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1. I N T R O D U C T I O N A N D L I T E R A T U R E S U R V E Y

1.1. GENERAL

Established populations of plant parasitic nematodes are very persistent in
the soil. Their density may vary with the host plants and with climatic, soil and
other factors. Under favourable conditions, nematodes move, feed and reproduce;under unfavourable conditions theybecomeinactive and may be damaged
or die,but there are always enough survivors to restore thepopulation promptly
whencircumstances improve.
Most nematode parasites of aerial plant tissues,such as Ditylenchus, Anguina,
and Aphelenchoides species, have certain stages which may become quiescent
and extraordinary resistant under adverse conditions. The cyst-forming and
root-knot nematodes have special protecting mechanisms against environmentalstresses.Theireggsand unhatched larvaearecovered bya cyst wall or a jelly
matrix and the greater part of the life cycle occurs inside the host plant. Many
species of ectoparasitic root infecting nematodes, however, do not have apparent mechanisms for protection;their entire life cycle occurs in the soil and
all developmental stages are exposed to a perpetually changing environment.
Populations of ectoparasites are nevertheless persistent. Such nematodes have
beenchosen for further investigation.
Soil inhabiting nematodes need an aerobic, aquatic milieu for their activities,
and the moisture content of the soil, which may fluctuate widely, is therefore of
great importance. In studying the influence of soil moisture on nematodes one
must consider the following: the solid, mineral and organic soil phase (solid
soil), the liquid soil phase (soil moisture), the gaseous soil phase (soil air),
and the nematodes. These constituents have been studied extensively in their
corresponding disciplines and data on the relationship between solid soil, soil
moisture and soil air are amply available. The influence of nematodes on the
structure and composition of the soil isprobablyverysmall,despitetheirgeneral
abundance at densities of 20-50 per ml of soil. The length of a nematode is
usually less than 1mm and its weight less than 2.10 - 7 g. Even large nematodes
are unable to move anything but the film of water around their bodies and an
occasional minute soil particle and they do not change the structure of the
soil. This can be seen in vitro by watching nematodes moving in thin layers of
soil under a microscope, and can also be noticed from a recent time-lapse
photographic study on nematode activity in glass-panelled observation chambers(East Mailing Research Station, 1965/66;cf. PITCHER 1968).
Nematodes do require space and must have some influence on the quality of
soil water and soil air. The biomass, calculated from the data above, however,
is only some 20 kg per ha, with perhaps 100kg per ha or 0.003% by weight of
the tilth as a maximum, and must therefore be négligeable as a factor in soil
Meded. Landbouwhogeschool Wageningen 73-3 (1973)
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FIG. 1. Schemeofgrossrelationsbetweenthethreemajor, interrelatedsoilphasesandnematodes.

formation or as a constituent of the soil. This calculation has, of course, no
bearing on the significance of nematodes in biological processes, i.e. the causation ofplant diseases and interactions with the micro-flora and fauna in the soil.
Several studies, reviewed in detail under 1.2 and 1.3, demonstrate that solid
soil, soil water and soil air affect the behavior of nematodes. The information,
however, istoo scanty and erratic to draw a clear picture about the relationship
between soil moisture and nematodes, also because the soil phases are complex
and interrelated. It has, for example, been established beyond doubt that
certain nematode species thrive only in certain types of soil, but it isnot known
in how far this is determined by the soil structure, the solid materials, the moisture,the dissolved materials,thebioticelements or other components.
The scheme of figure 1 summarizes the gross relations between the interrelated soil phases and nematodes. In the scheme of figure 2, solid soil, soil
water and soil air are analysed into the constituents which determine the moisture potentials affecting nematodes. Although soil moisture quantity (moisture
content) and quality are always interrelated and interacting, it is desirable and
often unavoidable toindicate them separately insoilmoisture-nematode studies.
The terms matric potential and osmotic potential in figure 2refer to the energy
state of the soil moisture at a given locality. Adhesion and adsorption forces
cause moistening of the soilparticles and the surface tension of thewater causes
capillary filling of the pores, unless adverse forces like gravity are greater.
Matric potential refers to the energy state of soil moisture due to adsorption,
adhesion and capillary forces. Chemicals dissolved in the water cause an osmotic potential. The sum of these potentials or the total potential (expressed in
er
g/g) is defined as negative. In practice the concept soil moisture tension (expressed in cm water-column or bar), derived from the matric potential, is often
used. In a water-saturated soil the moisture tension is about zero. When water
disappears from the system by gravity, évapotranspiration or otherwise, the
moisture tension of the remaining water will increase and may reach values of
100 bar and more in very dry soil. As the practically important range of soil
2
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FIG. 2. Analysis of soil phases (cf. fig. 1) into constituents, which determine the moisture
potentialsaffecting nematodes.

moisturetensionsisratherlong,thepFvalueisoften used,i.e.the 10-logarithm
of the soil moisture tension expressed in centimeters water-column. pF values
of 0 to 7 therefore correspond with soil moisture tensions of 1 to 107 cm
(= about 0.001 to 10,000 bar). The moisture content of a soil corresponding
to a particular pF value depends on soil structure and texture. For each combination of structure and texture there is a specific relation between amount
ofmoisture and pFvalue.Plottingthesetwovariables againsteachothergives
the so-called moisture characteristic or pF curve. There is, however, no fixed
relation between moisture content and pF value.Adryingsoil generally shows
a different curvethan a soil that isbeingwetted. The moisture characteristicis
nevertheless a useful tool to indicate particular conditions in the soil. Figure3
showsexamplesofsuchcurvesfor different soils.
Besidesthe amount ofsoil moisture in the liquid state, the relative humidity
oftheairinthesoilporesalsoisrelated topF accordingtotheequation:

FIG. 3. Moisture characteristics of a sandy
soil (a) and a clay soil (b) when they are
graduallydried(1)orwetted(2).
Abscissa:pFvalue.
Ordinate: moisture content (% water by
volume).
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pF' = C + log(2-logr.h.)
When the pF includes the osmotic potential, it will be indicated as pF'.
The value of C varies with the temperature; C = 6.502 at 20°C. The graphical
presentation of the equation shows that the relative humidity is close to 100%
up to pF' values of about 4(fig. 4A)Precise readings of high relative humidities
can be obtained from figure 4B, in which the scale of the ordinate is double
logarithmically.
WALLACE (1958) studied movement of nematodes in connection with soil
moisture. Figure 5A showsthat moisture content ofthe soilis ofgreat influence
on nematode mobility and that there is no mobility when the soil particles are
too fine and therefore soil pores are too small. Figure 5B, calculated from
results by KHAN et al. (1971), demonstrates that the amount of soil moisture
also affects reproduction of nematodes. Thus favourable soil moisture conditions for both mobility and reproduction appear to be limited to a narrow
range of moisture contents. The relation between a soil moisture quantity
gradient and nematode activities may be characterised by an optimum curve,if
the gradient and the time of exposure are well-chosen. This holds for the densityofathrivingpopulation (resultingfrom various activitiessuch as movement,
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FIG. 4. Relation between pF' and relative humidity (r.h.) at 20°C (fig. A: Croney, Coleman
andBridge,1952;fig.B:Stakman,1968).
Abscissae: pF'value.
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FIG. 5A. Horizontal migration of Ditylenchus dipsacilarvae through fractions of a sandy
loamsoilwhich arefavourable (a)or toofine(b),at different suctions (after Wallace, 1958).
—:mobility,
: moisturecontentatdifferent suctions.
Abscissae:suction(cmwatercolumn,log.scale).
Ordinates:moisture content (% byvolume) aswellasmigration (%nematodes moving more
than3cmin5hours).
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FIG. 5B. Populationdevelopment of three nematode genera on mango seedlings, proceeding
from 300specimensofeachgenusinoculated insoil,whichiskeptat6different moisturelevels
during60days. (Calculated andconstructed after Khan,AdhamiandSaxena,1971).
Abscissa: soilmoisturecontent (%byweight).
Ordinate: numberofnematodes60daysafter inoculation.
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feeding and reproduction, and dying), or for a particular activity such as movement.
Literature on nematode-moisture relations including results on unfavourable
moisture conditions isscrutinized and evaluated below.

1.2. N E M A T O D E S IN AQUEOUS SOLUTIONS

Nematodes are aquatic animals with an integument permeable to water, ions
and molecules. This permeability may be selective. Changes of concentration or
composition of the soil solution will lead to exchange of water and ions or
molecules between the nematode's body fluid and the soil solution to restore an
(osmotic) equilibrium. Osmoregulation has been studied more often for nonplant parasitic nematodes than for plant parasitic species and the literature
mainlyrelatestoinvitro studies.
CROLL and VIGLIERCHIO (1969) conclude from the literature that animal
parasitic nematodes living in hypertonic environments osmoregulate better in
hypertonic media than in hypotonic media. Nematodes inhabiting hypotonic
habitats regulate better in hypotonic media. From their experiments with the
marine nematode Deontostoma californicum, the body fluid of which is isotonic
to 0.6M NaCl and that is able to osmoregulate only in hypertonic solutions,
they presume that ionic and osmotic regulation of nematodes is related to the
properties of the integument and to the chemical and physical properties of the
ions. Experiments by STEPHENSON (1944) with Rhabditis terrestris placed in
solutions of different inorganic chlorides showed that an exchange of water and
ions between the nematodes and the solutions occurred. The rate of exchange
for this nematode depended on three factors :osmotic pressure inside the nematode, concentration of the chloride solutions, and kind of ions in the solution.
Stephenson suggests that penetration rates are controlled by the living protoplasm of the nematode's epidermis and not by the non-living cuticle. Rhabditis
terrestris kept in a solution osmotically equivalent to 1M NaCl for 17minutes
recovered after transfer to the original culture medium equivalent to 0.02
M NaCl. MYERS (1967) found indications for selective uptake and retention of
different ions in Panagrellusredivivusand Aphelenchus avenae. Similar observations were made for Ascaris species by HOBSON et al. (1952a, b). VIGLIERCHIO,
CROLL & GORTZ (1969) tested the response of 6soil and plant nematode species
to 24 hours dip in solutions of urea and NaCl. They found that tolerance
(restored activity upon transfer to distilled water) varied with species. The
order of increasing tolerance was Rhabditis spp., Pratylenchus vulnus, Hemicycliophora arenaria, Tylenchulus semipenetrans, Meloidogyne hapla (L2),
Ditylenchus dipsaci (L4). Treatment of Ditylenchus dipsaciand Rhabditis spp.
with several electrolytes gave the following order of increasing mortality:
NaCl, Na 2 S0 4 , RbCl, KI for Ditylenchus and Na 2 S0 4 , RbCl, NaCl, KI for
Rhabditis. It was also observed that Ditylenchus dipsacishrinks in a hypertonic
6
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solution and does not recover itsoriginal sizeasdoes Rhabditis spp. These phenomena, referred to as tolerance for Ditylenchus and adaptation for Rhabditis,
could berelatedtodifference inbiologyandnaturalenvironment ofthesespecies.
BLAKE (1961) observed that Ditylenchus dipsaci larvae (L4) were killed after
36 hours in a IM urea solution. Tylenchorhynchus icarus recovered in water
after a 4 day treatment in 1 M urea (WALLACE & GREET, 1964). Hoplolaimus
columbus ceased movement after 16 hours in 0.2 M KI, 0.4 M NaCl, 0.6 M
N a 2 S 0 4 and 1M urea. Recovery from these solutions after 3days in water was
10% from Kl, 30% from NaCl, 55% from N a 2 S 0 4 and 90% from urea
(FASSULIOTIS, 1972).
The effect of sugar solutions has been investigated for various nematode
species. Pratylenchus brachyurus, Dolichodorus heterocephalus, Radopholus
similis and Panagrellus sp. survived 1 hour immersion in a solution of 7%
(w/v) sucrose (about 4.7 bar). One hour in a 30%(w/v) solution (about 20 bar)
killed nearly 100% of these nematodes. Also addition of 5% (w/v) sucrose to
various soils killed almost all nematodes within 24 hours (FEDER, 1960). When
cysts of Heterodera schachtii were treated with 0.1 to 60%sucrose solutions for
96 hours and subsequently placed in sugar-beet diffusate, emergence of larvae
was reduced only 40% by the highest concentration tested (STEELE, 1962).
Soaking cysts of Heterodera glycines in a 5% sucrose solution up to 96 hours
did not reduce the viability of eggs and larvae inside the cysts. Tn soil mixed
with 20%(w/w) sugar, larvae in cysts were not killed after 96 hours. Also, free
larvae of H. glycines and specimens of Pratylenchus sp., Xiphinema sp. and
saprozoic nematodes survived in this sugar-amended soil, although much less
than in soil with 1 % sugar (EPPS, 1963). Pratylenchus penetrans, Rotylenchus
robustus, and Tylenchorhynchusdubiussurvived a2days' treatment with a22 bar
glucose solution, which killed Trichodorusand Longidorus spp. (WYSS, 1970).
Hatching of Pratylenchus penetrans eggs decreased with increasing concentrations of sodium and potassium chlorides and nitrates up to 0.6 M. A high
proportion of eggs survived high osmotic pressures (up to 25 bar) for 12 days
(THISTLETHWAYTE, 1969). Emergence of larvae from eggs and cysts of Meloidogyne and Heterodera spp. was reduced in solutions of various substances with
high osmotic pressure. Damage to the unhatched larvae, however, hardly occurred (WALLACE, 1956;DROPKIN etal., 1958).
In most experiments, nematodes were placed directly in the test solutions
and usually tolerated the high concentrations and osmotic pressures. In soil,
most processes take place gradually, thus giving nematodes an adjustment
period, sotolerance and survival in soil may bebetter under conditions comparable to those ofsolutions inexperiments. Besides, high concentrations of chemicalsingeneral arerare in moist soils.
Precise data on the osmotic pressure of nematodes are not available, but
experiments with osmotic solutions have given some indications. BLAKE (1961)
observed that the horizontal migration of L4 Ditylenchus dipsaci in sand was
not influenced by replacing water with urea solutions up to 0.3 M (6.8 bar).
However, mobility of Tylenchorhynchus icarusin sand and in vitro was reduced
Meded. Landbouwhogeschool Wageningen 73-3 (1973)
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if the liquid phase was a 0.1 M urea solution of 2.4 bar (WALLACE & GREET,
1964). Movement of Rhabditis terrestris in several inorganic chloride solutions
ceased at osmotic pressures above 4.5 bar (STEPHENSON, 1944). No detectable
inhibition of movement was observed for the following species after 24 hours
treatment in NaCl solutions at the following osmotic pressures: Trichodorus
christiei adults (4.48 bar), Tylenchulus semipenetrans and Meloidogyne javanica
L2 larvae (8.96 bar), Helicotylenchus erythrinae adults (13.61 bar), Tylenchorhynchus claytoni adults (22.5 bar) (VAN GUNDY, 1965). Emergence of larvae
from Heterodera schachtii cysts was almost completely inhibited in solutions
containing a number of organic and inorganic substances when the concentrations wereincreased to 0.1 M (upto 4.5bar) (WALLACE, 1956).Emergence of
larvae from egg sacs of Meloidogynejavanica was greatly reduced in 12.5 bar
solutions of sucrose, glycerol, glycine and urea. The hatch from free eggs was
inhibited in glycerol at about 11bar, whereas embryonic development stopped
between 15and 20 bar. The activity of LI and L2 larvae inside the egg and of
L2larvae outside the eggwas reduced in0.3 M glycerol. The fact that LI larvae
maintained their activity longer than the unhatched L2 larvae, was attributed
to lower permeability of the LI egg shell (WALLACE, 1966). BAXTER and BLAKE
(1969) assume from experiments with eggs of Meloidogyne javanica that the
osmotic pressure of the extracellular fluid of the eggs is about 4 bar; the same
valuewould hold for thepseudocoelomic fluid of the L2larvae.
Recently the specific rates of penetration and release of radiolabeled chemicals and water have been measured by MARKS, THOMASON and CASTRO (1968).
Theexperiments werecarried out withethylene dibromide (EDB), 1,2-dibromo3-chloropropane (DBCP), water, glucose, sodium acetate, and glycine on
Aphelenchus avenae, Tylenchulus semipenetrans (L2), Anguina tritici (L2),
and a Pellodera species. It was found that water and nematicides were readily
taken up and released. This was not the case with the other chemicals, thus
giving strong evidence for selective intake or exchange mechanisms. Water
penetration and release occurred at the same rate, but the rates as such were
different for three nematode species tested. Rate of penetration of the nematicides was higher than the rate of release, causing a concentration increase in
the nematode until equilibrium was reached. In subsequent experiments, this
finding was confirmed for numerous chemicals, with internal concentrations
varying from 16 to 0.7 times the external concentrations (CASTRO, THOMASON
and BELD, 1970).In glucose solutions, which permeate slowly, the rate of water
permeationinAphelenchusavenaewasnot appreciably altered by osmotic pressure in the range from 0 to 26 bar. (THOMASON, CASTRO, BELSER and BELD,
1972).
Themain phenomena observed for nematodes in solutions are:
1. Thecontinuous transfer of water.
2. Theselectiveintake of substances.
3. Therate ofintake ofwater isequal totherate ofrelease.
4. The rate ofintake ofsubstances differs from therate ofrelease.
8
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5. Therates ofintakeandreleaseofsubstances vary,dependingonthe chemical
composition.
6. Therates ofintake andreleaseofsubstances differ with nematode speciesand
stage.
7. Thetolerance tocertain substances varies with nematode species andstage.
8. Different substances affect nematodes differently.

