, index (Hill, 1973) which is the
reciprocal of Simpson's index, and Pielou’s ] evenness index (Pielou, 1966).
These and other diversity indices provide assessment of organism hetero-

geneity in a system butno directindication o

f organism or system function:
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Table 5.1. Diversity index ¢alculations for two nematode assemblages (Samples A and B) of

the same number of taxa and the same number of individuals. -
Sample A Sample B
Diversity calculations Diversity calculations

Sample Sample : -

A B P PN log(p;) b; ppé  log(p)
Hoplolaimidae 5 15 0.045 0.002 -3.108 0134 0.018 -2.010
Pratylenchidae 5 15 0.045 0.002 -3.109 0.134 0.018 -2.010
Aphelenchidae 15 5 0.134 0.018 -2.010 0.045 0.002 -3.109
Cephalobidae 15 5 0.134 0.018 -2.010 0.045 0.002 -3.109
Plectidae 2 15 0.018 0.000 -4.025 0.134 0.018 -2.010
Rhabditidae 5 50 0.045 0.002 —3.109 0.446 0.199 -0.808
Dorylaimidae 50 5 0.446 0.199 -0.806 0.045 0.002 -3.109
Discolaimidae 15 2 0.134 0.018 -2.010 0.018 0.000 -4.025
Totals 112 112
Hill N, 8 8
Simpson 0.26 0.26
Shannon 1.66 1.66
Hill N, 5.24 5.24
Hill N, 3.85 3.85
Pielou J’ 0.80 0.80

p;is the number of individuals of a taxon as a proportion of the total number of individuals.

The indices do not assess or measure the abundances or proportions of
organisms that are food or feeders, prey or predators (Table 5.1). Rather,
ecosystem function is inferred, for example, in the expectation that if there
are many different types of organisms feeding on each other, the system
has some internal regulation and therefore overall stability. While that con-
clusion may bear weight in Sample A with high proportions of omnivores
{Dorylaimidae) and predators (Discolaimidae), it would be less valid for
Sample B. In Sample B there are greater proportions of opportunists, includ-
ing bacterial-feeding Rhabditidae, and plant feeders (Hoplolaimidae and
Pratylenchidae) which may be responding to enhanced host vigor in the
more enriched environment.

5
oh

Indices of Ecosystem Function

While there are several indices of community and ecosystem structure (Table
5.1), there are fewer indicators of ecosystem function. Certainly, it is a com-
mon observation that a preponderance of herbivores in the nematode assem-
blage of soil is an indicator that management practices have diminished
funmttional diversity in the soil food web. The first papers on the effect of dis-
turbances on soil nematode assemblages appeared around 1960 with studies
on the effect of liming and fertilization (Bassus, 1960, 1967), on nematodes of
regenerating woodland and grassland (Yuen, 1966), in sand dunes, forests
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and grasslands (Yeates, 1968, 1972, 1974). Wasilewska (1974} noted. that
omnivorous dorylaimids of forest soil were most sensitive to disturbance. In
the same period, Johnson et al. (1972, 1973, 1974), also studying nematode
assemblages of forests, similarly concluded that dorylaimids are very sensi-
tive to disturbance and should be considered K-strategists.

The potential for macrofauna to indicate water quality has a long history;
the use of nematodes as indicators of water pollution was initiated in rivers
by Zullini (1976) and in lakes by Prejs (1977). Zullini’s focus on nematodes as
bioindicators in freshwater systems emerged when he was appointed as an
ecological expert in a lawsuit on river pollution and asked if he could prove
that pollution affected the river biology (A. Zullini, 2007, personal communi-
cation). The early indicator work was followed by several studies on the rela-
tionships between water quality and nematode assemblages {e.g. Cantelmo
and Rao, 1978; Boucher, 1980; Tietjen, 1980; Lambshead, 1986; Vranken ef 4l.,
1988). The use and formalization of nematodes as bioindicators in freshwater
systems has continued to expand (e.g. Hodda and Nicholas, 1986; Samoiloff,
1987; Yeow et al., 1999; Bazzanti, 2000; Beier and Traunspurger, 2001, 2003;
Barbuta and Zullini, 2005).

In the early 1980s, concerns regarding soil pollution and its impact on the
functioning of soils were increasing. In The Netherlands, the Dutch National
Institute for Public Health and the Environment (RIVM) started a search for
groups of organisms with potential as bioindicators of soil quality similar to
those used in biological water quality assessment. Nematodes and bacteria
appeared to be the most promising organisms. In 1984, not having experi-
ence with nematodes, RIVM officials asked the second author of this chapter
to bridge the gap between nematode taxonomists and soil ecologists by com-
posing.a user-friendly identification key in ‘De Nematoden van Nederland’
(Bongers, 1988), and to study the relation between soil type, vegetation type

and nematode assemblages (Bongers ef al., 1989). One project of the RIVM.

soil ecology group monitored the biological recovery of contaminated soils
after heat sterilization and amendment with organic material (Kappers and
van Fsbroek, 1988). Building on studies of ecological succession in cow dung
(Sudhaus, 1981; Sudhaus ef al., 1988) and on the ecological studies of Johnson
et al. (1972, 1973, 1974), Wasilewska (1970, 1974); Zullini (1976), Zullini and
Peretti (1986) in a variety of ecosystems, Bongers et al. (1989) arranged nema-
tode taxa into five categories along an r-K scale. That arrangement evolved
into the Maturity Index for terrestrial and marine nematodes (Bongers, 1990;
Bongers et al., 1991).

Further catalytic activities followed, including evolution and testing of
the ideas (De Goede et al., 1993, Ettema and Bongers, 1993; Korthals et al,
1996a, b, ¢} and cataloging of the feeding habits of soil nematodes (Yeates
et al., 1993). A testament to the biological insights underpinning the r-K scale
is that, over the years, there have been few adjustments. One example of a

change is based on the notion that opportunists can be distinguished as

enrichment or general opportunists and that the former are characterized by
having a dauerlarva stage. Since Monhysteridae do not have a dauerlarva
stage and are tolerant of unfavorable conditions, the family was moved to
the ‘general opportunist’ category (Bongers ef al., 1995).

Indlices for A

Basics of {
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\at Basics of the c-p series and the maturity index family

In -

de For calculation of maturity indices, soil nematodes are categorized into a 1-5

si- colonizer-persister series; ranging from extreme r- to extreme K-strategists.

‘Colonizer” nematodes at the lower end of the c-p scale are considered enrich

Y; ment opportunists and therefore indicate resource availability; ‘persister’ nem-

TS atodes at the high end of the scale indicate system stability, food web complex-

as ity and connectance. Each nematode taxon, usually at family level, is classified

an _ into one of the five c-p classes. Genera and species within a taxon have the

ve same c-p value as their family, or genus in the case of some marine taxa. For the

fli- : terrestrial and freshwater taxa, the following groups can be distinguished:

la- :

no c-pi

i; Nematodes with a short generation time and a large proportion of the body

off, occupied by gonads which produce many small eggs. Population growth

13- under food-enriched conditions is explosive. The nematodes are primarily
’ bacterial feeders with high metabolic activity. They are tolerant of pollutants

he ’ and of products of organic matter decomposition. These enrichment oppor-

\al , tunists form dauerlarvae when microbial biomass and activity decreases.

for ,

to c-p2

ria Nematodes with a short generation time and relatively high reproduction
'ri- rates, although lower than those in ¢-p1, consequently, they are slower to
ter respond to environmental enrichment than ¢-p1 nematodes. These nema-
ﬂ;" todes do not form dauerlarvae and occur in all environments, including those
1

in which resources are abundant and those in which resources are scarce.
Pe They are very tolerant of pollutants and other disturbances. They include