1.3. S O I L MOISTURE EFFECTS ON NEMATODES

There are several records correlating nematode populations and rainfall,
irrigation, or soil moisture content in the literature, but few of these give
experimental results. Most of them cannot easily be interpreted, because
quantity and quality ofsoilmoistureandother factors areusuallynotconsidered
seperately. The results for saturated soil, unsaturated soil and dry soil are
reviewed separately, because these conditions affect nematode biology differently. Only the boundary between saturated and unsaturated soil can be
indicated unequivocally ifsaturated soil isdefined assoil inwhich allporesare
filledwithwater. With relation tonematodes the boundary between unsaturated
soil anddrysoil ishard todescribe accurately. If, forinstance, loss of moisture
by thenematode istaken asa criterion for drought, this mayoccur in wetsoil
at a high osmotic potential due to dissolved salts. In this thesis dry soil is
defined assoil in which evaporative loss ofmoisture bythenematode predominates.
1.3.1. Saturated soil
Survival in saturated soil has been investigated for various species and
theresults suggest essential differences betweenspecies.
IMAMURA (1931) extracted nematodes from a paddy field before and after
irrigation. The total number of nematodes decreased by about 50% after
irrigation andTylenchus apapillatusandgracilisdecreased, whereas T.filiformis
and intermedins increased in numbers. PERRY (1953) stated that Dolichodorus
heterocephaluscanlive andthrive inwater-saturated soil. Paratylenchus amblycephalus appears to be rather susceptible to a high soil moisture content, accordingto REUVER (1959).
JOHNSTON (1958) added Tylenchorhynchus martini and other nematodes to
rice field soil injars. Several moisture levels were established and survivalwas
measured after 12,22and32days. Survival ofall nematodes was lowest invery
wet and dry soil. Susceptibility of the genus Meloidogyne to an excess of soil
moisture has been reported by several authors. BROWN (1933) found that
flooding for 12to 22 months wasrequired to achieve eradication; 4 months
were sufficient to kill larvae but not eggs. THAMES & STONER (1953) observed
that growing one irrigated rice crop resulted ingood control ofM. incognitaon
peat soil. RHOADES (1964) reported a decline of M. incognita and M.javanica
after flooding. DAULTON andNUSBAUM (1962) found amore rapid reductionof
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egg viability in saturated soil than in non-saturated soil upon inoculation of
Meloidogyne eggs. Susceptibility ofeggs inegg-masses to saturation ofthe soil
was mentioned by PEACOCK (1957). After 7 months inundation with seawater
of an area intheSouth-West ofthe Netherlands, Heterodera schachtii wasnot
completely eradicated. Also cysts ofH.rostochiensisstill contained viable eggs
and larvaeafter 15 months storage intap-water (OOSTENBRINK, 1950).
OVERMAN (1965)experimented with sandy soil infested with several species of
ectoparasitic nematodes. Sheconcluded that flooding fallow soil reduced most
ectoparasites to the same degree as Meloidogyne species; only Hoplolaimus
galeatus and Criconemoides curvatum persisted in notable numbers. Flooding
for 4 weeks appeared to give the most practical results. A double cycle of2
weeks flooding plus 2 weeks drying was most effective at high temperatures,
although Trichodorus christiei (now Paratrichodorusminor) andCriconemoides
curvatum could replenish their populations onthesucceeding crop. Survival in
flooded soilwasinverselycorrelated withtemperatureforallnematodes studied.
FISHLER and WINCHESTER (1965) concluded from pot experiments with peat soil
that atreatment oftwo weeks flooding -)- two weeks dry+ two weeks flooding
was as effective against Meloidogyne incognita acrita as 9 months continuous
flooding. Constant flooding for 1 to5months gavethesameresultsas unflooded
fallow, butfloodingfor 1 year destroyed allnematodes.
Since nematodes areaquatic animals, excess of moisture as such cannot be
expected to affect them directly. Damaging influences of submerged soil must
be due to qualitative properties of the moisture. Saturated soil allows little
oxygen to reach the soil organisms. The available oxygen is consumed by
aerobic microorganisms which then become inactive or die. Decomposition of
organic matter istaken over byfacultative anaerobicandanaerobic microorganisms. For their respiration, oxidized substances and dissimilation products of
organic matter areused aselectron acceptors which causes chemical reduction
of nitrates, manganese oxydes, iron oxydes, carbon dioxide, sulfates, organic
acids, etc. Ammonium is oneoftheimportantdissimilationproducts,but organic acids may also accumulate, andmethane willbeformed byfurther metabolism. Carbon dioxide isliberated inseveral processes. Hydrogen isgeneratedby
anaerobic dissimilation of carbohydrates. Hydrogen sulfide maybe formed if
sulfates are present. Denitrifying bacteria may cause increased amounts of
nitrogen (N 2 ) aswellasnitrogen oxydes.
The course of these and other processes depends onmany factors such as the
type andamount of organic matter, microorganisms present, temperature, soil
pH, redox potential, soil texture, inorganic substances, etc. (cf. BELL, 1969;
VAN BREEMENet al., 1967).
Lack of oxygen in saturated soil has been studied in relation to nematode
survival. FELDMESSER and FEDER (1954) observed progressive reduction and

eventual cessation of motility of Aphelenchoides olesistus (nowA. fragariae),
Rhabditis sp., Heterodera rostochiensislarvae andlarvae of Meloidogyne sp.at
decreasing 0 2 concentrations invitro.They found different rates ofreaction for
10
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different species. BOLANDER and FAULKNER (1969) studied survival of Ditylenchus dipsaci at various 0 2 concentrations in vitro. Less than 10% survived
0.85 ppm 0 2 at 15°C for 24 days, whereas 95% survived at 7.5ppm0 2 . An
increase in temperature reduced survival markedly. Criconemoides xenoplax,
Hemicycliophora similis, Helicotylenchus sp, and Tylenchus sp. persisted in
flooded cranberry bogs for 2 years. Their numbers in experimental plots with
hardly any plant growth were equal to those under normal culture. The measured oxygen concentrations varied from 1.75 to 6.75 ppm. Populations of
Criconemoides xenoplax, Hemicycliophora similis and Helicotylenchus sp. in
potted soil flooded for 145 days remained constant. The oxygen concentration
was 6.8 ppm (BIRD & JENKINS, 1965). These oxygen concentrations are surprisingly high, because water in equilibrium with air contains 8.4 ppm oxygen
at25°C,but in rice fields the oxygen concentration 2 days after flooding is only
about 0.1 ppm (VAN BREEMENetal., 1967).
VAN GUNDY and STOLZY (1968) have reported related findings on the availability of oxygen. It has been demonstrated for a number of nematodes that
oxygenisrequiredfor normal development. The rates of utilization depend on
the physiological stage of the nematode and on the soil environment surrounding the nematode. Nematode growth and reproduction, behaviour, survival,
and distribution were correlated with oxygen diffusion rates in artificial and
natural soil environments by the above authors. One function of oxygen in
nematode metabolism is the oxidation of lipids. Lipid storage and reduced
metabolism enabled nematodes to survive in environments with a temporary
lack of, or continuous low concentration of oxygen. Van Gundy and Stolzy
also remarked in regards to population dynamics of a particular species that
soil oxygen appears to determinethepopulation limits rather than the individual
life-span unless oxygen deficiency occurs for too long a period. The nematodes
respond to critically low oxygen levels by becoming quiescent and return to
activity when the oxygen level rises again. These conclusions are based on
various experiments with several species (VAN GUNDY et al., 1962, 1963, 1964,
1967, 1968; STOLZY et al., 1960). Quantitative data on oxygen requirements
were related to oxygen diffusion rates measured with platinum microelectrodes.
COLLIS-GEORGE and WALLACE (1968) remarked that the oxygen diffusion rates
measured in this way may overestimate the requirements for oxygen supply.
They found a linear relationship between cumulative exposure to oxygen concentration and cumulative hatch of Meloidogyne javanica from egg sacs in
vitro.
BRODIE and TOLER (1966) replaced the air in sterile soil with nitrogen and
nitrogen plus hydrogen. Survival of larvae and eggs of Meloidogyne incognita
after 28 days was the same as in aerated soil. If the air was replaced by carbon
dioxide, the number of larvae was reduced to 50%after 7days;this percentage
wasstillthe same after 28days. Eggssurvived in carbon dioxidetreated soil and
in untreated soil equally well. WALLACE (1968) noticed that Meloidogynejavanica larvae maintained their infectivity after 4 days without oxygen but prolonged treatment irreversibly inhibited subsequent activity. After 2dayswithout
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0 2 subsequenthatchingfrom eggswasmarkedly reduced. The rate ofhatch also
decreased ifthe 0 2 - C 0 2 ratio decreased from atmospheric conditionstoconditions with 5% 0 2 and 15% C 0 2 , butthere was noreduction intotal hatch.
COOPER, VANGUNDY and STOLZY (1970) reported that exposure to nitrogen
for 12hours every 3 days over a 30 day period decreased the population of
Hemicycliophoraarenariainatomatofieldto20% ofthe untreated. N 2 exposure
for 24hours every 3days inhibited thepopulation by94%. Similar exposures
every 5 days decreased the population by 67 % and 80%. These experiments
indicatereducednematodereproduction,whichmaybeduetooxygen deficiency,
rather than tointoxication by nitrogen.
Data showing that aeration increases nematode activity have been compiled
by WALLACE (1963).

There is little doubt that the activity of many nematodes drops when the
oxygen concentration decreases or when the concentration of carbon dioxide
increases. Loss of activity mayindirectly influence survival, but it isnot clear
how long nematodes cansurvive incomplete absence ofoxygen. This mayvary
with thespecies, stage ofdevelopment, condition ofthe nematode, etc. Carbon
dioxide does notseem toxic atnormal levels.It mayeven bestimulatory at low
concentrations (KLINGLER, 1959, 1961, 1963, 1965, 1972).

The inorganic substances in water-saturated soils consist of two groups of
chemicals. The chemicals present at the onset of submergence will be diluted
and theirpossible toxicity(see 1.3.2.)willdecrease. Thesecondgroupconsistsof
substances liberated orformed under anaerobic conditions and their composition depends on theamount and typeoforganic matter and the microbiological
processes. Osmotic effects arenot experienced under these circumstances.
VASSALO (1967) found ammonia (NH 3 ) to bean effective nematicide at concentrations from 0.25% upward with a maximum efficiency at 1 %. He attributed thenematicidal effect totheosmotic pressure generated bythe ammonia
(about 3and 13bar respectively). This, however, is doubtful since nematodes
are generally notaffected byosmotic pressures upto 10barandareusuallynot
killed at higher pressures. WALKER and MAVRODINEANU (1967) obtained
nematicidal effects with ammonia solutions that were about 10times weaker.
A 300ppm (0.03%) solution killed 45% of Pratylenchus penetrans and a800
ppm solution (0.08%)killed 95%.
RODRIGUEZ-KABANA, JORDAN and HOLLIS (1965) found that a decline of
total nematode populations in flooded rice fields was correlated with an
increaseinconcentration ofhydrogen sulfide (H2S)inthe soilwater. Laboratory
tests showed that H 2 S at concentrations found in flooded fields killed 100
percent of the nematodes in 5to 10days. Fluctuations of populations of total
plant parasites and of Tylenchorhynchus martini and Radopholus oryzae (now
Hirschmanniella oryzaé) were the same as those for total nematodes. In vitro
tests with hydrogen and natural gas containing methane showed that these
gasses were harmless inthesoil. Carbon dioxide caused a mortality of20-30%
in vitro, butinsubmerged ricefields,thehighestconcentrations ofC 0 2 occurred
12
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some days after flooding when the nematode populations were high. Also lack
of oxygen could not be responsible for a population decrease in rice fields, for
a 2 week incubation period in oxygen-free water under nitrogen did not h a r m
the nematodes. Laboratory assays by HOLLIS a n d JOHNSTON (1957) on Tylenchorhynchus martini revealed greater reductions of nematodes in saturated soil
than in unsaturated moist soil, and also greater reductions in nonsterilized
saturated soil than in sterilized saturated soil. The latter phenomenon was attributed to microorganisms. JOHNSTON (1957), working with the same nematodes, found thegreatest reduction ofnematode numbers innonsterile saturated
soil where oxygen was replaced by nitrogen. In soils adjusted t o a moisture
level of 5 0 % of field capacity n o reduction occurred. H e also found that a
Clostridium species produced a toxic principle that killed the nematodes. The
bacterium, Clostridium butyricum PRAZMOWSKI (1880), produces large amounts
of n-butyric, propionic, acetic, and formic acids under unaerobic conditions in
pure culture when supplied with rapidly decomposable organic matter (JOHNSTON, 1958; cf. HOLLIS and RODRIGUEZ-KABANA, 1966). The effect of this bac-

terium on Tylenchorhynchus martini has been demonstrated in vitro. Adding
cornmeal to soil increased thelethal effects offlooding against these nematodes.
HOLLIS and RODRIGUEZ-KABANA (1966) reported a decline of T. martini due to
the production of butyric and propionic acids in flooded cornmeal-amended
soil in pots. They remark that these acids are also present under normal field
conditions, but not in nematicidal quantities, and that the main acid in the
field is acetic acid, which as such is not very toxic to nematodes. BANAGE and
VISSER (1965) tested a Dorylaimus sp. in solutions of various organic acids.
Formic, acetic, propionic, butyric and valeric acids at concentrations from
0.001 M to 1 M were toxic to the nematode proportionately to the dosage. A
0.0001 M solution did not affect the nematode. Formic acid was less toxic
than the other acids at the same p H . Evidence was also obtainedthat the undissociated acid molecule was the chief toxic factor. These results maynot be the
same for tylenchid nematodes since dorylaimids appear to be more sensitive
(cf. HOLLIS, 1961).

1.3.2. Unsaturated soil
In unsaturated soil,most largepores which contain nematodes are partly filled
with water: there is a water-film on the soil particles and also where particles
touch andinthesmall pores. This situation isfavourable for nematode mobility
(Wallace, 1963).
When water is removed from the soil system, the water film becomes very
thin andthesmaller pores will also beempty. Theprotracted shape ofthe nematode anditshydrophilic integument allow it to keep moist.
Movement and other activities of nematodes are directly related to moisture
quantity. Active nematodes that do not find food consume their energy reserves and probably suffer from starvation sooner than inactive nematodes. Also
the quality of the soil moisture, depending on various factors, may influence
nematode activity a n d survival. Literature on the influence of soil moisture on
Meded. Landbouwhogeschool Wageningen 73-3 (1973)
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nematode survival in unsaturated soil often includes data which are difficult to
evaluate or to compare, because the soil moisture conditions are described in
general terms. Seasonal influences in sampling and extraction procedures may
also introduce variables. BARKER (1968) not only found seasonal fluctuations in
the density of various species, but also seasonal fluctuations in the efficiency of
different extraction techniques. This efficiency may also vary with nematode
species (BARKER, NUSBAUMand NELSON, 1969).
A literature survey about soil moisture effects in unsaturated soil is given
below.
Tylenchorhynchus dubius and Rotylenchus robustus populations were only
slightly affected by water loss down to the permanent wilting point for plants
in a humicsandy soil (WYSS, 1970).Theexperiment lasted lessthan three weeks,
which is short for studying the effect of soil moisture on nematodes. An inoculated population of T. dubius in moist sterile sandy soil lost about 6% of its
logarithmic density each month when no host plants were present (SHARMA,
1971). In another experiment with T. dubiusinoculated in sand, about 40% of
the nematodes were still alive and active after 2 years. The fourth stage larvae
and adult females survived better than the other stages (SHARMA, 1971).A field
population ofT. dubiusin sandy soil on which pea had been grown, maintained
itsdensity at a highlevelthroughout the autumn and winter and the populations
from a field which was kept fallow for several years was reduced to about half
its size in the first year and to a very low level in the second year, but was not
completely eradicated inthefollowing year (OOSTENBRINK, 1966).
NORTON (1959) found an increase in populations of T. brevidensand Paratylenchusprojectus on wheat duringperiods of rainfall. Sincenearly all individuals
werejuveniles it was assumed that they hatched from eggs present in the soil.
Also MINTON, CAIRNS and SMITH (1960) found that the density of Hoplolaimus
tylenchiformis in cotton fields rose after periods of rainfall, but this was not so
for various other nematode species. PRASAD and JHA (1969)observed that submergence of the soilfor two days increased the number of nematodes extracted,
while after some days of drying the number of nematodes was reduced. KHAN,
ADHAMI and SAXENA (1971) reported similar observations with populations of
Helicotylenchus erythrinae, Hoplolaimus indicusand Hemicriconemoides mangiferae from mango orchards. Population densities were correlated with soil
moisture content in the field, which was confirmed by pot experiments. High
nematode populations in high soil moisture levels following periods of drought
were explained by the hatch of eggs but definitely not by reactivation of nematodes paralysed by drought. This explanation is disputable (cf. 4.3.). In pots of
fallow soil, Tylenchorhynchus brevidens disappeared after three months if the
moisture content was kept near field capacity (24% moisture). Survival was
better if the moisture content wascontinuously kept at 60%offieldcapacity, or
alternated between low and 60%of field capacity. The best survival (50% after
9 months) occurred in continuously dry soil, i.e. 2.4% moisture (MEAGHER,
1970). JOHNSTON(1958)stored ricefieldsoil at adjusted soil moisture conditions
in closedjars for 32 days. Survival of Tylenchorhynchus martini was best in soil
14
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between 40%and 60%of field capacity. The lowest survival was found in very
wetand infairly drysoil.
A field population of Rotylenchus robustus maintained its density at about
the same level for over 1 year whether a pea crop was grown or not. A
R. robustus population in a fallow sandy peat soil was reduced to 50% in the
third year and to a very low level in the fourth year, but was not eradicated in
the following 2 years. Also populations of Tylenchorhynchus dubiusand Pratylenchuscrenatus, which decreased at different rates during the first 4years, had
not completely disappeared after 6 years. Other data showed that the densities
of R. robustusand T. dubiushardly had changed after 7years of fallow in which
P. crenatus was reduced to 5% (OOSTENBRINK, 1966). After storage in moist
soil in closed jars for 4 | years, pre-adults of Paratylenchus projectus and
females of P. dianthus were stillliving(RHOADESand LINFORD, 1961).Population
buildup ofXiphinemaamericanumwas limited by soil moisture (WARD, 1960;
GRIFFIN and BARKER, 1966). Xiphinema index died out after 9 to 10 months in
moist sterile soil without food. They persisted for at least 5 years when old
roots were present (RASKI et al., 1965). Trichodorus species seem to be rather
sensitive to soil moisture conditions (WYSS, 1970; RÖSSNER, 1971). Populations
of Pratylenchus brachyurus in cotton fields were not correlated with rainfall
data (MINTON, CAIRNS and SMITH, 1960). Pratylenchus minyus kept in fallow
soilinpots disappeared after 1month ifthesoil waskept atfieldcapacity. If the
soil was kept at 60% of field capacity or alternately dried and wetted, 20% of
the population was still present after 15 months (MEAGHER, 1970).In a 40 days'
trial,Pratylenchus inoculated in soil showed better survival as moisture tensions
increased from pF 0to pF 4.2(KABLEandMAI, 1968).Radopholussimilissurvived
in fallow soil for at least 6months, although their number was greatly reduced
(HANNON, 1963). With Meloidogynejavanica, GODFREY, OLIVEIRA and GITTEL
(1933) stated that egg-masses were killed after 40weeksin soil at field capacity,
and according to MARTIN (1967) M.javanica persisted in fallow soil for longer
than 4 years under natural climatic conditions. After two years the infestation
ofthesoil wasstill high.
The data on survival, evenfor thesame species,varyconsiderably. They leave
little doubt however, that nematodes generally can survive in moist soil for
rather long periods. In some cases only particular stages survive well. It is still
unknown whether differences in survival can directly be attributed to differences in the quantity of soil moisture as such. Various qualitative aspects of the
soil solution must be important, as appears from the following data on the
influence of oxygen and carbon dioxide, organic matter and inorganic compounds inthesoil water.
The availability of oxygen in the soil depends on its use by plants and soil
organisms and gas exchange with the atmosphere which is affected by the
moisture content of the soil. The significance of oxygen to nematodes as described for saturated soil also applies to unsaturated soil, but complete absence
of oxygen rarely occurs. Reduced availability of oxygen, however, may have an
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influence. The significance of soil moisture, aeration and also temperature on
aging of nematodes has been indicated by V A N G U N D Y , BIRD and WALLACE