'™ bacterial feeders, fungal feeders and a few predators.
dils
nd c-p3
ng
on Nematodes with longer generation time than c-p2 nematodes and greater
nd sensitivity to disturbances. They include bacterial feeders, fungal feeders
fd- : and some predators.
red :
90; & c-p4
¢ ' Small dorylaims and the large non-dorylaimids with a low ratio of gonad to
; ? body volume. These nematodes are characterized by a long generation time,
B permeable cuticle and high sensitivity to pollutants. The non-carnivorous
Lt‘is nematodes in this group are relatively sessile whereas the carnivores actively
‘?_ © seek prey. The group is composed of larger carnivores, smaller omnivores
ra and some bacterial feeders.
as
by
o=
rva Po :
| to Large dorylaimid nematodes with a long life span, low reproduction rates,
low metabolic activity and slow movement. The gonads are small relative to
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the body volume and produce a small number of large eggs. They have a ]
permeable cuticle and are very sensitive to pollutants and other disturbances. fi
This group is composed of the larger omnivores and predators. ’
As recognized early in the development of the c-p series (Bongers, 1990;
Bongers et al., 1991), a c-p classification at the genus or species level would be : &
more informative. However, early attempts to assign c-p values at the genus it
level (Bongers et al., 1989) proved difficult due to lack of information on the N &
biology and sensitivity of the individual genera. Consequently, family level i
assignments to c-p classes were used in the formal introduction of the MI o
(Bongers, 1990). The relevance of the family level assignments has been justi-
fied on the basis that nematodes with similar morphology and feeding hab-
its, and with similar life history traits, have a high probability of similar
sensitivity and responsiveness to environmental change {Bongers and Ferris,
1999). As information emerges on the biology and sensitivity of individual
genera and species, greater resolution in c-p assignments will be possible.
The most recent descriptions of c-p class assignments for families of terres-
trial nematodes is Bongers and Bongers (1998) and of marine nematodes is

Bongers ef al. (1991). ]
i
<

Calculation and use of the Maturity Index family fj :

All the indices are based on the weighted proportion of nematodes in the
fauna that meet the index criteria. A generic formula for calculation of indi-

ces in the MI family is:

Xi= ¥ wv.n/ X n
i=tf 't i=Lf !

where XI is the index of interest, v, is the colonizer-persister (c-p) value
assigned to taxon i, and n, is the number of nematodes in each of the f taxa

that meet the criteria of the index.

M

The Maturity Index is based on non-plant-feeding taxa and considered a
measure of environmental disturbance; low MI values indicate a disturbed
and/or enriched environment, high Ml values a stable environment (Bongers,
1990). In essence, the Ml is an ecological indicator of the state of succession of
a system whereby disturbance and its consequent enrichment effects result
in a setback of succession to an earlier state (Odum, 1985). In the case of the
nematode assemblage, the successional setback is reflected in a lower MI
(Bongers ef al., 1997).

The dauerlarvae of enrichment opportunists, animal parasites such as
mermithids, and entomopathogehic nematodes are excluded from the calcu- .
lation of MI (Bongers and Bongers, 1998) as their presence does not provide
information about the present functioning of the soil food web. An abundance
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of dauerlarvae indicates a system that has been enriched and has now declined
to a less entiched phase. The ratio of dauerlarvae to active stages of rhab-
ditids, as an indicator of resource availability, was infroduced and tested by
Sohlenius (1969, 1973) and comparisons of that ratio over time may provide
insights into the resource dynamics of the system. However, a difficulty with
such an approach would be the problem of identifying dauerlarvae of differ-
ent nematode taxa. For example, dauerlarvae of entomopathogenic nema-
todes often are found in soil but are not indicators of food web enrichment,

PP

The Plant Parasite Index, is comparable to the MI but computed only for the
plant-feeding nematodes with the rationale that their abundance is
determined by the vigor of their host plants which, in turn, is determined by
system enrichment. Consequently, under nutrient poor conditions of natural
ecosystems, often associated with a high proportion of Tylenchidae {c-p2) in
the nematode assemblage, the PPI is lower than under enriched agricultural
conditions, the inverse of the response of the MI to enrichment (Bongers,
.1990; Bongers et al., 1997). The reports that Filenchus misellus feeds on fungi
(Brzeski, 1998; Okada ef al., 2002, 2005) underscores the need for further
study on the feeding habits of the many genera and species in this ubiquitous
Tylenchidae.

PPI/MI

The PP1/MI ratio is lower under nutrient poor conditions than under nutri-
ent rich conditions. It is a sensitive indicator of enrichment in agroecosys-
tems (Bongers and Korthals, 1995; Bongers et al., 1997).

Mi2-5

This index is identical to the MI but excludes the c-pl enrichment opportun-
ists. The index was derived during studies of the relationship between MI
and copper concentration under agricultural conditions. In those studies, it
was apparent that there was a strong relationship between decrease in higher
¢-p value nematodes and pollution-induced stress while the c-pl nematodes
responded to the presence of decomposing organic material. In some cases,
the pollutant may become a resource fora component of the microbial com-
munity which, in turn, acts as a resource for the c-pl nematodes. The MI2-5

was first discussed at the Crop Protection Symposium in Ghent (Bongers and
Korthals, 1993),

ZMmi

This was proposed by Yeates (1994) and is equivalent to the Total MI of
Wasilewska (1994). The index is the MI for all nematodes in the system,
including plant feeders, based on the assettion that the complete assem-

blage provides integral information with regard to disturbance and environ-
mental condition. If a soil ecosystem receives nutrient input, opportunistic
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Conceptual evolution underlying functional indices based
on nematode faunae

feeding nematodes respond rapidly to the correspond-
sources. Plant parasites do not respond in the short
term but may increase later as a result of higher plant vigor. Since many are
c-p3 or higher, the expected decrease of Ml in response to enrichment is off-
set by inclusion of plant parasites in IMIL. Further, many plant feeders, such
as the c-p3 Pratylenchidae, are tolerant of pollutant stress (Korthals et al.,
1996a, b) which, in IM], offsets the impact of pollution registered by the MI
or M12-5 (Bongers and Bongers, 1998; Bongers, 1999).

bacterial- and fungal-
ing increase in their re

EMmiz2-5

This index computes the MI for all nematodes in the c-p2-5 range {Neher and
Campbell, 1996). The index recognizes that the higher ¢-p value plant—feed'mg
species also provide information of environmental stress but bears some of
the burden of the IMI in situations of nutrient enrichment.

In all cases, the indices of ecosystem function in the Maturity Index
family show differences between the two samples of identical species rich-
ness and abundance (Table 5.2) that were not apparent in the diversity and
evenness indices calculated for the same data (Table 5.1).

Sometimes the Maturity Index has been expressed as

M= 2 wv.p.
i=l,f lpl

which has led to some unfortunate miscalculations in manuscripts submitted
for publication. The errors commonly arise when the proportions of all taxa
present are calculated in a spreadsheet, as for the calculation of IMI, and
then the same proportions, excluding those that are not relevant, are used to
calculate incorrectly the other indices in the family. To obtain the correct
index values, it is necessary to recalculate the proportions to be weighted
with respect to the total number of nematodes in the sample which meet the

specific criteria of each index.

In their equilateral c-p triangles, (graphical representations of faunal compo-
sition), De Goede et al. (1993) and Ettema and Bongers (1993) accomnﬁi*)
dated two enrichment (%c-pl and %c-p2) axes, and an ecosystem complexity
(%c-p3-5) axis, based on unweighted proportions of the nematode fauna in
each grouping (Fig. 5.1). The right-angled triangle representation of Bongers
et al. (1995) depicted the proportional representation of c-pl and ¢-p3-5 nema-
todes, further emphasizing the indicator distinction between the two groups:
The graphical representations advanced the recognition that the ¢
are indicators of ecosystem structure and function that are not necessarily
aligned on a common trajectory. However, since each axis of the triangles
indicates a proportion of the whole nematode fauna, an increase along o
axis is accompanied by a decrease along another. The notion that enrichmen

-p classes

intlices for

:A_.ar_ld.B.)-_of_ the.same.number......
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Fig. 5.1. C-p triangles, based on
unweighted proportional representation
of ¢-p1, c-p2, and ¢-p3-5 groupings of
the nematode fauna, were a first step in
distinguishing between basal fauna,
enrichment indicators and structure
indicators (modified from De Goede

et al., 1993).

should be independent of complexity led to development of separate trajecto-
ties of enrichment and structure to assess the magnitude of disparate services
(Ferris et al., 2001, 2004).