(1967). Stored food reserves in the body of Meloidogyne javanica are used up
rapidly athigh temperatures, inrelatively drysoils, andinoxygenated solutions.
Conversely, body contents areconserved at lowtemperatures, in wetsoils,and
in solutions with lowoxygen concentrations. Relatively drysoil here is sand at
p F 1.7! Differences exist between species. Meloidogyne javanica larvae have a
higher respiration rate than Tylenchulus semipenetrans larvae, and the latter
species ismobile and infective foralonger time than M. javanica.
Carbon dioxide concentrations in soil mayvary from 0.5 % to 11%, andthe
amount dissolved inthesoil solution will beproportional. High concentrations
reduce nematode activity, butthere isn oproof that C 0 2 istoxic atanyconcentration found in soil (GILLARD et al., 1958; KÄMPFE, 1959; SPECHT and WALKER,

1969).
Organic matter also influences nematode populations in aerated soil. By
mineralization, nitrogen in organic compounds becomes converted into inorganic nitrogen. Soil microorganisms first produce ammonia that becomes
oxidized to nitrites and nitrates. Theoxidation process depends on the oxygen
supply of the soil. Nitrite oxidation goes quicker than ammonium oxidation,
so in general thelevel of nitrite nitrogen is lowincomparison with ammonium
and nitrate nitrogen. Nevertheless nitrites can accumulate if the concentration
of free ammonia becomes high bytheaddition ofheavy dressings of ammonium
fertilizers on soils with a high p H . Soil moisture has a considerable influence
on nitrification. During the dryseason, nitrate accumulates inthesurface layers
of tropical and subtropical soils, although there is still doubt about the causes
(RUSSELL, 1961). On the other hand denitrification, by which nitrogen (N 2 ),
nitrous oxide ( N 2 0 ) , and nitrogen dioxide ( N 0 2 ) are formed, mayalso occur
(NELSON and BREMNER, 1970). There is good evidence that soil organic matter,
especially readily decomposable material, reduces the population of plant
nematodes. Most of the literature has been compiled by SAYRE (1971) andhis
findings and some others can be summarized as follows: most investigations
utilized excessively large quantities of organic materials and this hasnot been
generally adopted in practice with the particular aimto control plant parasitic
nematodes. Explanations given for the possible mechanisms involved in the
partial control ofnematodes are:
a. the products from decomposing organic amendments are directly toxic to
plant parasitic nematodes ;
b. microbivorous nematodes rapidly reproduce and their increase stimulates a
wide array of natural enemies which then also attack plant parasitic nematodes;
c. nematode enemies aredirectly favoured bytheorganic substances on which
they may feed facultatively.
d. changes inthephysical andchemical condition ofthe soil may alter the hostnematode relationship;
16
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e. increased resistance of the host plant, induced by the organic materials or
decomposition products.
Organic soil amendments may also reduce damage to crops by nematodes
owingto morerapid root growth byimproved soil conditions.
Many investigators perceived the suppression of plant parasitic nematodes
and postulated thecauseswithout provingthesignificance ofeach,but VANDER
LAAN (1956) found that Heterodera rostochiensis larvae in roots of potato
plants treated with organic matter developed significantly slowly compared to
those in roots of plants treated with fertilizer or untreated plants. This could
point tophysiological changes intheplant, resultinginaslight resistance. SAYRE
et al. (1964, 1965) obtained extracts from plant residues decomposing in soil
which were nematicidal between pH 4.0 and 5.3 to two tested plant parasites,
but not to saprozoic nematodes. They proved that one of the nematicidal compounds oftheextractswasbutyric acid.
WALKER (1969) carried out comparative experiments with Pratylenchuspenetrans in order to demonstrate the necessity of microbial activity for the effectiveness of organic soil amendments. Addition of 1 % (w/w) nonsterile soybean
meal to sterilized sandy loam gave a significant decrease in the number of
nematodes. Sterilized soybean meal plus selected microorganisms added to
sterile soil gave similar results. Sterile soil with sterile soybean meal had no
effect. Other nitrogenous compounds like K N 0 2 , Ca(N0 3 ) 2 , N H 4 N 0 3 ,
(NH 4 ) 2 C0 3 , urea and peptone decreased populations with variable effectiveness. K N 0 2 being the most nematicidal. In other experiments WALKER (1971)
compared the effectiveness of nitrates, nitrites, organic nitrogen or ammonium
compounds against Pratylenchuspenetrans. Nitrate wasless effective than other
nitrogen compounds. Nitrite was most effective. Carbon dioxide and nitrogen
concentrations were proven not to beresponsible for the population reductions.
Also ethylene and methane were excluded, but ammoniacal nitrogen concentrations were directly correlated with nematode populations. A normal field
application of anhydrous ammonia gave good control of nematodes, especially
inthe areaclosetotheplace of injection (ENO, BLUEand GOOD, 1955).
Inorganiccompounds availableinthesoiloraddedasfertilizer may reach high
concentrations in dry soil, but they can hardly be expected to have a determining influence on nematode populations in moist soils. Few experimental
results are available on this subject. Moreover, most studies deal with the effect
of added inorganic material on nematode populations on a growing host crop,
by which the direct influence of the added compound remains unknown.
UPADHYA (1969) observed large reductions of a great number of plant parasitic
and saprozoic nematodes in unplanted soil after addition of inorganic fertilizers. This author rejected the possibility of osmotic effects, but the applied
amount of 14 g potassium sulphate (48% K 2 S O J per kg of sandy soil will
cause an osmotic pressure of about 18 bar at a moisture content of 15% by
weight.
A high potassium compound fertilizer (NPK 9-4-15) reduced the number of
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Heterodera schachtiicysts on beet and the sameeffect wasinduced by potassium
chloride (CURTIS, 1964). On the contrary development of Meloidogyne incognita on cucumber increased at high levels of potassium. In the same study by
MARKS and SAYRE (1964) Meloidogynejavanica and M. haplawerenot influenced by potassium. ELLENBY and GILBERT (1958) observed depressed hatching
of Heterodera rostochiensis if chlorides of monovalent ions were added to a
hatching factor solution, whereas chlorides of divalent ions caused increased
hatching. CLARKE and SHEPHERD (1966) investigated the influence of a great
number of inorganic ions on the hatching of nine species of Heterodera. In
general there was a selective response by the various species to particular ions.
For instance Cd 2 + was very active in hatching H. schachtii and H. tabacum,
slightly active for H. goettingiana, H. carotae and H. rostochiensis, but inactive
or inhibitory for the other species. Zn 2 + stimulated hatching of 7 species. The
more abundant ions in the soil, such as K + , Na + , Mg 2 + and Fe 3+, were not
more active than other ions. KRADEL (1959) could not demonstrate an influence
of manganese, borium, copper, molybdenium and zinc on the development of
Heterodera rostochiensis on potatoes. Cu 2 + ions in aqueous suspensions of
Trichodoruspachydermus were toxic to this species, but no negative effects were
observed in soil (HAFKENSCHEID, 1972). Calcium gifts to the soil generally do
not seem to affect the cysts of Heterodera species (DECKER, 1969), but addition
of calcium hydroxyde to sandy alkaline soils with a high pH ( > 7) was found
to reduce populations of'Pratylenchus, Trichodorus, Hemicycliophora and others
(KUIPER and DE LEEUW, 1963). Here also eggs and larvae in cysts were not
affected. In acids soils, the compound had no effect. Also calcium cyanide has
been used against nematodes with varying success (cf. DECKER, 1969). D E
GROOTE (1960) attributed the nematicidal effect of this compound to the
technical impurities and theformation ofammonium carbonate.
Nematicidal soil disinfectants usually effect nematodes via the soil solution,
but since such toxic materials are not normal components of the soil solution,
they are not considered here.
1.3.3. Dry soil
In saturated or nearly saturated soil, survival of nematodes is probably only
indirectly affected by the quantity of soil moisture, whereas in periodically dry
soil the amount of moisture may directly influence survival. In saturated soil
there iscontinuously a transfer of water into and out of the nematodes (cf. 1.2.)
The amount of water inside the nematode will not decrease as long as the osmotic pressure of the soil solution remains lower than that of the nematode's
pseudocoelomic fluid. Nematodes exposedtoairnotsaturatedwithwatervapour
loose moisture and become inactive. In soil the socalled free energy of the water
determines whether desiccation occurs. If the soil suction increases, an increasingly greater part of the nematode will be exposed to the soil air, although
probablynotdirectly,because a waterfilmmay bepresent around the nematode.
The presence of a thin film of water will depend on the physico-chemical properties or the chemical potential of the boundary layer of the nematode body.
18
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BIRD (1971) compiled theliterature on this subject andcited several indications
for the existence of a lipid layer with a thickness of some tens of millimicrons,
which could be present on all nematodes. BIRD (1957) has demonstrated the
presence of such a layer on Ascaris lumbricoides. A lipid layer is hydrophobic,
which conflicts with observations that nematodes are very easily wetted. The
latter fact maybedueto hydrophilic (ionic) substances in thelipid layer which
bond water molecules, resulting in a moistening layer around the nematode.
Transfer ofwater mayoccur viathis waterfilm. Lossofmoistureduetopredominant release will depend on thedifférence between moisture potentials inside
and outside the nematode. If the moisture potential inside the nematode is
mainly determined by substances dissolved in the pseudocoelomic fluid, a
value corresponding to 4barisprobable (cf. 1.2.). Analyses on Ascaris species
have demonstrated the presence of inorganic ions, predominantly sodium,
potassium, calcium, magnesium and chloride, besides proteins, carbohydrates,
etc. (FAIRBAIRN, 1960). The moisture potential outside the nematode is determined bydifferent soilfactors. Inrelation to the release of water by nematodes,
soil solution and soil air areconsidered separately.
The factors influencing the total moisture potential of the soil solution in
contact withnematodes aresummarized below.
a. Capillary forces. The concave surface of the fluid between the nematode
body and the soil particles produces a potential, which depends onthe radii
of thecurvature, accordingtotheequation :

1

1

in which p = potential (dynes, cm - 2 ), a = surface tension (dynes, c m - 1 ) , rt
and r 2 = radii of thecurvature (cm)respectively perpendicular and parallel to
the longitudinal axis of the nematode. The influence of r 2 can be neglected,
becauseits valueisverygreatin comparisonwith^ or evenindefinite forastraight
nematode. ForT1 — 1[L,T2 = OOanda =12 dynes,c m - 1 , the moisture potential
corresponds toabout 0.72 bar. Themaximum value willnotexceed about 1bar.
b. Osmoticpotential duetodissolvedsalts.Unlesschemicalsareaddedtothesoil,
thesalt concentration isabout 0.02Natfieldcapacity(pF2 in a sandy soil).
Assuming theaverage activity coefficient ofthe salts tobe 0.7, the corresponding osmotic pressure is about 0.85 bar. If at pF 4, the amount of soil moisture
would have been reduced to one third, the osmotic pressure will be about 2.5
bar.
c. The osmotic potential in the double layer of the soil particles due to the
presence ofexchangeable ions.This potential maybecomevery high.
At total soil moisture potentials corresponding topF'values greater than 3.6
(4bar)thenematode will loose water andits osmotic potential will increase. At
the same time there isthepossibility ofion uptake from the soil solution atthe
points ofcontact.
In a drying soil, an increasingly greater part ofthe nematode will be exposed
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to the soil atmosphere, of which the relative humidity isrelated to the pF' value
of the soil. (cf. 1.1.). At relative humidities below 100%, the nematode could
loose water to the atmosphere, but the presence of substances dissolved in the
pseudocoelomic fluid of the nematode will reduce the release of water. If the
osmotic pressure of 4bar again is taken as a measure of the moisture potential
inside the nematode, loss of water to the soil air will occur at relative humiditiesbelow99.7%(pF' 3.6) at20°C.
Regarding the transfer of water between nematodes and soil air it should be
noted that temperature also influences the relative humidity. Relative humidity (r.h.) is the ratio of the pressure of water vapour present (P)to the pressure
ofsaturated water vapour (Ps)at the sametemperature. In formula:
P
r.h. = —. 100
*s

The relationship between temperature (t) and pressure of saturated water
vapour (Ps)between 15° and 25°Cis:
logP s = 0.026t + 0.72
(P sin mmHg,tin °C; STAKMAN, 1968).
If at a lower temperature the saturated water vapour (Ps) becomes equal to
the existing water vapour, condensation occurs. The necessary loweringof the
temperature (At) that causes condensation can be calculated with the equation:
A t = 10 p F '- 4 - 9 (at20°C)
(after STAKMAN, 1968). At pF' 4 a lowering of the temperature by 0.126°C
causes condensation and this will stopwater loss bythe nematode or even allow
water intake. A desiccated nematode with increased moisture potential may
even take up water when the temperature falls only slightly and the relative
humidity rises. Similarly a rise of temperature will result in a lower relative
humidity and an increased desiccation of the nematode. The dynamics of these
processes depend on the speed of the temperaturechanges.Thus,dailytemperature fluctuations may cause alternately desiccation and remoistening of the
nematode.
The phenomena mentioned above have been related to single nematodes and
not to populations, because moisture potentials in soil may differ even at short
distances, especially if the moisture situation is not constant. Also the effect
of temperature fluctuations may vary due to differences in thermal conduction
in the soil. Accurate calculations would also require more information on the
nematode's pseudocoelomic fluid and the function and properties of the cuticle
and epidermis.
Continued drying of the soil will bring about an increased desiccation of the
nematodes, which may cause death or anhydrobiosis eventually followed by
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death or resuscitation upon rewetting. Some nematode species are known to
survive dry conditions for a long time. There are remarkable records on some
plant parasites. Tylenchus polyhypnus revived after 39 years (STEINER and
ALBIN, 1946), Anguina tritici after 28 years, Ditylenchus dipsaci after 23 years
and Tylenchus balsamophilus after 24 years (FIELDING, 1951). Also Aphelenchoides ritzemabosi, Ditylenchus myceliophagus, Anguina agrostis and Heterodera rostochiensis are known to withstand drought very well. In general only
one of the developmental stages can resist desiccation. Most of these species
survive inside plant material, but there are also several records on desiccation
survival of plant parasites in soil. A number of these data have been compiled
intable 1.

TABLE 1. Survival ofvariousnematodes indrysoil
Species

Duration of
drought

Survival

Tylenchorhynchus
dubius
T. dubius

3 weeks

85%

6 weeks

0%

T. brevidens
T. brevidens
T. claytoni

9 months
15 months
6 weeks

50%
some
some

Rotylenchus robustus
R. robustus
Helicotylenchus
nannus
H. nannus

3 weeks
13 weeks
7 months

< 10%
some
some

Remarks

Wyss (1970)
soil in plastic
bags

1 year

some

Hoplolaimus
tylenchiformis
H. columbus

2 days

0%

1 year

some

Paratylenchus
projectus
P. projectus

2 weeks

many

8 weeks

some

P. projectus

2 days

0%

P. amblycephalus
P. minutus

7
4 months

0%
0%

Pratylenchus
penetrans
P. penetrans
P. penetrans

3 weeks

40%

13 weeks
12 days

some
14-22%

pF5.0

P. penetrans

6 weeks

30-65%

pF4.2
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Reference

adults & preadults
pre-adults &
larvae
pre-adults

Sharma (1971)
Meagher (1970)
Meagher (1970)
McGlohan et al.
(1962)
Wyss (1970)
Rössner (1971)
McGlohan et al.
(1962)
Radewald &
Takeshita (1964)
McGlohan et al.
(1962)
Fassuliotis (1972)
Rhoades &
Linford (1961)
Rhoades &
Linford (1961)
McGlohan et al.
(1962)
Reuver (1959)
Radewald &
Takeshita (1964)
Wyss (1970)
Rössner (1971)
Kable & Mai
(1968)
Kable & Mai
(1968)
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TABLE 1. Continued

Species

Duration of
drought

Survival

Remarks

Reference

P. brachyurus

6 days

100%

P. brachyurus

6 days

5%

P. brachyurus

5 weeks

1.2 hrs/day
t > 39°C
2.8 hrs/day
t > 39°C
0.6-1.2 hrs/day
t > 43°C

P. brachyurus

4 months

0%

P. minyus
Radophotus similis

13 months
27 hours

40%
some

12 hrs/38°C

Rotylenchulus
reniformis
Heterodera avenae

7 months

some

air-dry soil

13 months

good

6 months

0%

eggs & larvae in
cysts
eggs & larvae in
cysts
larvae & eggs

Feldmesser &
Rebois (1965)
Feldmesser &
Rebois (1965)
Feldmesser &
Rebois (1965)
Radewald &
Takeshita (1964)
Meagher (1970)
Feldmesser &
Feder (1957)
Birchfield &
Martin (1967)
Meagher (1970)

H. avenae
Meloidogyne
javanica
M. javanica

25-50%

20 weeks

some

16-20 weeks

some

M. incognita acrita

4 months

0%

M. species

5 days

0%

Duggan (1960)

Godfrey et al.
(1933)
larvae & eggs
Godfrey et al.
(stirred soil)
(1933)
Radewald &
Takeshita (1964)
rapidly dried soil Peacock (1957)

The data in table 1cannot be compared, but it appears that apart from the
parasites of aerial plant tissues and cystforming Heteroderà's, that have an apparant protective mechanism, some nematodes can survive desiccation for
considerable periods of time. More evidence is given by ORR and NEWTON
(1971), who recovered 28nematode genera from dust that had been collected in
traps two meters above the ground. Among them were the plant parasitic
genera: Aphelenchus, Aphelenchoides, Criconemoides, Ditylenchus, Helicotylenchus, Longidorella, Meloidogyne, Neotylenchus, Pratylenchus, Psilenchus,
Tetylenchus, Tylenchorhynchus and and Tylenchus. Also KRNJAIC and KRNJAIC
(1970)found various specieswitha similar method.
Thus there are reasons for suspicion regarding the general assumption that
few species of nematodes are able to survive desiccation. Hardly any species
can survive when subjected to desiccation on a glass slide in the laboratory, but
this treatment is unrealistic. In soil, the process of drying takes place gradually
and nematodes obviously adapt themselves to a decreasing amount of moisture.
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1.4. S C O P E OF THE I N V E S T I G A T I O N S

This study deals with the effect of soil moisture on the survival of ectoparasitic root-infesting nematodes in fallow soil as determined under laboratory
conditions.Threeessentially differing situations canbe distinguished.
a. Water-saturated soil. This condition is known to reduce nematode populations by predominantly microbiological processes. Few experiments are
madeon this aspect.
b. Unsaturated moist soil.Littleisknown about the direct influence of moisture
quantities on survival under these conditions or on the effect of additions to
the soil.
c. Dry soil. Severe drought is unfavourable to the group of nematodes concerned, but precise data on the significance of the degree of desiccation, the
duration, differences between species or stages of development, theinfluence of
fertilizer, etc.arepoorly known.
The greater part of the experiments is carried out with two species of ectoparasitic nematodes, i.e. Tylenchorhynchus dubius and Rotylenchus robustus,
whereasvariousotherspeciesaretestedingeneral investigations.
Increased knowledge about the influence of soil moisture regimes on nematode survival may result in methods of nematode control in combination with
agricultural practices which are already widely used, such as dry fallow, irrigation and manuring ofthesoil.
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2. M A T E R I A L S A N D M E T H O D S

General materials and methods are described here while special techniques
arecited under thecorresponding experiments.