The nematode fauna provides information on two major characteristics of
the soil environment and its resident communities. One characteristic is the
flow of resources into the food web system as indicated by enrichment oppor-
tunist species; the other is the trophic connectance (sensu Cohen, 1989) of the
system as indicated by prevalence and abundance of higher trophic level
organisms. Ferris el al. (2001, 2004) considered general opportunist c-p2 nema-
todes to be representative of organisms that persist in most soil food webs,
always present, and the survivors of the most adverse conditions. Two axes
can be conceived as emerging from this basal state of the nematode fauna, one

" defined as an enrichment index, indicated by the weighted abundance of the
proportion of all c-pl and ¢-p2 nematodes that are c-p1 bacterivores and ¢-p2
fungivores, and the other as a structure index, derived from the proportional
contribution of the weighted c-p3-5 nematodes to the ¢-p2-5 grouping. Also
calculated in this system is a basal index, the relative proportion of the basal
(c-p2) component of the fauna to all nematodes present (Berkelmans ef al.,
2003). Further resolution to the enrichment component is provided by assess-

ing the relative flow of resources into the food web through fungally- and

bacterially-mediated decomposition channels (Ruess and Ferris, 2004).

Indicators of ecosystem function: enrichment, structure, basal
and channel indices

.
N

The evolution of concepts, research and model validation associated with

- developmentof the Maturity Index family led toa functional guild classification
of nematodes as a basis for studying and comparing ecosystem processes
(Bongers and Bongers, 1998; Bongers and Ferris, 1999). The functional redun-

: dancy represented in the diversity of nematode faunae creates a high probabil-

ity that the absence of a guild is a reliable indicator of disturbance and that the -
presence of a guild is a reliable indicator of lack of perturbation or of recovery ¢
from perturbation. In the case of organic enrichment of soil, opportunistic

guilds (r-strategists) respond reliably (Sanchez-Moreno etal.,2006). Considering .
indicator

soil nematode taxa as representatives of functional guilds generates an
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Basal
condition

Fig. 5.2.

(Quadrat

v

profile that is not constrained by population distribution patterns and micro-
environment effects (Ferris and Bongers, 2006). -

The Enrichment Index and the Structure Index, both based on the indicator
importance of functional guilds of nematodes, are descriptors of food web
condition. Functional guilds are defined as a matrix of nematode feeding hab-
its with the biological, ecological and life history characteristics embodied in
the c-p classification. Thus, the Ba3 functional guild comprises ¢-p3 bacteri-
vores such as those in the Teratocephalidae or Prismatolaimidae, Nematodes
of all feeding habits classified as c-p2 are considered basal (b) to both enrich-
ment and structure trajectories. Bacterial-feeding c-p1 and fungivores in c-p2
are indicators of enrichment (e) while nematodes of all feeding habits in c-p3-5
are indicators of structure (s). Functional guild indicators are weighted accord-
ing to growth and metabolic rates (resource utilization) on the enrichment axis
(Figs 5.2 and 5.3), and according to estimates of the degree of connectance, as
determined by numbers of nematodes in higher ¢-p classes, in food webs of
increasing complexity (Figs 5.2 and 5.4). Greater detail on derivation of the
structure and enrichment weightings (W,) is provided in Ferris ef al., 2001.

Enriched

Quadrat A Quadrat B

o

Structured

Quadrat C

/S Ooms50) /S
/ _Ca(32) / Ca (500 /
[ Fu(18) / Fu 32 7 Fu 50/
Ba;(18) / Ba,(32) / Ba (50) /

Structure trajectory >

A graphic representation of the nematode faunal profile indicates whether the soil

community is enriched but unstructured (Quadrat A), enriched and structured (Quadrat B},
resource-limited and structured (Quadrat C), or resource-depleted with minimal structure