2.1. N E M A T O D E S

2.1.1. Specimensfor experiments
All experiments with soil were carried out with indigenous nematode populations. Soil without plants was stored at room temperature from 1.5 to 2
months prior to experimentation unless otherwise mentioned. This avoided
complications for the interpretation of experimental results, since populations
generally decline strongest shortly after the removal of host plants, and such
decline may overshadow possible population changes resulting from the effect
ofsoilfactors studied.
The main ectoparasitic nematodes present in the experimental soils and considered intheexperiments, are cited intable2.
TABLE 2. The main indigenous species of ectoparasitic nematodes present in the experimental
soils
Soil
Tarthorst
Westberg
Dijkgraaf
Rijnsteeg
Ellecom
PD (a)
PD (b)

Nematode species
Tylenchorhynchus dubius, T. maximus, T. ornatus, T. tessellatus, Helicotylenchus pseudorobustus, Paratylenchus f, Criconemoides spp.
Helicotylenchus pseudorobustus, Paratylenchus f, P. microdorus.
Tylenchorhynchus nothus, Rotylenchus robustus.
Tylenchorhynchus quadrifer, Helicotylenchus pseudorobustus, H. varicaudatus, Paratylenchus/, P. microdorus.
Tylenchorhynchus dubius.
Tylenchorhynchus dubius, Rotylenchus robustus.
Rotylenchus robustus.

2.1.2. Extractionfrom soil
Dry soil was wetted without disturbing the structure and then stored for 1to
3 days prior to extraction. This is an essential modification of the normal
extraction methods which proved to be necessary and which was introduced
after extensive experimentation (cf. 4.1.). Moist soil that served as a reference
received thesame treatment.
Twoextraction methods were used.
1. Elutriation according to the method of OOSTENBRINK (1960). This method
was used inthe general investigations only.Thetechniqueisbased onthedifference between settling speed of soil particles and nematodes. Soil with nema24
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todes is washed into the upper part of an elutriator, in which water rises at an
adjustable speed. Heavy soil particles settle to the bottom of the apparatus and
the risen water with nematodes and fine soil particles pours out onto 4 piled
sieves with 44 u. mesh. Nematodes and other residues are washed from the
sieves and the suspension is cleaned by pouring it over a double cottonwool
filter, supported by a course sieve, placed in a shallow tray with water. The
nematodes creep through the filters and are collected from the tray in 24 hours
or later.
2. A slight modification of the cottonwool filter method (OOSTENBRINK, 1960),
referred to asdécantation. Wet soil(50gorless)isplacedintoa21can;600ml
of water is added; the suspension is stirred for 10seconds and decanted into a
container 5seconds later. The procedure ofadding water, stirring and decanting
is repeated two more times. The collected suspension is poured on 4 sieves of
44u.mesh. Further extraction proceeds aswiththeelutriation method.
In all but the general investigations, the final step ofthe extraction procedure,
when the nematodes had to pass through the cottonwool filters, lasted five days
instead of one so that nematodes that were not very active had ample opportunity to passthrough thefilters.
2.1.3. Enumeration of extracted populations
Initial populations in experiments with soil were determined after all pretreatments werecarried out.
As a rule all extracted nematodes were counted instead of samples from a
suspension. This reduced variation since in many cases various stages of development were analysed which would increase variation. This often necessitated
working with small amounts of soil containing less than 600 specimens of the
investigated species. Since no plants are grown, 25 or 50gof soil was adequate.
Itrequiredthoroughlymixingthesoilpriorto experimentation, and this resulted
inlowcoefficients ofvariation for theinitialpopulations ( < 5%).
Analysis of duplicate aliquots from nematode suspensions to determine the
sizeofthepopulation wasperformed in the general investigations. The size of
the aliquots depended on nematode densityin a 25ml water suspension as given
below.
Number of nematodes per ml
> 100
60-100
30- 60
< 30

aliquots taken
2.5 ml from a 25ml suspension
5 ml from a 25ml suspension
2 ml from a 10ml suspension
5 ml from a 5ml suspension

At densities below 60 nematodes per ml from a 25 ml suspension, the water
was reduced to 10 or 5 ml. Aliquots were pipetted from the centre of a handshaken suspension into the lid of a plastic Cooper tissue culture dish with an
appropriate rectangular grid to facilitate counting. This was done under a dissectingmicroscope at 50times magnification.
Meded. Landbouwhogeschool Wageningen 73-3 (1973)
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2.1.4. Statistical analyses of nematode numbers
Numbers of nematodes were usually analysed after transformation to 10logarithms. Percentages were analysed after angular transformation (angle =
arc sin

t

percentage
). The common statistical methods, such as the analysis
100

of variance, Tukey's multiple range test, Kendall's rank correlation test, regression and correlation tests,were used.
Significance ofdifferences wasindicated atthe0.05level of probability.

2.2. S O I L S

2.2.1. Natural soilsselectedfor experiments
Data on the soils used have been summarized in table 3. The moisture
characteristics are given in figure 6. The curves have been determined on the
soils, which were sieved and slightly compressed like in the experiments and
having been started from water-saturated soil (desorption curves). Soil moisture is expressed in percentages by weight for practical reasons; moisture
content is determined gravimetrically. In the experiments, moisture contents
were at any rate determined at theevaluation time ofthe nematode populations.
Grams of soil refer to grams of oven-dry (105°C) soil, unless mentioned
otherwise.
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FIG. 6. Moisture characteristics of six soils used for experimentation. T = Tarthorst soil,
E = Ellecomsoil,PD= PDsoil,R= Rijnsteegsoil,D = Dijkgraaf soil,W= Westbergsoil.
Abscissae:pFvalue.
Ordinates:soilmoisturecontent(%byweight).
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2.2.2. Soil treatmentprior to experimentation
In all experiments, soil from the original location was sieved through a 3mm
sieve to remove stones and roots and thoroughly mixed. Consequently, bulk
density values are lower than those for the soils in the field, even after they have
been recompressed.
In experiments where the amount of soil moisture was kept at a fixed predetermined level, the moisture content usually had to be adjusted. If the soil
had to be wetted, demineralized water was used. To obtain saturated and near
saturated soil, the required amount of soil was put into the containers used in
the experiment and compressed to the required bulk density. Then the calculated amount of water was added extremely slowly so that any aircould escape.
If unsaturated soil had to be wetted, a small amount of water was added carefully to the thinly spreaded soil with a mistifier and mixed. This procedure was
repeated until the required amount of water had been added. The soil was then
covered and stored for some hours. When it was necessary to remove a small
amount ofwater,the soilwasspread out and remixed atvaryingtimes.
Extensive tests showed these techniques to be satisfactory in obtaining the
required moisture content. However, these techniques do not allow for very
accurate pF values and those values mentioned indicate a certain limited range,
whichisno objection because subtledifferences arenot studied.

2.3. D E S I C C A T I O N OF NEMATODES IN VITRO

For the desisccation experiments in vitro (chapter 5) two principles are applied. The first isthe relationship between pF' and relative humidity (see 1.1.),
the second is the relationship between relative humidity and the concentration
of aqueous glycerine solutions in a closed container. This relationship is presented in figure 8. To effect these principles for experiments with nematodes, a
humidity chamber was designed that allows quick handling. The humidity
chamber (fig. 7) consists of a heavy glass jar (1), which is almost completely
filled with water or a water-glycerine solution, and a perspex ring (2) with a
bridgefor glass-slides (3).Thetwo bridgeopenings in thering (4)areclosed with
rubber stoppers (5).A groove (6) in the bottom of the ring, filled with synthetic
modelling-clay, ensures gas-tight fitting of ring and jar and makes separation
simple in case of solution renewal. The thick plan-parallel perspex lid (7) is
sealed onto theringalsowith syntheticclay.
Although the useofwater-glycerine mixture ensures relativehumidities which
are almost independent of the temperature between 10°C and 30°C, a quick
change of the temperature will nevertheless cause a temporary change of the
existing humidity. To avoid this, the humidity chambers were placed in an
incubator with a constant temperature of20°C ± 0.5.The slight fluctuations of
thetemperature occurred very gradually.
Various desiccation techniques were applied, all accomplishing gradual
desiccation of nematodes.
28
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1. Glassslidedesiccationtechnique
A number of humidity chambers werefilledwith aqueous glycerine solutions
in a range based on equably increasing pF' values (see table 4). The nematodes
to be tested were collected in a drop of de-ionized water on a glass cavity slide.
The water was removed with a micropipette and the slide placed immediately
into chamber no 1containing water. The relative humidity in this chamber was
100% or a little lower and this first step conditioned the nematodes to the
process of desiccation. After a certain period of time the nematodes were
transferred to chamber 2 at 97.7% r.h. (pF' 4.5) and so on to the required final
humidity.
2. Membrane filter desiccationtechnique
Instead ofputting the nematodes on a glass slide,a membrane filter (cellulose
nitrate, pore size 3[i.)can be used. With a micropipette the nematodes in a small
amount of water were brought onto the filter. The water was directly removed

FIG. 7. Constant humidity chamber for desiccation of nematodes (for explanation of the
figures isreferred tothetextofpar.2.3.).
Meded. Landbouwhogeschool Wageningen 73-3 (1973)
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TABLE 4. Range of aqueous glycerine solutions with corresponding relative humidities (r.h.)
andpF'valuesat20°Cusedindesiccation experiments
No.

1
2
3
4
5
6
7

99.995 99.99 -

density
water-glycerine
mixture

r.h.(%)

pF'

0.998 (water)
1.030
1.046
1.066
1.099
1.132
1.186

100-99
97.7
96.0
93.0
87.9
79.5
66.5

4.50
4.75
5.00
5.25
5.50
5.75

-1.24

-1.22

-1.20
99.95

-1.18

99.9 •1.16

-1.14
99.5
99 98

95 -

-1.12

-1.10

-1.08

90 -1.06

-1.04
50 1.02

10 - 1

•-1.00

FIG. 8. Relations between the concentration of aqueous glycerine solutions and relative
humidity (r.h.)at 10°to 30°C(—) and specific gravity at 20°/4°C(---) (Stakman,1968).
Abscissa: concentrationaqueousglycerinesolution(%byweight).
Ordinates:left:r.h.(%),doublelog.scale(cf.fig.4B).
right : specificgravityaqueousglycerinesolution.
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by vacuum suction, through which only a small area of the filter became wet.
The filter with nematodes was placed into chamber 2(97.7%r.h.) and the water
from the filter evaporated slowly, by which the first step of desiccation also
proceeded gradually.
3. Gradualdesiccation technique
The desiccation process can proceed still more gradually by the following
technique, by which the transfer of nematodes from one chamber to the other
becomes unnecessary and which enables simultaneous execution of several
experiments. Nematodes on a glass slide, like in technique 1, were placed in a
humidity chamber withwater. At stated intervals a certain amount of glycerine
was pumped into the chamber by means of a peristaltic pump and mixed with
the water by a stirrer that also functioned as a fan. The stirrer was driven by an
electromotor mounted on the lid of the chamber. Both pump and stirrer were
switched on and off simultaneously by a time switch-relay. The glycerine reservoir and pump were placed inside the incubator to ensure equal temperatures
of the liquids. Both rate and final step of desiccation could be controlled by
administration oftheglycerine.
At the end of the test the nematodes were taken out of the final chamber,
rewetted intap water and examined for survival after a24hoursrecoveryperiod.
Since the difference between living and dead nematodes was sometimes indistinct, nematodes were considered alive if they showed activity, either spontaneously or upon touching.

Meded. Landbouwhogeschool Wageningen 73-3 (1973)

31

3. S U R V I V A L I N M O I S T F A L L O W SOIL

Moist soil is the common, permanent habitat of ectoparasitic root-infesting
nematodes. When suitable plants are growing, the nematodes may reproduce
and thrive. During periods of fallow the nematodes enter quiescencesince they
are obligatory plant parasites. It is under these circumstances that the influence
ofmoisture on nematode survival is investigated.
This chapter includes general, introductory investigations (3.1.) and more
specific studies on soils with Tylenchorhynchus dubiusand Rotylenchus robustus
(3.2.).Theinfluence ofextreme drought iscovered inchapters 4and 5.

3.1. GENERAL INVESTIGATIONS

The general investigations examine the influence of fluctuating and constant
moisture levels and various controlled moisture regimes in moist soils on the
natural nematode communities.
3.1.1. Fluctuating moisture levels
Natural nematode communities in three different soils were exposed to a
fluctuating moisture regime under partially controlled conditions. Earthen
pots were filled with 100gWestberg soil (sand), Dijkgraaf soil (loamy sand) or
Rijnsteeg soil (sandy clay loam). The soils had been taken from the fields of
grasses and weeds towards the end of the growing season, i.e. late September.
After sieving to remove stones and coarse roots, the soils, which had a loose
'sandy' structure due to the pretreatment (cf. chapter 2), were used without
delay. Five pots of each soil were kept to determine the initial populations. The
remaining 30 pots of each soil were placed in a greenhouse with average daily
temperatures of 15-18°C during 22 weeks. Incidentally the temperature rose
to a maximum of 26°Cfor 1to 2 hours each day. The relative humidity of the
air was between 30% and 60%with occasional extremes of 20% and 90% for
short periods. The pots were sprinkled with water regularly so that neither
saturation nor dryness occurred. After 2 weeks and then every 4 weeks during
a total period of 22 weeks, the nematode populations in each soil were determined with 5replicate pots taken at random. Adults and larvae were analysed
separately for eachoftheprevailinggeneraofectoparasitic nematodes.
The course of the populations is summarized in table 5. It appeared that all
genera survived in all soils for a long time despite the absence of food plants.
Some populations showed an increase in density during the first weeks, which
may have been due to hatching of eggs (which as such are lost in the extraction
procedure) and to larval development. The populations in these recently collected soils may also have fed and reproduced on bits of fresh roots in the soil.
Ultimately the densities of all nematodes in all soils were significantly reduced.
32
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TABLE 5. Percentage population density (initial density is 100) of the main plant nematode
genera in three fallow soilsexposed to a partially controlled, moderatelyfluctuatingmoisture
regimeafter 2,6,10,14,18,and22weeks.A = adults,L = larvae.
Eachpercentageistheweightedmeanof5replicates
Nematodes

Exposure time in weeks

and soils

2

6

10

14

18

22

19
0.3
48
19

10
0
84
24

Paratylenchus
(sand)
Helicotylenchus
(sand)

A
L
A
L

72
23
119
52

52
15
105
49

19
5
28
27

26
1
97
15

Rotylenchus
(loamy sand)
Tylenchorhynchus
(loamy sand)

A
L
A
L

176
145
102
116

161
109
96
80

143
48
78
32

145
51
50
39

45
34
77
18

14
22
26
16

Tylenchorhynchus
(sandy clay loam)
Helicotylenchus
(sandy clay loam)
Paratylenchus
(sandy clay loam)

A
L
A
L
A
L

103
72
69
67
97
72

117
36
75
37
65
0

83
53
77
47
61
8

81
46
53
37
63
4

88
23
56
16
24
0

84
39
40
16
35
0

The reduction of larvae was stronger than adults. Paratylenchus larvae disappeared quickly and are obviously more susceptible than the adults and the
other genera.
3.1.2. Constant moisturelevels
Previously stored Tarthorst soil at pF 1.8 with its natural nematode community (cf. chapter 2) was adjusted to moisture levels corresponding to pF
values 1,2, 3and 4. Each batch of soil wasspread over 8plastic pots with 50 g
of soil each. The initial populations were determined by extracting the soil of
three replicate pots. The remaining 5 pots of each series were covered with a
thin, perforated plastic sheet to allow for gas exchange and to prevent loss of
moisture. This was further achieved by placing the pots in a climatic cabinet at
16 ± 0.2°C and 98-100% relative humidity. After 13 weeks the soil moisture
content and the nematode populations were determined on two and three pots
ofeachpF seriesrespectively. Themoisturecontenthad not perceptibly changed.
The nematode figures are reported separately for the four prevailing genera of
plant parasites.
The results are summarized in table 6. At pF 2 the mean percentages of the
final numbers of nematodes were less than 100for all genera, but only Paratylenchus had decreased significantly. Paratylenchus is also the only genus which
declined at all pF values, although the difference was significant only at pF 2.
It is obvious that the populations as a whole are not strongly influenced by any
ofthemoisture conditions evenafter 13 weeks.
Meded. Landbouwhogeschool Wageningen 73-3 (1973)
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TABLE 6. Percentage population density (initial density is 100) of the major plant parasitic
nematode genera of anatural community ina sandy soilkept at 4different moisture levels for
13weeks. Each percentage is the mean of 3 replicates. Percentages differing significantly
from 100aremarked by*
Nematode
genera

Tylenchorhynchus
Helicotylenchus
Paratylenchus
Criconemoides

pF
1

2

3

4

111
71
56
129

82
80
36*
53

106
272*
65
100

94
91
86
135

3.1.3. Variouscontrolledmoisture regimes
Tarthorst soil was exposed to six different moisture regimes under controlled
conditions (1-6), whereas the effects of soil tilling (T) and the addition of
organic manure (0)werealso investigated.
Oblong plastic bags hanging in plastic cylinders of 4.6 cm diameter were
filledwith 280 gof soil. The cylinders were divided into 6groups and during 20
weeks the soil of each group was subjected to one of the following moisture
regimes:
1. Held continuously at about pF 2.This served asa reference.
2. From pF 0 slowly rising to pF 4 in 12 weeks, saturation, and gradually
dryingtopF 4in 8weeks.
3. HeldatpF 0during4weeks, then increasing to pF 3 in 8 weeks, saturation
for 4weeks,and then arapid increasetopF 3.5in4weeks.
4. Held at pF 0during 4weeks,then gradually increasingto pF 3.5in 12weeks,
saturation, and arapid increase topF 3.5in4weeks
5. From pF 0gradually increasingtopF 4.5in20weeks.
6. Held at saturation for 20weeks.
In all cases, drainage was prevented to check leaching of nematodes and
salts. The entire experiment was carried out at both 15°C and 20°C, and the
cylinders with soil were placed in climate rooms at 70-90% relative humidity.
Evaporation was regulated by separate ventilators. The soil moisture condition
was estimated every three to four days by means of gypsum resistance blocks
(Bouyoucos) placed in additional cylinders with soil. The gypsum blocks had
been calibrated in the same soil prior to the experiment. Moreover soil moisture

FIG. 9. Survival of natural populations of three nematode genera after 20 weeks in fallow
Tarthorst soil subjected to moisture regimes 1to 6(cf. text),as well as to soil tilling (T) and
toorganicmanure(0),atboth 15°and 20°C.
Pi = initial population. Broken lines ( ) indicate levels under which populations differ
significantly from P, or from treatment 1; *marks the treatments causing a significant differencefrom treatment 1.
Abscissae:symbolsfor different treatmentsasindicatedabove.
Ordinates:numberofnematodesper 100gsoil(log.scale).
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was determined gravimetrically every 4 weeks on other separate cylinders with
soil. In the course of the experiment the bulk density of the soil increased from
0.96to 1.05g.cm" 3 .
The effect of soil tilling (T) was investigated on parallel series of cylinders
with soil exposed to the moisture regimes 2, 3, 4 and 5. The tilling took place
when the soilwasfairly dry.The first time after 9weeks,then after 15weeks for
regimes 2 and 5,and finally after 18weeks for regimes 3and 4. Tilling is simulated bypouring overthe soilinto similar cylinders.
The influence of manuring (0) was investigated on parallel series of soil
exposed to the moisture regimes 3,4and 6, which all had a saturation period of
at least 4 weeks. An amount of dried cow-house manure equivalent to 10 tons
per hectare was mixed with the soil at the beginning of the experiment; this
amount equals 50tonsnon-dried manureper hectare.
After 20 weeks the final nematode populations were determined on 3 replicates of each treatment and compared with the initial populations. The nematode figures recorded are for three of the prevalent genera of ectoparasites,
namelyParatylenchus, Tylenchorhynchus and Helicotylenchus.
The results are summarized in figure 9and can be described as follows:
a. None of the populations was eradicated or nearly eradicated by any of the
treatments.
b. All populations decreased in comparison to the initial population Pj; this
was more obvious for Helicotylenchus than for the other twogenera,particularlyat 20°C.
c. None of the treatments 1, 2 and 5 caused significant differences from Pj,
exceptfor Helicotylenchus at20°C.
d. Nearly all populations were significantly reduced by treatment 6, viz. continuously flooding, compared to Pjas wellasto treatment 1.
e. Most of the treatments 3 and several of the treatments 4, both comprising
strong and rapid soil moisture fluctuations, reduced the numbers of Tylenchorhynchusand Helicotylenchus, but not of Paratylenchus, compared to Pj.
f. No general effect could be attributed to tilling or addition of organic manureinthesetrials.

3.2. INVESTIGATIONS ON TYLENCHORHYNCHUS
ROTYLENCHUS ROBUSTUS

DUBIUS AND

The effect of constant and fluctuating soil moisture levels and of some qualitative factors due to the addition of fertilizer and organic manure was studied
in moist soils containing T. dubius and R. robustus, the two most numerous
ectoparasitic species in sandy soils in the Netherlands. Two test soils contained
either T. dubiusor R. robustus,and another oneharboured both species.
3.2.1. Underaconstantmoisturelevel
Ellecom soil with T. dubiusas the only Tylenchorhynchus species and PD soil
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FIG. 10. Initialnumbers(—)andnumbersafter 19weeks(---)ofpopulationsofT. dubiusand
R.robustus infallow soilsat pF 1.7-1.9,separatelyfor total nematodenumbers(T),females
($),males((?),L4,L3andL2larvae.Eachnumberisthemeanof5replicates.
Abscissa:symbolsfornematodestagesasindicatedabove.
Ordinate: nematodenumbersper25gsoil;log.scale.
(b) with R. robustus as the sole Rotylenchus species were kept at pF 1.7-1.9 in
90 ml glassjars with bakélite screw caps. Thejars were filled with 25 g of the
soils and placed in a laboratory cabinet at 22±3°C and 75±10% relative
humidity. The screw caps allowed for some gas exchange. This also resulted in
somelossof moisture, causing the pF to increase gradually from 1.7 at the beginning to 1.9 at the end of the experiment. The size and composition of the
populations were determined on 5 replicate pots of each soil at the beginning
of the experiment, after 3 weeks, and then every 4 weeks during a total period
of 19weeks.
The results of the initial and final populations are illustrated in figure 10 and
show that after 19 weeks, the total populations and the number of each developmental stage of both species have only slightly been reduced. When all the
results are considered, the decrease of total populations or stages is not significant due to density fluctuations during the course of the experiment (Kendall's
rank correlation test).
3.2.2. Variousconstantmoisture levels
Population development of T. dubiusand R. robustus was compared atthree
constant moisture levels in PD soil (a) in which both species were numerous.
A required number of 90 ml glassjars contained 25 gof soil of which the moisMeded. Landbouwhogeschool Wageningen 73-3 (1973)
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ture content had been adjusted at levels corresponding to pF 0.5-1.0 (series I),
pF 1.7-2.0 (series II) and pF 3.9-4.2 (series III) respectively. Except for 5
replicate jars of each series to determine the initial populations, all jars were
stored in an aquarium with removable top and water in the bottom. The
aquarium was placed in a climatic room at 18°C and 80% relative humidity.
Theseconditions ensured about 100%r.h. and prevented loss ofwater from the
soil.The air in the aquarium was refreshed regularly by forcing air through a
porous blockinthe water. The populations wereanalysed after 0,4,8,16and 24
weeks; females, males and larvae were noted separately. The soil was always
moistenedthreedayspriortodécantationto avoid deficient nematode extraction
from the relativelydryer soils (cf. par. 4.1).
The results do not reveal significant changes of either populations at any
of the three moisture levels when the results from all evaluation data are considered (Kendall's rank correlation test).This applies to the total populations as
well as to the females, males and larvae separately. The initial and final populations are illustrated in figure IIA, showing the slight density changes after
almost half ayear offallow atthethreemoisture levels.
3.2.3. Constantmoisture levelswithadditionof fertilizer
The quality ofthe natural soil solution willoften beinfluenced bythe addition
of fertilizers. To investigate the effect of fertilizer application on survival at
different constant moisture levels, a very high dose was added to PD soil with
T. dubius and R. robustus. The dressing was equivalent to 3300 kg N.P.K.
12-10-18 per hectare. The fertilizer was reduced to a powder and mixed with
the soilimmediately before the moisture adjustment. The electrical conductivity
of the soil solution (saturation extract) increased from 1.2to 9.1millimho's per
cm. Soil moisture levels, environment, population determination data and all
other experimental conditions were similar to the previous experiment (par.
3.2.2.).
The size and composition of the initial populations and the populations after
24 weeks are presented in figure IIB. When the results from all evaluation data
are considered, neither total populations nor the recorded stages changed
significantly at any of the moisture levels according to Kendall's rank correlation test. The addition of fertilizer, therefore does not change the persistance of
thenematodes atthevarious moisture levels.
3.2.4. Constantmoisture levelswithadditionoforganicmanure
The influence of an organic manure dressing on survival of T. dubius and
R. robustus in soil at different constant moisture levels was investigated by
adding a high dose of cow-house manure to PD soil (a).The amount added was
equivalent to 10tons of dried cow-house manure per hectare, equivalent to 50
tons of moist material. Soil moisture levels, environment, population determination data and all other experimental conditions were similar to the previous experiments (3.2.2and 3.2.3).
The size and composition of the initial populations and the populations after
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FIG. IIA, B,C. Initial numbers (—) and numbers after 24 weeks (---) of populations of
T.dubius and R. wbustusin a fallow sandy soil at three constant moisture levelsas indicated,
separately for total nematodes (T), larvae (L), females (?) and males ((J), in three parallel
experiments:
A. Variousconstantsoilmoisturelevelswithoutsoildressings(cf. 3.2.2.).
B. AsA.,withsoildressingoffertilizer (cf. 3.2.3.).
C. AsA.,withsoildressingoforganicmanure(cf. 3.2.4.).
Eachnumberisthemeanof5replicates.
Abscissae:indicationofpFvaluesandofnematodestages.
Ordinates: nematodenumbersper25gofsoil;log.scale.
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24 weeks are illustrated in figure 11C. As in the previous experiments, total
populations and recorded stages of development did not change significantly
when all results are considered, and the addition of organic manure did not
influence thepersistance ofthenematodes at the moisture conditions studied.
3.2.5. Fluctuatingmoisturelevels
The constant soil moisture levels studied in par. 3.2.2 to 3.2.4 did not reduce
the populations of T. dubius and R. robustus significantly during a period of
24 weeks. Usually, however, the moisture condition in the soil is variable,
depending on weather conditions. In the following experiment PD soil (a) was
treated in such a way that the moisture level fluctuated between pF 0 and 4.2.
As in the experiments with constant moisture levels, 90 ml glassjars with 25 g
of soil were placed in a climate room at 18°C, but now at 75% relative humidity. The moist soil was allowed to dry to an average pF value per jar of 4.2,
determined by weighing every 3 or 4 days. Demineralized water was added to
saturation and again allowed to evaporate. This process continued during the
full experimental period of 24 weeks. To reduce the rate of drying of the small
amount of soil, all jars were covered with a plate of perforated hard-board.
Then water had to be added every 2\ or 3weeks; the total observation period
of24weekscovered 9cycles.
Also the effect of dressings with fertilizer and organic manure was investigated, thus giving three soil series: A - no additions; B-fertilizingwith3300kg
N.P.K. per hectare; C - manuring with 10 tons dried cow-house manure per
hectare.
1000-,

R. robustus
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FIG. 12 A, B, C. Initial numbers (—) and numbers after 24 weeks (---) of populations of
T.dubiusand R. robustus in fallow sandy soil fluctuating between pF 0 and 4.2, indicated
separately for total nematode numbers (T), larvae (L), females (?) and males ($), in three
parallelexperiments:
A. Unamendedsoil.
B. Fertilizedsoil.
C. Soilwithorganicmanure.
Eachnumberisthemeanof5replicates.
Abscissae:indicationofexperimentsand ofnematodestages.
Ordinates:nematodenumbersper25gofsoil;logscale.
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Of each series, size and composition of the populations were determined on
5 replicate jars after 4, 8, 16 and 24 weeks. Initial populations of the series A,
Band C were the same as those in the experiments under 3.2.2, 3.2.3 and 3.2.4.
Experimental conditions other than soil moisture were also similar, so the data
can be compared.
The initial and final populations are illustrated in figure 12. After 24 weeks
the total populations and developmental stages of both species changed only
slightly and there was no general effect due to the addition of fertilizer or
organic manure. When the results from all evaluation data were considered,
total populations and stages of development did not change significantly
(Kendall's rank correlation test). There were also no general differences with
thepopulations insoilsat various constant moisture levels, (cf. fig. 12 A,B,C.
with fig. 11A,B,C,). It is clear that fluctuating soil moisture levels have no
greater effect on survival than constant moisture levels within the range of pF
0to4.2.

3.3. DISCUSSION

The orientational experiments indicated that a natural population of ectoparasites that has been deprived of food for some time in fallow soil is not
strongly affected by non-extreme moisture conditions. At various constant
moisture levels up to pF 4, populations of four nematode genera had changed
little after three months (3.1.2.). Also in soil exposed to gradual moisturefluctuations for 5 months, the populations of three ectoparasitic genera had been
reduced only slightly. Strong and rapid moisture fluctuations caused somewhat
greater reductions.No population, however, waseradicated or nearly eradicated
by any moisture treatment, nor by continuous flooding. The latter treatment
caused an average reduction of the populations by about 80%, whereas an
intermediate observation after 12 weeks indicated reduction by about 70%.
Neither the addition of organic manure nor tilling of the soil caused higher
mortality at any moisture regime (3.1.3.). The absence of a perceptible effect by
the addition of organic manure to saturated soil may perhaps be explained by
the relatively high organic matter content of the unamended soil (cf. 2.2.1.).
Further investigations on non-feeding populations of T. dubiusand R. robustusreveal the following points with respect to their survival at non-extreme soil
moisture conditions duringabout halfa year.
- Survival at various soil moisture levels between pF 0.5 and pF 4.2 does not
differ, neither at constant nor at fluctuating moisture levels.
- The size of the total populations does not change significantly at any soil
moisture levelormoisture regime betweenpF 0.5and4.2.
- Normal administration of fertilizer or organic manure to the soil does not
affect survival at constant or fluctuating moisture levels between pF 0.5 and
4.2.
- The composition of the populations, as far as females, males and total larvae
Meded. Landbouwhogeschool Wageningen 73-3 (1973)

41

are concerned, hardly changes at any oftheinvestigated qualitative and quantitative moisture conditions.
Other studies have shown that field populations of ectoparasites and other
nematodes fluctuate mainly in dependence of the host plants present (OOSTENBRINK, 1966). A population may rise to a high level if a host crop is grown, fall
back to about half its density within two months after harvest, and then decline
only slowly until the next host crop is grown. On the basis of field experiments
OOSTENBRINK (1966) considered 'that most phytophagous nematodes can survive long starvation periods without host plants in the soil. Well-settled populations are evidently proof against temporary fluctuations in the physicalchemical milieu such as temperature, moisture, chemical composition of the
soil moisture, aeration, disturbance of the soil'. The previous experiments
affirm these findings and suppositions with respect to soil moisture in moist
fallow soil, for neither quantities nor different qualitative properties of soil
moisture affected the tested populations. The condition of the nematode
populations, as influenced by the time of removal of host plants, appears to be
important indeed (see also 2.1.1.), for when a fresh population was used,
numbers ofnematodes showed asignificant decline(3.1.1.).
KABLE and MAI (1968) assumed that high activity and therefore high expenditure of energy caused high mortality of nematodes at soil moisture conditions
favourable for nematode activity. This does not seem to hold for survival of
populations in fallow soil. At relatively high pF values, like 3.9-4.2, activity is
almost or completely reduced (cf. 1.1 and Wallace, 1963). At pF values of 0.51.0 and 1.7-2.0 the conditions for activity are optimal. Since no differences in
survival have been observed between populations at different constant soil
moisture levels, nor between these and the populations in soil at fluctuating
moisture conditions, it seems likely that a population in fallow soil is scarcely
active.
Numbers of nematodes extracted from soil of one moisture level at different
times during the course of the experiments sometimes differed significantly,
causing a fluctuating course of the populations. This may be due to the fact that
theextractiontechniquesarebased on the activity of nematodes. Since temperature influences nematode activity, the fluctuating nematode numbers may have
been caused by different ambient temperatures. This has been reported before
by KERR and VITHILINGHAM (1967),who found that temperatures of 27°C and
higher significantly reduced the number of extracted nematodes in comparison
with numbers extracted at 22°to 25°C with a modified Baermann funnel technique. It may beadvisable to extract nematodes in constant temperature rooms.
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4. S U R V I V A L I N D R Y F A L L O W SOIL.

Several investigations were made on the desiccation survival of ectoparasitic
nematodes in dry soil (4.2.and 4.3.). First, however, special problems had to be
solved onthe method for extraction ofnematodes from drysoil (4.1.).

4.1. EXTRACTION OF NEMATODES FROM DRY SOIL

Desiccation of soilinthefieldproceeds gradually, as does the loss of moisture
by nematodes, which become inactive when their body moisture is removed.
If dry soil is wetted, the nematodes take up water and become active again if
still alive. Reactivation may require a considerable length of time, depending
on the degree of desiccation. This suggest that the common methods of nematode extraction cannot be used for nematodes from dry soil, unless they are
firstconditioned. The following experiments illustrate this problem and develop
an adequate extraction technique.
Well-mixed, moistPD soil(a)withboth T. dubiusand R. robustuswas allowed
to dry out thoroughly and was extracted for nematodes in three different ways.
Three groups of 5glassjars (90ml) each with 50gof soil wereplaced in a laboratory cabinet at 20±3°C. During the first 3 weeks, the pF increased slowly
from 2.5 to 4.5 and the relative humidity of the air remained about 90%.In the
following 5 weeks, the relative humidity decreased to 75± 1 0 % and the pF
increased to 5.5 or higher. Size and composition of the populations of the two
species were determined on 5 replicate jars by each of the three extraction
methods:
D ( = dry):
elutriation of dry soil and cleaning the residue on
cottonwool filters.
SW ( = shortly wetted): wetting of dry soil in situ, viz. in thejars, for 3hours,
followed byextraction asin D.
W ( = wet):
wetting of the dry soil in situ for 2 days, followed by
extraction asin D.
To obtain additional information the usual extraction procedure was complemented in two ways. Firstly, the extracted, residual wet soil was collected,
kept for 2more days and re-extracted by décantation. Secondly, nematodes that
had passed through the cottonwool filters werecollected periodicallyand counted during a longer period than normal, viz. during a 27 day period after first
contacting water.
The results have been illustrated in figures 13to 15 and table 7, and can be
described asfollows:
1. The efficacy of the extraction methods D, SW and W differs enormously
when nematodes are collected and analysed one day after extraction as in the
usual procedure. D yields only 14% and 4% of W for T. dubiusand R. robustus
Meded. Landbouwhogeschool Wageningen 73-3 (1973)
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respectively. SW gives higher numbers for T. dubius, but not for R. robustus in
comparison with D (fig. 13).
2. Comparison of numbers obtained when all nematodes have been in contact
with water for a total period of 3days,i.e. 1 day after extraction for W and 3
days after extraction for SW and D, shows that SW is substantially higher than
D, but Wstill givesbyfar thehighest numbers (fig. 14A).
3. If the uncleaned nematode extract is left on the filters up to 27 days, thus
offering thenematodes ample opportunity to become activeand pass through
the filters, the differences between W, SW and D remain. If the total yield of
nematodes of W after 27 days is indicated as 100%, SW and D reach 74% and
39%respectively for T. dubiusand 69%and 21%for R. robustus (fig. 14A).
4. In addition to the efficacy (total numbers) the rate the nematodes pass
through the filters varies with the methods and the species (table 7). The
nematodes extracted by method W pass the quickest and by method D the
slowest. T. dubiusappears to be more active than R. robustus. Over 95%of the
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FIG. 13. Numbers of T.dubius and R. robustus extracted from desiccated soil by elutriation
after threedifferent pretreatments ofthesoil,i.e.
W = drysoilwettedinsitufor 2days.
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D = drysoilnotwetted.
Nematodenumbersaremeansof5replicates.
Abscissae:indicationofpretreatmentsmentioned above.
Ordinates:numberofnematodesin50gsoil.