D}. Functional guilds of soil nematodes are characterized by feeding habit (trophic

group} and by life history characteristics, after Bongers and Bongers, 1998. Indicator guilds of
soil food web condition (basal, structured, enriched) are designated and weightings of the
guilds along the structure and enrichment trajectories are provided, for determination of the
Enrichment Index and Structure Index of the food web. (Modified from Ferris et al., 2001 .)
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Fig. 5.3. Weighting system for enrichment and basal indicator soil nematodes as
determined by mean weight of adults based on their frequency representation in
different weight classes (adapted from Ferris ef al., 1996a,b). '
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; Fig. 5.4. Weighting system for structure and basal indicator soil nematodes as
determined by taxonomic richness in food webs of different complexity (adapted
from Ferris et al.,, 2001).

lated

The nematode fauna is comprised of basal, enrichment and structural Syste
components (b,e,s): Larwg
b=(Ba2-+Fu2)*W,, where W,.= 0.8, f5 2
une

e={Bal*W)+(Fu2*W,), where W, = 3.2 and W,.= 0.8

s=(Ba,*W _+Ca *W +Fu *W +Om W)

where n=3-5, W,.=1.8, W, =32, W, =5.0.
The Enrichment (EI), Structure (SI), Basal (BI), and Channel (CI) indices are
calculated from the weighted faunal components (Ferris et al., 2001; .
Berkelmans et al., 2003);
EI =100¢e/e+b)
51 =100%*s/(s+b)
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BI = 100*b/(e+s+b)
CI = 100 Fu2*W,/(Bal*W ~Fu2*W,).

The EI, 51 and BI represent an evolution of the concepts embodied in
the c-p triangles of De Goede et al. (1993) and provide higher resolution to
the enrichment, disturbance and contamination effects on the ecosystem
(Table 5.3). Clearly, Sample A represents an environment with an abundance
of omnivore and predator nematodes, suggesting greater connectance in
the soil food web and the probable top-down regulation of opportunistic
species (Sanchez-Moreno et al., 2006; Sanchez-Moreno and Ferris, 2007).
Sample B represents a disturbed and enriched condition in which the dis-
turbance has had detrimental effects on higher trophic levels. Faunal analy-
ses based on these indices provide insights into food web enrichment and
structure and allow derivation of testable hypotheses based on the relative
enrichment and structure of the system (Table 5.4).

The CI provides a means to partition flow of resources through fungal and
bacterial decomposition channels. Indices of fungal and bacterial activity based
on the relative abundance of fungal- and bacterial-feeding nematodes have
been proposed several times following the calculation of their relative propor-
tions in grasslands, woodlands and cultivated fields by Twinn (1974). The indi-
ges have included a ratio of F/B (Sohlenius and Bostrdm, 1984) which has been
defined most recently as NCR = B/ (B+F) where NCR is the Nematode Channel
Ratio, and B and F represent the abundance of bacterial- and fungal-feeding
nematodes, respectively (Yeates, 2003). The CI differs in including weighting
parameters for the size and metabolic rates of the nematode indicators.

When resources become available to soil organisms through external
input, disturbance, organism mortality, turnover, or environment changes
there is an enrichment pulse of opportunistic guilds. The pulse is followed by
heterotrophic succession whereby the predominance of organisms changes
through time depending on trophic roles, life course dynamics, and prevail-
ing environmental conditions {(Sudhaus, 1981; Ferris ef al., 1996b; Ferris and
Matute, 2003). Substrates rich in labile carbon but deficient in nitrogen may
favor the fungal rather than the bacterial decomposition channel (Ruess and
Ferris, 2004).

Similar to the MI (Bongers and Bongers, 1998), the Ef and CI are calcu-
lated excluding dauerlarvae to provide an index of the present state of the
system. Rather than proliferate indices calculated with and without dauer-
larvae, we consider that the ratio of dauerlarvae to active forms, as proposed

by Sohlenius (1969, 1973), provides a clear metric of resource availability to
functional guilds of bacterivores and fungivores. When the proportion of
dauerlarvae is low, the resource supply is probably stable; when it is high,
the system is probably in a state of resource-driven succession from bacterial
t0 fungal domination of decomposition charmels. However, considering the
short lifespan of many enrichment opportunist nematodes (Ferris et al.,
1996a), frequent sampling will be necessary for using such calculations to
model resource flow rates through the lower levels of the soil food web.