44

Meded. Landbouwhogeschool Wageningen 73-3 (1973)

total Tylenchorhynchus have passed through the filters after 9 days, whereas
Rotylenchusneeds20days.
5. Re-extraction oftheextracted soilagainproducesvaryingnumbers ofnematodes dependent on the original extraction method. Addition of the
numbers orre-extracted nematodesto originallyextracted numbers reducesthe
differences between methods, but does not eliminate them, nor does it change
the order (fig. 14B). The percentages of re-extracted nematodes calculated
against the total sum of nematodes (extraction + re-extraction) for each tech000 -
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FIG. 14A. Cumulative numbers of T.dubius and R. robustus extracted from desiccated soil
byelutriation whenthenematodesweregiventheopportunity topassthrough the cottonwool
filters upto27daysafter wettingthesoil.
FIG. 14B. Cumulative numbers of nematodes as presented in fig. A plus numbers of
nematodescollected byre-extraction oftheresidualsoilafter thefirstextraction.
W = drysoilwettedinsitufor2dayspriortoextraction.
SW= drysoilwettedinsitufor 3hourspriortoextraction.
D = drysoilnotwettedpriortoextraction.
Abscissae:daysafter wettingthesoil.
Ordinates:numberofnematodesin50gsoil.
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TABLE 7. Percentages ofnematodesextracted from drysoilby 3different methodsandcollected up to 27 days after wetting the soil (the total number after 27 days is used as 100% for
eachmethod).Eachpercentageisthemeanof5replicates
Species

Method

T. dubius

R.robustus

Days after wetting
3

5

9

13

20

W
SW
D

90.4
85.7
78.4

96.5
92.7
92.5

98.8
97.2
97.7

99.8
98.9
99.4

100
100
100

w

33.5
26.5
17.0

58.6
46.2
43.9

81.7
78.0
65.8

92.7
87.1
80.5

SW
D

27
100
100
100

98.4
98.5
95.1

100
100
100

niquearethefollowing: for T.dubius: W10%,SW32%,D49%;for R.robustus:W7.5%,SW12.5%,D32%.
6. The frequency of developmental stages in the populations is not systematicallyaffected bytheextractionmethod.Figure15showsthefrequency ofthe
stages at 20 days after wetting, based on the originally extracted populations.
Thisfrequency issubstantially similar atthe othertimesofevaluation orwhen
re-extractednematodesareincluded.
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FIG. 15. Distribution of stages of development of populations of T.dubius and R. robustus
extracted from drysoilbythreedifferent methods,indicated at W,SWandD (cf. fig.14).
Abscissae:stagesofdevelopment:<J= males,$ = females, L4,L3and L2 = fourth, thirdand
secondstagelarvae.
Ordinate: percentageofnematodes.
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Similar results were obtained in another experimentusingPDsoil(b)with R.
robustusand EllecomsoilwithT.dubius,usingthedécantationextraction method.
Extraction of nematodes from dry soil may result in an underestimation of
the actual number oflivingnematodes if:
a. the soil is not moistened long enough to allow the nematodes to take up
water and regain their activity,
b. the soilstructureisdisturbed before thenematodes havetaken up water,
c. the nematodes are not given enough time to pass cottonwool or other
cleansingfilters.
The observed losses are probably explained by the combined effect of the
following phenomena:
1. Handling of dry soil may damage the desiccated nematodes. This is substantiated bytests in vitro, showing that after disturbing the shape of dehydrated
nematodes reactivation upon rewetting is greatly reduced. Internal injury must
be the cause, for the cuticle of dehydrated nematodes appears to be toughish
and is not easily injured by for instance sharp edges of soil particles. Upon
rewetting,damaged dehydrated nematodes absorbwater normally.
Thisexplainsthe persistingdifferences between D and W.
2. In dry soil some of the nematodes may be stuck to the bigger soil particles
that have a great settling speed in water. Therefore these nematodes will be
lostduringextraction,whichisbased onelutriation or décantation.

4.2. GENERAL INVESTIGATIONS

4.2.1. Desiccation survival in Tarthorst soil
In this experiment Tarthorst soil that had been sieved and mixed,was used
after storage for 3weeks. Earthen pots containing 100g of the above soil were
placed in the laboratory wherethetemperature and relativehumidity fluctuated
between 15° and 30°Cand 35%and 80%,respectively. The soil in half the pots
wasallowed to dry out, whichincreased thepF from 2.0to 5.5within one week.
The other pots were watered daily so that the pF fluctuated between0.5and2.0.
The populations of the main ectoparasitic genera were analysed on three
replicate pots of both the wet and the dry series at the beginning of the trial,
then when the soil had become dry (i.e.after 1week) and further every 3weeks
for a total of 13weeks. Before extraction the soil was wetted for 2days, and the
nematodes collected three days after extraction.
Theresults aresummarized in figure 16.Numbers ofall three genera declined
markedly in dry soil in the first week, viz. to 53%, 50% and 11 %ofcorresponding numbers in moist soil for Tylenchorhynchus, Paratylenchus and
Helicotylenchus, respectively. This can be explained by the very quick drying of
the soil during the first week. In moist soil slighter reductions occurred. After
the first week, populations in both wet and dry soil continued to decline. At
the end of the experiment, numbers of all genera in dry soil were significantly
lower than those in wet soil. The final numbers in dry soil were reduced to
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FIG. 16. Thecourseofpopulations ofthegenera Tylenchorhynchus,ParatylenchusandHelicotylenchusinfallow Tarthorst soil,continuously kept moist (solidlines),orstrongly desiccated
(brokenlines)atfluctuatingenvironmentalconditionsduring13 weeks.
Abscissa: timeinweeks.
Ordinate: numberofnematodesin 100gsoil(log.scale).

33%, 20% and about 0% of the original density for Tylenchorhynchus,
Paratylenchus and Helicotylenchus respectively. This meant that Helicotylenchus was eradicated, whereas fair numbers of Tylenchorhynchus and Paratylenchussurvived therigid drought treatment.
4.2.2. Desiccationsurvivalinthreedifferentsoils
A required number of earthen pots were filled with 100 g of moist Westberg
soil (sand), Dijkgraaf soil (loamy sand) and Rijnsteeg soil (sandy clay loam)
respectively; the soil had not been stored previously. The pots were placed in a
greenhouse at average temperatures of 15-18°C during 22 weeks; incidentally
the temperature rose to a maximum of 25°C for 1 to 2 hours. The relative
humidity of the air fluctuated between 30% and 60%, with occasional short
peiiodsof20%and 90%.Thesoilinthepots dries out asfollows:
initial
pFvalue
Westbergsoil(sand)
Dijkgraaf soil(loamysand)
Rijnsteegsoil(sandyclayloam)
48

2.5
2.3
2.4

pFvalue
pFvalue
after 2weeks after 6weeks
4.5
4.8
4.7

5.5
5.5
5.5
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After two weeks and then every 4 weeks during a 22 week period, the nematode populations in each soil were determined on 5 replicate pots taken at
random. Prior to extraction, the soil in the pots was wetted for 2 days and the
nematodeswerecollected on the 5th dayafter extraction.Adults and larvae were
counted separately.
Theresultsweresummarizedintable 8and can be compared with those of the
simultaneous experiment in par. 3.1.1. in which the same soils were kept moist.
The total number of nematodes in each of the soils was reduced after 2 weeks.
In sandy soil, the nematodes had almost vanished. In the loamy sand and the
sandy clay loam, reductions were less marked; Tylenchorhynchus species were
obviously the best survivors. There seemed to be a slightly stronger reduction
of larvae than of adults, except for Paratylenchus in sand. The reductions could
not be wholly attributed to desiccation, since some reduction occurred in wet
soil (see par. 3.1.1.), but the numbers of nematodes from dry soil were all
significantly lower than those from wet soil, except for larvae of Paratylenchus
in the sandy clay loam, which practically vanished in wet as well as in dry soil.
TABLE8. Percentage population density (initial density is 100) of the main plant parasitic

nematode genera in three fallow soilsexposed to desiccation after 2,6, 10, 14,18 and 22
weeks.A= adults,L= larvae.Eachpercentageistheweightedmeanof5replicates
Nematodes
and soils

Exposure time in weeks
2

6

10

Paratylenchus
(sand)
Helicotylenchus
(sand)

A
L
A
L

2
17
0
0.6

Rotylenchus
(loamy sand)
Tylenchorhynchus
(loamy sand)

A
L
A
L

76
73
90
86

14
11
41
38

8
4
28
25

Tylenchorhynchus
(sandy clay loam)
Helicotylenchus
(sandy clay loam)
Paratylenchus
(sandy clay loam)

A
L
A
L
A
L

57
33
23
9
37
2

29
18
4
0.5
14
1

11
11
0.8
0.7
4
0.2

2
2
0.5
0.3

0.5
0.3
0.5
0.6

4.3. INVESTIGATIONS ON TYLENCHORHYNCHUS
ROTYLENCHUS ROBUSTUS

14
1
0
0.5
0.3
10
0
25
31
9
5
0.3
0
6
0.2

18
0.1
0
0
0
0
0
21
21
2
2
0
0
0.2
0

22
0
0
0
0.3
0
0
2
1
1
1
0
0
0
0

DUBIUS AND

4.3.1. Active nematode stages
Ellecom soil with T. dubius as the only Tylenchorhynchus species and PD
soil (b) with R. robustus as the sole Rotylenchus species were both subjected to
desiccation under controlled conditions. A number of 90 ml glass jars were
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filled with 25 g of soil and placed in a laboratory cabinet at 22 rb 3 °C and
75 ± 10%relativehumidity. The soilinthejars dried out asfollows:
Ellecomsoil
initial pFvalue
pFafter 1 week
pFafter 3 weeks
pF thereafter

2.5
4.4
5.0
5.4-5.7

PDsoil(b)
1.9
3.0
5.0
5.4-5.7

The size and composition of the populations were determined on 5 replicate
jars of each soil at the beginning of the experiment, after 3 weeks and further
every 4 weeks during a total period of 19 weeks. Prior to extraction, the soil
was wetted for 2 days and the nematodes collected after 5 days. The results
could be compared with those in par. 3.2.1. in which the same soils were kept
wetat oneconstant moisture levelunder identical conditions.
The results are summarized in figure 17.Both species were almost completely
eradicated after 19 weeks (fig. 17A), whereas the populations did not decrease
significantly in the same soils that had been kept moist (cf. fig. 10). The relative
percentage decline of R. robustus was greater than that of T. dubius at all
periods. The decline calculated as the mean percentage per week for each
period was 13, 7, 11, 18 and 6% for T. dubius respectively in the 1st to 5th
period and 18, 20, 22, 33%for R. robustus in the 1st to 4th period. If the lower
activity of R. robustus during the extraction (cf. 4.1) is taken into account,
which means an increase of all numbers of this nematode by about 20%, the
decline of R. robustusin the first period was also 13%.The other values did not
change.
In both species, males disappeared first, followed by second stage larvae (fig.
17B). The females of both species showed a proportional decrease, which was
strongest for R. robustus. Fourth and third stage larvae increased proportionally, whichindicated that these stageswerethe best survivors.
These results did not give information on desiccation survival of eggs. If
eggs had been present in the soil, it is unknown whether the L2 larvae found
were larvae that had survived desiccation or larvae that had hatched from eggs
during the three days of soil moistening prior to extraction. Unhatched eggs
werelost toalargeextent duringextraction with thesieves.
4.3.2. Nematode eggs
The purpose of this experiment was to investigate whether eggssurvive in dry
soil better than active stages and ifthey hatch when the soilisrewetted. For this
purpose, Ellecom soil with active nematodes and eggs of T. dubiuswas exposed
to desiccation. The nematodes were extracted by two different methods, one
which loses the eggs and another that retains them. In the latter case, hatching
of eggs that have survived, should yield a higher number of second stage larvae.
Wet soilwasextracted similarlyfor comparison.
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FIG. 17 A. Decline of natural populations of T.dubius and R. robustus in dry Ellecom and
PDsoilrespectivelyduringaperiodof 19weeks.
FIG. 17B. Composition of the populations of flg. 17A. The sum of the percentages of
males ((J), females(Ç),L4,L3and L2larvaeis100%ateachpointoftime.
Abscissa : timeinweeks.
Ordinatefig.17A:numberofnematodesin25gofsoil.
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A number of 90ml glassjars werefilledwith 20 gof moist pasture soil which
contained gravid females as well as old females and eggs.Two times 5jars were
used for extraction of the moist soil. The soil in two other batches of 5 jars
was allowed to dry out at 18-24°C and at 70-80% relative humidity. The pF
of the soil increased from 2.7 to about 5.5 in two weeks after which the soil
was rewetted. Extraction was carried out the first day, for if this is delayed,
desiccated eggs may hatch in the soil and therewith reduce possible differences
between themethods of extraction.
Nematodes were extracted from both undesiccated (W) and desiccated soil
(D) bythefollowing two methods:
1. Soil was directly placed on a cottonwool filter on a supporting sieve and
spread in a 1mm layer. The filter was placed in a shallow tray with water.
This method prevented loss ofeggs.
2. Soil was placed in a narrow can with 250 ml of water and stirred for 10
seconds. The soil particles were allowed to settle for 5 seconds and the suspension decanted. This procedure was repeated 3more times. The final suspension of 1liter was poured over a single sieve with 44 [imeshes and the filtrate
collected again. The majority of active stages was collected on the sieve, while
eggs passed through it. The residue on the sieve was washed into a can. The
sieved suspension wassieved 5more times in order to catch all active specimens
without retaining the eggs. The residues from the sieve were bulked and this
suspension poured over a cottonwool filter and treated as with method 1.
The nematodes were collected from the filters and examined for males,
females and three larval stages after 1, 3, 5, 7, 10and 13days. It was necessary
to keepthem solong because hatching ofsurvivingeggsand subsequent passing
of the young L2 larvae through the filters requires some time and nematodes
from desiccated soil pass through the filters very slowly. After 7 days most of
the nematodes had passed through the filters.
The final number of nematodes collected after 13 days are represented in
table 9. The décantation method (2) generally yielded fewer nematodes from
the desiccated soil than the direct method (1),but the methodscausednosignificant differences between numbers of nematodes from either soils with one
exception: for wet soil the direct method (1) gave significantly more L2 larvae
than the décantation method (2). This difference could have two explanations:
either a considerable number of L2larvae from the wet soil werelost by sieving
in the décantation method despite all precautions, or a number of eggs had
hatched in the wet soil placed directly on cottonwool filters. The latter is most
likely since for dry soil no significant difference occurred due to the different
extraction methods. This would also indicate that in dry soil no or only few
eggshad hatched. Desiccation probably killed mosteggs.
As already mentioned, hatching of living eggs and passing of the young L2
larvae through the filters may require some time. In that case, the proportional
number of L2 larvae collected after the first catch, or percentage subsequent
delivery, would be higher for the wet soil extracted directly (Wl) than for the
wet soil extracted by décantation (W2), whereas the two extraction'methods
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TABLE 9. Final numbers ofT. dubiusextractedfrom 20gundesiccated (W)and desiccated soil
(D)bytwodifferent methods(1&2),recordedforfemales(?),males(<?),L4,L3andL2larvae.
1 = direct cottonwool filter method, 2 = décantation method. Each number isthemean of5
replicates.Significant differences areindicatedbyarrows.
Soil

Extraction method

Nematodes

?

<?

L4

L3

L2

1

230

115

329

148

218

2

278

117

285

159

143

1

224

94

198

135

93

2

203

75

166

122

86

Undesiccated (W)

t

Desiccated (D)

should give no difference for the desiccated soil if the eggs had been killed. To
verify this, subsequent delivery of each developmental stage between the 1st
and 3rd day (period I), the 3rd and 5th day (period II), and the 5th and 7th
day (period HI), was compared for both methods and both soils. The percentage subsequent delivery can be derived from figure 18, which shows the experimental results as a percentage of the final catch in each case for females,
males, L4, L3 and L2 larvae. For dry soil, the two extraction methods gave no
significant differences between percentages subsequent delivery of L2 larvae in
any of the periods. For wet soil, the direct extraction method (1) yielded a significantly higher percentage subsequent delivery of L2 larvae in period II and
III than the décantation method (2).This supports the assumption, that eggs do
not survive and hatch in rewetted dry soil. This is substantiated further by
the fact that particularly the L2 larvae from Wl in period II are very young
larvae, a phenomenon not observed for dry soil. Of other stages only in period
I, the subsequent delivery of females from Wl was significantly higher than
from W2, but also the actual total numbers of females deviated from the
general pattern; Wl gave considerably fewer females than W2 (see table 9).
The lower number of females from Wl and their lower activity cannot be
explained with confidence, but these observations do not invalidate the observations on L2larvae.
The conclusion that eggs of T. dubius are susceptible to desiccation and that
hatching ofeggsbyno meanscan bethe cause ofthe better catch of nematodes
upon wettingofdry soilappears tobejustifiable.
An additional interesting phenomenon is the slowness with which males pass
the extraction filters compared to the other stages, as becomes apparent from
themarked riseofallcurves,alsoinperiod II(seefig.18).
4.3.3. Comparisonof Tylenchorhynchus dubiusandRotylenchus robustus
A soil containing both T. dubiusand R. robustus, viz. PD soil (a) was exposed
to desiccation under controlled conditions.
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FIG. 18. Percentage ofT. dubiusfrom wetsoil(W,solidlines)and dried soil(D,brokenlines),
extracted bydécantation (1)and byspreading thesoildirectly oncottonwool filters (2),which
passed through the extraction filters after 1, 3, 5and 7 days, when the catch after 13days is
considered 100%.Separategraphsfor females(Ç),males(<J),L4,L3and L2larvae.
Abscissae:timeindays.
Ordinates:percentageofnematodes.

Glass jars of 90 ml containing 25 g of soil were placed in a climate room at
18°C and 75% relative humidity. The pF value of the soil increased from
3.0 to 5.0 in 2 weeks and to 5.6 in the next 2 weeks, after which hardly any
change occurred. The populations were analysed for males, females, and total
larvae after 0, 4, 8, 16 and 24 weeks, each time on 5 replicate jars. Prior to
extraction the soil was wetted in situ for 3 days and the nematodes collected
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after 5 days. Also the effect of soil amendments on desiccation survival was
investigated by adding fertilizer and organic manure to separate series of soil
injars. Thus 3different soilseries receiving the same desiccation treatment were
obtained:
A - no additions.
B - addition of N.P.K. 12-10-18 fertilizer equivalent to 3300 kg per hectare
(the electrical conductivity of the soil solution (saturation extract) increased from 1.2to 9.1millimho's percm).
C - addition of dried cow-house manure equivalent to 10 tons per hectare.
The experiment was carried out simultaneously with the experiments in
par. 3.2.2. to 3.2.5, in which the same soil series were subjected to constant and
fluctuating, non-extreme moisturelevels;the data can be compared.
The results are illustrated in figure 19. Rapid and strong drying almost
eradicated R. robustus in all three soil series within 4 weeks, although a few
nematodes survived up to 24 weeks. These were all L4 and L3 larvae; only an
incidental single female survived. For R. robustus differences between soil
treatments were small, but at the 8th week survival in fertilized soil was significantly better than in the two other soil series. T. dubiussurvived much better
than R. robustus under the same circumstances. After 24 weeks, 45% on the
average was still alive. Males were fully eradicated after 24 weeks. Unlike
500-

400-

T.dubius

300-

200-

100-

8
24
16
0
FIG. 19. Decline of natural populations of T.dubius and R. robustus in dry PD soil, either
unamended (A)oramended withfertilizer (B)ororganicmanure(C),atconstant temperature
duringaperiodof24weeks.
Abscissa: timeinweeks.
Ordinate: numberofnematodes.
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R. robustus,thegreatestreduction ofT. dubiusoccurredinthesoilwith fertilizer,
followed by soil with organic manure. Differences between the three soil series,
which were significant except between A and C at the 8th week, were mainly
determined by the reaction of the populations during the first period of desiccation. After the 8th week, the three populations decreased at about the same
rate.
4.4. DISCUSSION

The results of experiments on the survival of natural populations of ectoparasites indrysoilhaveclarified anumber ofpoints.
1. Determining desiccation survival of ectoparasitic nematodes in soil requires
special sampling and extraction techniques. Otherwise the number of active
nematodes present is greatly underestimated. The actual numbers can be some
hundreds to some thousands of percentages higher. The soil must be wetted
for some time prior to handling it without disturbing the structure, otherwise
the nematodes are irrecoverably injured. The final separation of nematodes
from fine soil particles by means of filters should continue for several days,
because nematodes recovered from desiccation appear to regain activity only
slowly. The necessary period of time depends on the nematode species. In
laboratory or greenhouse experiments, wetting of soil is simple. In case of
sampling a dryfieldit means that the sampling areasmust bewatered some time
in advance. Determination of the minimum wetting time required will then be
useful. Also RössNER (1971) observed increased numbers of nematodes from
previously wetted soil.
These findings indicate that the susceptibility ofnematode speciesto drought
reported hitherto (1.3.3.)may have been overrated.
2. Many ectoparasitic nematodes appear to survive soil desiccation (pF > 5)
remarkably well.Prolonged drying,however, caneradicate suchpopulations,
which indicates that these nematodes become quiescent or anhydrobiotic,
rather than cryptobiotic as in case of the drought-resistent species Ditylenchus
dipsaci, Anguina tritici, etc. Eradication of ectoparasitic species may stilltakea
longtime.
3. Susceptibility to desiccation varies distinctly between nematode species.
Species of Tylenchorhynchus and Paratylenchus are less susceptible than
Helicotylenchus, and Rotylenchus robustus is much more susceptible than
Tylenchorhynchusdubius.Asinmoistsoil,survivalindrysoilappearstobeaffected
bythe condition of the nematodes and the related time of crop removal (4.2.2.).
4. Susceptibility to desiccation varies also between developmental stages of the
same species. The composition of a population at the onset of desiccation is
therefore determinative for both size and composition ofthesurviving population. For T. dubius and R. robustus the order of increasing susceptibility is:
L4 and L3 larvae; females; males; L2 larvae. A similar order has been reported
for T. dubiusby Sharma (1971), who found this sequence for starvation survival
inmoist soil.
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In view of persistence of a population, good survival of L4 and L3 larvae
seems to be obvious, because these stages will be able to reproduce soon after
reactivation. At least part of the surviving larvae must then be developing
males, as reproduction of T. dubiusand R. robustus takes place by amphimixis.
Further differentiation of developmental stages would possibly also prove that
themajority ofthesurvivingfemales areyoung females.
5. Eggs of ectoparasitic nematodes seem to be very susceptible to desiccation,
which contradicts the general assumption that nematode eggs are highly
resistant to adverse environmental conditions. It is probably incorrect to attribute the density rise of ectoparasitic nematodes at the onset of the rainy
season mainlyto hatching ofeggs (KHAN, ADHAMI and SAXENA, 1971).
6. The initial rate of desiccation, which among other things can be influenced
by soil structure, probably determines the length of the eradication time to
a great extent.
7. Manuring of soil may aggravate the initial population decline due to desiccation for certain species, but it may reduce the adverse effect of drying for
others(4.2.3.).
The aforementioned data indicate that dry fallow may be an efficient agricultural method of reducing nematode populations, but only with a strong and
long-lasting drought. Theefficiency depends onvarious factors:
1. Kind and composition of the nematode community, including species as
well as developmental stages, and also whether the nematodes have been
without ahost for sometime.
2. Type and structure of the soil throughout the tilth. This may affect rate as
well as degree of desiccation and the depth of drought penetration. Most
nematodes occur intheroot layer,whichisusuallythe upper 25cm.
3. Relative humidity and temperature of the atmosphere and soil. These affect,
again, rate and degree of desiccation. The extreme values, but also 24 hours
sequences are important. The latter may cause temporary moisture fluctuations.
It must be noted that temperature may rise above lethal values for nematodes
and maytherefore byitselfbe fatal.
More than one quarter of the world's land area consists of arid and semiarid soils. Completely dry periods of several months, in which at least the top
layer ofthe soilbecomes air-dry, are common inthese areas.It willbe necessary
to measure the efficiency of dry fallow in each area by means of field trials
before the actual efficacy of this method for nematode control can bejudged at
itstrue value.This hasnot been done upto now.
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5. D E S I C C A T I O N S U R V I V A L I N V I T R O

Experiments on desiccation survival in soil have the disadvantage that quantitative and qualitative factors related to soil moisture are often not fully
known and at any rate hard to control. Direct observation of nematodes in
drying soil is also not possible or very difficult. Therefore, it is useful to study
the effect of desiccation on nematodes in simplified artificial environments,
making use of the relation between moisture tension (or pF') and relative
humidity (r.h.) and the relation between r.h. and the composition of aqueous
glycerine solutions in a closed container. Application of these principles has
been outlined in chapter 2. Thus it is possible to make a continuous range of
relativehumidities from 99%to 10%.
In these studies desiccation must proceed gradually, as most nematodes are
very susceptible to rapid drying. Desiccation in the field alsotakesplace gradually,exceptperhaps for theverytoplayer ofsoil.
In the following in vitro experiments the species T. dubius and R. robustus
areused.Only inthefirstexperiment aremany different genera employed.

5.1. GENERAL ASPECTS OF DESICCATION

Soils from four localities were mixed and the nematodes extracted. The
resulting suspension comprised amixture ofspeciesin various stages ofdevelopment and was divided into four batches. The nematodes from three batches
were exposed to 100%, 97.7%, or 96.0% r.h., using the membrane filter desiccation technique;the fourth batch of nematodes was kept intap water. Details
on the desiccation procedure are mentioned in table 10. At the end of the
treatment all nematodes were individually examined for survival and counted
together per genus. The entire experiment was carried out with four replicates.
The main ectoparasitic nematodes were: Tylenchorhynchus (dubius, quadrifer,
maximus, ornatus and tessellatus), Helicotylenchus (pseudorobustus and varicaudatus), Rotylenchus (robustus), Paratylenchus (f and microdorus), Trichodorus
(pachydermus), Criconemoides(different species).
The results are summarized in table 10. After two days the nematodes still
moved freely in the humid atmosphere of 100% r.h. They formed clusters on
the membrane filters and showed no signs of shrinkage, although no free water
was observed under a dissecting microscope at 50 times magnification. Also
upon transfer into water nearly all nematodes immediately became active. The
nematodes at 97.7% and 96.0% r.h. were inactive and somewhat shrunken,
which indicates that loss of moisture had occurred. Nearly all nematodes
regained activity within one hour after wetting. All tested species except
Trichodorus pachydermus appeared to withstand slight desiccation at 97.7%
r.h., which corresponds to pF' 4.50, for two days. At 96.0% r.h. (pF' 4.75)
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TABLE 10. Percentage survival of different genera of ectoparasitic nematodes after 2 days
exposuretothreerelativehumiditiesandwater,indicated astreatment 1,2,3 and4.
1 = 4 8 hoursat 100%r.h.
2 = 48hoursat97.7%r.h.
3 = 24hoursat 97.7%r.h. + 24hoursat96.0%r.h.
4 = 72hoursinawaterlayerof2mm.
Eachpercentageisthemeanof4replicates.
Significant differences

Treatment number (r.h.)
Nematode genera
1
(100)
Paratylenchus
Tylenchorhynchus
Rotylenchus
Helicotylenchus
Criconemoides
Trichodorus

98.5
91.6
96.7
97.0
100.0
1.0

2
(97.7)

3
(96.0)

H20

according to Tukey s
test after analysis of
variance

98.1
90.4
94.4
93.4
98.2
0.0

99.6
64.6
93.9
86.4
97.0
0.0

97.9
96.4
97.4
98.3
92.9
86.4

none
3 lower than all others
none
3lower than 1 and 4
none
all treatments lower than

4

survival was not measurably lower than at 100% r.h. for Paratylenchus,
Rotylenchus and Criconemoides. Helicotylenchus had suffered slightly and
Tylenchorhynchus markedly. The relatively strong reduction of Tylenchorhynchus at 96.0%r.h. was not expected and indicates that one or more Tylenchorhynchus species are much more susceptible to desiccation than T. dubius.Trichodorusis completely eradicated even at 100% r.h. or slightly lower (cf. 2.3). It is
atanyrate clearthat Trichodoruspachydermus isextremely susceptible.

5.2. RATE OF DESICCATION

The effect of the rapidity at which nematodes loose moisture was demonstrated byan experiment withfemales ofT. dubiusand R. robustus.
One batch of nematodes was directly transferred from water to 93.0% r.h.
Another batch was brought from water to 93.0% r.h. gradually via intermediate relative humidities. The total duration of the treatment was the same
for both groups. A third group was also gradually brought to 93.0% r.h., but
was kept there longer to equalize about the actual desiccation with that of the
rapid desiccation treatment (see table 11). The membrane filter desiccation
technique was used; details on the desiccation procedure are given in table 11.
The experiment was carried out with 4 replicate batches of 100 nematodes
each.
The results are summarized in table 11. Rapid desiccation appeared to be
more harmful than gradual desiccation for both species. Especially R. robustus
wasverysusceptible torapid desiccation.
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TABLE 11. Percentage survival of females of T.dubius and R. robustustransferred from water
to93.0%r.h.directlyorgraduallyasindicatedbythetreatmentnumbers 1,2 and3.
1 = 4 x 12hrsat93.0%r.h.
2 = 2 x 12hrsat97.7%+ 12hrsat96.0% + 12hrsat93.0%r.h.
3 = 12hrsat97.7% + 12hrsat96.0% + 3 x 12hrsat93.0%r.h.
Eachpercentageisthemeanof4replicates.
Treatment number

Nematode species

T. dubius
R. robustus

1

2

3

83.6
0.0

91.0
83.4

92.8
80.6

significant differences according
to Tukey's test after analysis of
variance
treatment 1 lower than 2 and 3
treatment 1 lower than 2 and 3

5.3. DEGREE OF DESICCATION

Females of T. dubiusand R. robustus were exposed to a range of relative
humidities, the values of which were based on a range of pF' values increasing
with intervals of 0.25 (see also chapter 2). Using the glass slide desiccation
technique, the nematodes were gradually dried according to the following
schedule, which indicates the final degree of desiccation as well as the rapidity
ofthe process.

r.h.(%)
100
97.7
96.0
93.0
87.9
79.5
66.5

Number of hours at the indicated
12
156

12
12
144

12
12
12
132

12
12
12
12
120

r.h.
12
12
12
12
12
108

12
12
12
12
12
12
96

Survival at each humidity level was determined after the common recovery
period of24hours in water. The experiment wascarried out with 6replicates of
50nematodes each.
The results are summarized in figure 20. Both T. dubius and R. robustus
femalesshowasignificantly increasingmortalityatdecreasingrelative humidities
(increasing pF' values). This is probably due to a greater loss of moisture at the
lowerhumidities. R. robustusappears to bemoresusceptible than T. dubius.
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Fio. 20. Regression lines of percentages T.dubius and R. robustus females surviving 7 days
ofdesiccation invitro (y),onpF'valuescorresponding to the relative humidities applied(x)
calculatedfrom 6replicates, r = regression coefficient.
T.dubius: y = -40.56x + 280.92(r = -0.78)
R. robustus: y = -121.20x + 644.70(r = -0.94)
Abscissa: pF'valueandcorresponding r.h.
Ordinate: percentagesurvivingnematodes

5.4. DURATION OF DESICCATION

Prolonged exposure to drought increased mortality of T. dubiusand R.robustus in the soil experiments (cf. 4.3.). The following experiment deals with the
effect ofduration of desiccation in vitro.
Three times 5batches of about 150females of both T. dubiusand R. robustus
were gradually transferred to 93.0%r.h. and survival was determined after they
remained there for 1, 5, 10, 15 and 20 days. The membrane filter desiccation
technique was used. Five batches of nematodes were placed at 97.0% r.h. for
24 hours, next at 96.0% for 12hours and then at 93.0% for 1, 5, 10, 15and 20
daysrespectivelyfor thefirsttothe fifth batch.
The results are summarized in figure 21. The mortality of both species increased with time. Loss of moisture apparently is a gradually proceeding
process, of which the rate may depend on the humidity level of the environment
and on properties of the nematode. Physiological processes during desiccation
may also play a role. After 10 days mortality of both species declined, which
may indicate a falling rate of moisture loss. This has been observed earlier with
populations of these species in soil (cf. 4.3.). Also here, survival of R. robustus
waslessthan that of T. dubius.
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FIG. 21. SurvivalofT.dubiusandR. robustus females after 1, 5, 10, 15 and 20 days
exposureto93.0%r.h.
Abscissa: exposuretimeindays.
Ordinate: percentage survivingnematodes.
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5.5. FLUCTUATING DEGREES OF DESICCATION

In a dry soil under field conditions, the relative humidity fluctuates due to
changing temperatures. Decrease of the temperature during the night will
causeariseoftherelativehumidity and may evencausecondensation, especially
in the upper soil layers. Nematodes may therefore often be exposed to strongly
fluctuating humidities of the air. This may be favourable to the nematodes
because theycan take up moisture when the relative humidity ishigh, but it may
also be unfavourable since they have to adjust themselves continuously. The
nextexperiment attempts to clarify this question.
Three batches of 300nematodes each were gradually brought down to 93.0%
r.h.and heldthere for acertain period. Three other similar batcheswereexposed
to humidities fluctuating between 100 and 93.0% r.h. for the same period.
Females of both T. dubius and R. robustus were tested in this way, using the
membrane filter desiccation technique. Details on the desiccation procedure and
theresults are givenintable 12.
TABLE 12. Percentage survival of females of T.dubius and R. robustus after 4 days exposure
to fluctuating and non-fluctuating relative humidities as indicated by the treatment numbers
1and2.Eachpercentageisthemeanof threereplicates.
1 = 12hrsat97.7%+ 5hrsat96.0% + 3daysand 5hrsat93.0%r.h.
2 = 12hrs at 97.7% + 5hrs at 96.0% + 5hrs at 93.0% r.h. and during 3days: 14hrs at
100% + 3.5hrsat97.7% + 3.5hrsat96.0% + 3.5hrsat93.0%r.h.
Nematode species

T. dubius
R.robustus
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Treatment numbers
1
(non-fluctuating r.h.)

2
(fluctuating
r.h.)

83.1
39.8

90.8
57.2

Differences between treatments
(Analysis ofvariance,Tukey's test)

significant
significant
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F o r both species, fluctuating humidities are favourable compared with nonfluctuating humidities. Again T. dubius is less susceptible to desiccation than
R. robustus.