Further understanding of enrichment is determined by relative flow through
and activity in fungal, bacterial and herbivore channels using total biomass of

4
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Table 5.4. Inferred condition of the soil food web and its environment based on
weighted nematode faunal analysis. Quadrats refer to faunal ordination in the faunal
profile (Fig. 5.2) (from Ferris et al., 2001).

General diagnosis ~ Quadrat A Quadrat B Quadrat C Quadrat D

Disturbance High Low to mod. Undisturbed  Stressed

Enrichment N-enriched N-enriched Moderate Depleted

Decomposition Bacterial Balanced Fungal Fungal
channels

C-to-N ratio Low Low Mod. to high  High

Food web condition Disturbed Maturing Structured Degraded

bacterivore (B), fungivore (F) and herbivore (H) nematodes. That provides the
basis for developing the enrichment profile of the food web (Fig, 5.5). Changes
through time in the abundance and type of organisms in the soil community
may be considered structural succession; changes in food web function, not nec-
essarily concurrent with community composition, are considered functional suc-
. cession. The mass of available C diminishes with each trophic interchange,
effectively dictating the abundance and biomass of organisms at each trophic
level. Sustained organic enrichment may halt the succession and maintain a

% Herbivore

% Fungivore

% Herbivore % Bacterlvore

% Fungivore

Fig. 5.5. Intake biomass of the soil food web partitioned into relative flows through
herbivore®, fungivore- and bacterivore-mediated channels as indicated by the
nematode fauna. The size of the triangle indicates the magnitude of resource flow.
The circles indicate the biomass of generalist and specialist predators supported by
the lower trophic levels,
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consistent structure among functional guilds of soil organisms (Ferris and
Bongers, 2006). Some of the organism responses to enrichment are ephemeral;
others, including responses of certain guilds of nematodes, are more persistent
and can be measured reliably (Ferris et al., 1996b; Bongers and Ferris, 1999).

Abundance and biomass

The indices developed from nematode faunal analysis are all based on
proportions of the faunae In various functional guilds. They provide an indi-
cation of the relative proportions of services and functions, but not of their
magnitude. The biomass or abundance of organisms in various functional
guilds must be important in determining the magnitude of services. Resource
nflow into the soil food web can be represented as a subdivided triangle
with the subdivisions indicating the proportion of inflow through separate
channels. If the size of the triangle is based on the biomass of nematodes
functioning in the inflow channels (Fig. 5.5), we are provided with a clearer
understanding of the resources available to soil food web organisms and of
the likely magnitude of services provided.

The constraints of resource inflow on higher trophic biomass are appar-
ent when the biomass of higher trophic levels is represented as a circle super-
imposed on the intake triangle (Fig. 5.5). Also evident is the likelihood that
the higher trophic level of the food web will provide the service of regulating
populations of opportunistic organisms in the inflow channels. Alow preda-
tor biomass relative to the intake (prey) biomass, as represented by a low MI,
may indicate an environmental contamination or disturbance constraint on
nematodes of higher c-p classes. A high predator biomass relative to the
intake biomass, as represented by a high MI, indicates the possibility of top-
down regulation of opportunistic species and, while there are sufficient
intake resources to sustain the predator biomass, a relatively stable system.

Conclusions

The evolution of functional indices based on nematode faunal analysis provides
insights into functioning and services of ecosystems. It has been greatly advanced
by inference and observation of nematode feeding habits in relation to stomal
architecture and by knowledge of the life history traits of nematode functional
guilds. Undoubtedly, refinement and finetuning of the system is warranted and
will oceur as further information is developed on feeding habits and life history
traiis and the assignment of taxa to functional guilds. There are other examples
of the use of the community structure of various organism groups for environ-
, mental monitoring. The advantage of those based on nematode functional guilds
derives from the abundance and ubiquity of nematodes, the relationships
between form and function, the differences among families in sensitivity to envi-
ronmental disturbance, and the ease with which nematodes can be separated

from substrate and categorized into taxonomic groups or functional guilds.
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