5.6. ACTIVE NEMATODE STAGES

The soil experiments indicated that the different developmental stages of
T. dubius and R. robustus may not be equally susceptible to desiccation. This
was further investigated in the following experiment in which the 5 active developmental stages, i.e. males, females, fourth, third and second stage larvae of
both T. dubius and R. robustus were tested for desiccation survival at different
relative humidities. The nematodes were desiccated exactly in accordance with
the schedule in par. 5.3,using the glass slide desiccation technique.
Figure 22 shows the regression lines for all stages of both species. The data
on females are the same as those of par. 5.3. as the experiments have been carried out simultaneously. Survival decreases with increasing p F ' values or decreasing relative humidities for all stages of both species. Differences in susceptibility to desiccation are reflected by the inclination of the regression lines, i.e.
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FIG. 22. Regression lines of percentages T.dubius and R. robustus surviving 7 days of desiccationinvitro(y), onpF'valuescorrespondingtotherelativehumiditiesapplied (x),calculated
from 6replicates, separately for females (Ç).males((?), L4, L3and L2larvae, r = regression
coefficient.
Abscissae: pF'value(andcorresponding r.h.)
Ordinates: percentagesurvivingnematodes.
R. robustus
(r)
T.dubius
(r)
? y = -121.20X + 644.70(-0.94)
? y = -40.56x + 280.92 (-0.78)
<? y =-126.53X +668.60(-0.98)
<J y-54.48X +341.86 (-0.81)
IA y = -100.80X + 552.70(-0.91)
L4 y
-39.44X +275.78 (-0.81)
L3 y =-104.27X +567.40(-0.92)
L3 y
-52.00X + 328.50 (-0.82)
L2 y = -121.69X + 638.92(-0.93)
L2 y:
-56.86X +327.65 (-0.89)
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the differences between the regression coefficients, and by the distances between
the lines. For T. dubius the regression coefficients of the 2nd and the 4th stage
larvae differ significantly. The average percentage survival of the 2nd stage
larvae is also lower than for all other stages, whereas males and 3rd stage
larvae are at a lower level than females and 4th stage larvae except at p F ' 4.50.
This means that the differences between the stages ofT. dubiusare mainly determined by their susceptibility at the onset of desiccation, whereas 2nd stage
larvae are also relatively more susceptible at lower humidities. For JR. robustus,
the average percentage survival of 2nd stage larvae was also lower than that of
all other stages and the level of males was lower than that of 4th stage larvae
except at pF' 4.50. The regression coefficients show that males and 2nd stage
larvae are also significantly more susceptible to increasing desiccation than 3rd
and 4th stage larvae. The greater susceptibility of R. robustus over T. dubius, as
recorded already with previous experiments, is very obvious here and appears
to hold for allactivestages.

5.7. NEMATODE EGGS

Preliminary tests in vitro indicated that eggs are more susceptible to desiccation than active nematodes and also that recently laid eggs are more susceptible than older eggs. This is investigated further in the following experiments
witheggsofR. robustus.
Experiment 1. Batches of about 70 R. robustus eggs of different ages, viz.
1, 5, 10 and 15 days after being laid, were exposed to desiccation at 96.0%
and 93.0% r.h., after which survival was determined by subsequent hatch in
water. Other batches of eggs, all being laid on the same day as the desiccated
eggs, were not desiccated and served as controls. There were three replicate
batches for each age-group and each treatment. The eggs were obtained by
placing 50gravid females, collected from soil, in a thin layer of tap water on a
glasscavity slide.After one day, when about 70eggshad been laid, the females
were removed. The eggs were stored at 20°C until they reached the required
age. Theywere then exposed to desiccation according to the following schedule,
usingtheglass slidedesiccation technique.
r.h. (%)
100
97.7
96.0
93.0

Number of hours at theindicated r.h.
12
12
24

12
12
12
24

After the desiccation treatments, the eggs were placed in tap water again and
observed daily.
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The final number of hatched eggs, calculated as a percentage of the total
number ofeggsfor eachtreatment, isgivenintable13.
TABLE 13. Percentage hatch of R. robustuseggsdesiccatedat 4 different ages and percentage
hatchofnon-desiccated eggs(control).
Desiccation treatment

96.0% r.h.
93.0% r.h.
Control

Average

Age of eggs in days
1

5

0
0

3.7
0

10

15

10.6
1.4

63.9
18.5

22.3
5.5
95.3

Theresultsleaveno doubt regarding thefollowing threepoints:
- desiccation ofeggsreducestheir subsequent hatch in water;
- desiccation at 93.0% r.h. is more harmful than desiccation at 96.0% r.h.;
- eggsof 15 days old survive desiccation better than youngereggs.
Al these phenomena are statistically significant according to an analysis of
variance and Tukey's test.
Figure 23 shows that non-desiccated eggs and 15 days old desiccated eggs
hatch differently but in about the same time, for hatching was completed within
about 8days from the first hatch for all batches. Eggs of 15 days desiccated at
93.0% r.h. started hatching 2days later than those treated at 96.0% r.h. or the
controls. Treated eggs of 10days or younger, if surviving, started hatching 3 to
4days laterthan thecontrols.(Thisisnot represented infigure23).
100-1
control
8096.0 % R.H.

60-

40-

20-

» .

-

- 93.0 % R.H.

FIG. 23. Cumulative hatch in water of 15days old R. robustuseggs desiccated at 96.0%and
93.0%r.h.and ofundesiccatedeggs,withtime.
Abscissa: ageofeggsindays.
Ordinate: percentagehatch.
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Experiment 2. Survival of eggs of R. robustuswas compared with survival of
active nematode stages bygivingeggsof 15days a desiccation treatment applied
before to active stages, viz. 12hours at 100% + 12hours at 97.7% + 12hours
at 96.0% + 132hours at 93.0% r.h. (cf. 5.3 and 5.6). Survival was determined
by subsequent hatch in water. In three replicate batches of 100 eggs, no eggs
survived. This means that the LI and L2 larvae inside the egg are even more
susceptibleto desiccation than free L2larvae.
Experiment 3. When the treatment of experiment 2 was given to 70 Tylenchorhynchusdubiuseggs 7days old, 26%survived. This indicates that the eggs
ofT. dubiusaremore drought resistant than theeggsofR, robustus.

5.8. INFLUENCE OF INORGANIC SALTS

The possible influence of salts has been excluded in the previous desiccation
experiments in vitro by bringing the nematodes in demineralized water shortly
before desiccation (see 2.3.). Composition and osmotic pressure of the soil
solution, however, may be important for desiccation survival of nematodes,
and their effects may be complex. The various salts present in different concentrations have different solubilities. Also the activity coefficients ofthe salts differ
greatly and they change with altering concentrations. Nematodes are known to
take up ions and molecules from a solution and to release them (see 1.2).
Increasing salt concentrations of the soil solution cause higher salt concentrations inside the nematode which probably depends on the composition and the
concentration of thesolution. The subsequent effect ofdesiccation will probably
also be influenced by the composition and concentration of salts inside the
nematode. Retarded loss of moisture due to the higher osmotic pressure of the
nematode must at any rate be expected.
The following experiment explores the questions regarding the effect of
inorganic salts on the desiccation of nematodes. After pretreatment in solutions
of sodium chloride at different concentrations, females of T. dubius and R.
robustus were exposed to desiccation and examined for survival after transfer
intotap water.
Salt treatments. The nematodes were divided into 4 equal batches, a control
batch and three batches which were separately placed into a 0.01 N solution of
NaCl and treated asfollows:
Series 1: with evaporation prevented. The nematodes remained in the 0.01 N
solution for 2.5days.
Series 2: with the concentration of the solution increased to 0.05 N in 2.5 days
byforced evaporation witha ventilator.
Series 3: withthe concentration ofthe solution increased to 0.1 N in 2.5 days as
inseries2.
Series 4: with nematodes placed into demineralized water and heldtherefor 2.5
days.
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Many specimens, especially of T. dubius, did not survive the treatment of
series2and 3.
Desiccation. The gradual desiccation technique was used (2.3., technique 3).
Living nematodes were picked from the different solutions and collected in a
drop of the same solution on a glass slide. Before transfer into the humidity
chamber, the solution was removed. In the first 24 hours, the relative humidity
decreased gradually from 100% to 96.6% and in the following 11 hours to
87.9%, where the nematodes remained for another 24 hours. Examination for
survival took place after a24hours'recovery period intap water.
Thisexperiment wascarried outwith 7replicates of 150females per species.
Nematodes pretreated in the 0.05 and 0.1 N solutions were not visibly shrunk
after the desiccation treatment, whereas the specimens from water and the 0.01
NaCl solution clearlyshowed signsofmoisture loss.
The data on survival are summarized in table 14. The pretreatment with
NaCl solutions appears to influence desiccation survival of both nematodes
markedly, although in a different way. Survival of T. dubius is highest after
pretreatment in demineralized water, whereas survival of R. robustus is lowest
then. The presence of the salt has increased the chance for survival of R. robustus and is harmful to T. dubius.The harmful effect on T. dubiusmay be a direct
toxic effect of the salt itself on the nematode. This assumption is strengthened
by the observation that many specimens of T. dubius did not survive pretreatment in the 0.05and 0.1N solution of NaCl, whereas R. robustussurvived quite
well.

TABLE 14. Percentage desiccation survival of T.dubius and R. robustusfemales at 87.9%r.h.
after pretreatment indifferent solutions of NaCl and inwater.Each percentage isthemeanof
7replicates.
Nematode
species

Cone. NaCl solution at pretreatment
0

0.01N

0.05N

T. dubius
R.robustus

64.8
1.3

44.3
16.6

10.0
24.3

0.1N
0.0
15.9

sign,differences (analysisof
variance,Tukey'stest)
0 > 0.05 and 0.1;0.01 > 0.1
0 < all others

To obtain more information on this point, an additional experiment was
carried out. About 1000specimens of T. dubiusand 200 R. robustus were put in
the following 5 solutions: demineralized water, 0.005 M NaCl, 0.05 M NaCl,
0.005 M mixed salt solution and 0.05 M mixed salt solution. The mixed salt
solution of0.01 M contained the following salts at the indicated concentrations
in gram molecules xlO" 6 ; KCl 872; Ca(N0 3 ) 2 .4H 2 0 1695; K N 0 3 792;
N a H 2 P 0 4 . H 2 0 239; MgS0 4 .7H 2 0 730; N a 2 S 0 4 5634; H 3 B 0 3 61; MnS0 4 .
H 2 0 201 ; KI 181 ; ZnS0 4 .7H 2 0 209. All solutions were allowed to evaporate
slowlyat 20°Cuntil their volumes decreased to one tenth after 6weeks. Survival
of the nematodes was then determined. The trial was carried out in duplicate.
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TABLE 15. Percentage survival of T. dubius and R. robustus after 6 weeks in various salt solutions at gradually increasing concentrations. Significant differences are linked with arrows.
Initial/Final
concentration
of the solutions
0
0.005/0.05 M salt
0.05 /0.5 M salt
0.005/0.05 M NaCl
0.05 /0.5 M NaCl

T. dubius

—>79.0
—»76.2
—>71.3
r-^79.9
i
51.9

R. robustus

91.6
90.6
"82.8
• 96.6
86.3

The results are presented in table 15. The strong solution of NaCl (0.5 M) is
more harmful to T. dubius than any of the other solutions. This indicates that
high concentrations of NaCl are directly toxic to this nematode and may
explain the complete killing by desiccation of T. dubius pretreated in a 0.1 N
solution of NaCl. Low desiccation survival of T. dubius pretreated in a 0.05
N NaCl solution may also be caused by an increased concentration of NaCl, or
one of its ions, inside the nematode due to water loss by desiccation, despite the
fact that a 0.05 N NaCl solution as such is not harmful to this species (see table
15). Also the rate of concentration increase inside the nematode due to desiccation may be of importance. R. robustus is not susceptible to treatment with
the strong NaCl solution. Better desiccation survival of this nematode species
after pretreatment with NaCl in comparison with untreated nematodes, may
be caused by a higher osmotic pressure inside the nematode. This may either
reduce the amount of water lost or the rate of water loss. Also, physiological
changes inside the nematode or of its integument may be responsible for the
better tolerance ofdesiccation after treatment with NaCl.
The overall differences in survival in various salt solutions between T. dubius
and R. robustus (table 15)indicates a higher sensitivity of T. dubiusto osmotic
effects. Resistance to osmotic pressure is therefore not a good indication for
desiccation resistance, for under normal conditions T. dubius survives desiccation far better than R. robustus.
It is at any rate clear that salt solutions may on the one hand kill nematodes
and on the other hand induce higher drought resistance. This may occur in
dryingfieldsfertilized withcomparable dosages.

5.9. INFLUENCE OF CARBON DIOXIDE

Thecomposition ofthe soil air and particularly the 0 2 / C 0 2 ratio may vary.
In very dry soil with little biological activity the soil air may hardly differ from
the atmospheric air, which contains about 0.05% C 0 2 . In soil at about pF'4,
when nematodes start losing moisture, the C 0 2 content can be at least 10-fold
or higher.
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In the following experiment the possible influence of a high C 0 2 concentration intheair on desiccation survival ofnematodes isinvestigated. Females of
T. dubius and R. robustus were desiccated on a membrane filter as follows: 24
hours at 98.0%r.h., 24hours at 96.0%and 24hours at 93.0%.The composition
of the air in the humidity chambers was changed by first saturating the waterglycerine mixture with C 0 2 . After several hours, the air in the chambers was
replaced by a gas mixture containing 80% N 2 , 10%0 2 and 10% C 0 2 . This was
achieved by pumping an excess of the gas through the chambers. Six hours
later, the nematodes were brought into the chambers. The C 0 2 content of the
air in the chambers was determined before and after desiccation of the nematodes by treating an air sample with barium hydroxide of known normality
and then titrating under nitrogen the excess of barium hydroxide with hydrochloric acid. The C 0 2 content in the chambers varied from 5% to 15%. For
comparison, nematodes were desiccated at unmodified conditions. The experiment was carried out with 3replicate batches of about 300 nematodes of each
species.
The results, summarized in table 16, show that the C 0 2 treatments did not
cause significant differences, and it must be concluded that the amount of
carbon dioxidein the soil air does not influence theprocess of desiccation. As in
previous experiments percentage survival of T. dubius was significantly higher
than for R. robustus.

TABLE 16. Percentagedesiccationsurvivalof females ofT.dubiusandR.robustusat 93.0%r.h.
and atatmospheric(—)andincreased(+)C0 2 concentrationoftheair.
Replicates

1
2
3

T. dubius

R. robustus

+co2

-co 2

+co2

-co 2

95.4
91.5
93.7

93.7
93.2
94.8

68.3
78.2
60.1

65.3
58.6
61.6

5.10.

DISCUSSION

The experiments on desiccation survival of ectoparasitic root-infesting nematodes in vitro have confirmed some findings on desiccation survival in soil and
clarified other aspects of the nematode's response to a shortage of moisture.
Many species of ectoparasitic nematodes can withstand slight desiccation.
Populations of 12 species from 5 genera comprising all stages of development
werenot affected by a few days desiccation at a relative humidity corresponding
topF' 4.5and the nematodes became active within one hour upon remoistening
(5.1.). This implies that these nematodes are able to withstand conditions which
are most unfavourable to plants and also that normal life processes in nemaMeded. Landbouwhogeschool Wageningen 73-3 (1973)
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todes can proceed shortly after rewetting of the soil. About half the number of
both the relatively drought-resistant species Tylenchorhynchus dubius and the
rather susceptible species Rotylenchus robustus are able to survive desiccation
in vitro at humidities corresponding to pF' 5.0 for one week. These data,
together with the results of experiments in soil, provide sufficient evidence to
contradict the opinion that only few species of nematodes are able to survive
desiccation (ELLENBY, 1969). Tolerance of drought appears to be rather a
general phenomenon inplant nematodes.
Susceptibility to desiccation varies for different ectoparasitic nematode
species and some species are highly susceptible indeed. This is well demonstrated by the distinct differences in survival between T. dubiusand R. robustus
5.2-5.6) and by the inability of Trichodoruspachydermus to survive 2 days at
relative humidities near 100% (5.1). The observations on T. dubius and
R. robustus agree with the experimental results of these two species in soil.
High susceptibility of Trichodorus species to desiccation in soil has been
mentioned by RÖSSNER (1971). Corresponding differences between reactions to
drought in the field and in vitro have been demonstrated also for L2 larvae of
Heterodera rostochiensisand H. schachtii by ELLENBY (1968a). Experiments by
KÄMPFE (1959) failed to show such differences for the same Heterodera species,
probably due to application of inappropriate desiccation methods. The ability
of T. dubius to survive rather dry conditions, together with its polyphagy
(SHARMA, 1971),may be reasons for its general distribution in the Netherlands
and neighbouring countries.It could bespread by wind.
Susceptibility to desiccation varies for different developmental stages of the
same species. That the differences between the stages observed invitroare not
fully inconformity with the resultsfrom experiments withsoil may be explained
by different composition of the groups of stages. If, for instance, the in vitro
tested females are mainly young females, whereas in soil the young and old
specimens are equally numerous, survival in vitro will probably be better than
in soil. Unvoluntary selection, while picking certain stages from a mixture of
stagesfor invitrotests,mayalsocausesuch differences.
Eggs of ectoparasitic nematodes appear to be more susceptible to desiccation
than active stages, which confirms the finding from experiments with eggs in
soil. This is not in agreement with the general assumption that the egg stage is
probably one of the most important stages for survival in the life cycle of the
nematode. A sticky protein or lipoprotein coat around the egg, as has been
observedforeggsof anumberofnematodespecies,shouldprotectit(VANGUNDY,
1965).A sticky coat has been observed also around eggs of T. dubiusand R. robustus,but nevertheless theyareverysusceptible to desiccation.
Several other factors generally increase the susceptibility of nematodes to
desiccation. These include a high rate, a high degree, and a long duration of
desiccation. On the other hand, survival is favourably influenced by intermediate rises of the air humidity, which means that fluctuations of the humidity
due to day and night sequences will aid nematode survival during drought,
especiallyinthetoplayers ofthe soil.
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The carbon dioxide content of the soil air has no influence on desiccation
survival.
The chemical composition of the soil solution can probably affect desiccation
survival both positively and negatively, by which osmotic pressure of the
pseudocoelomic fluid as well as intoxication can play a role. The assumption
that susceptibility to osmoticpressure and to desiccation areessentially different
is supported by comparable observations on eggs of Meloidogyne javanica by
WALLACE(1968).

In most reports on desiccation survival of nematodes in vitro, survival time
had to be measured in minutes (LEES, 1953; ENDO, 1962; ELLENBY, 1968a,b).
High rates of desiccation will be mainly responsable for these short periods of
survival, as in all cases, the nematodes tested were directly subjected to low
humidities. Such desiccation studies with rapid water loss may obscure important phenomena, because relevant observations may be hindered by the speed
of the process. On the other hand the importance of a reduced rate of desiccation for better survival has been emphasized earlier for Panagrellus silusiae,
Trichostrongylus colubriformis larvae and larvae of Haemonchus concords
(LEES, 1953; ANDERSEN & LEVINE, 1968; ELLENBY, 1968a,b,c). Using interference microscopy ELLENBY (1968) and PERRY and ELLENBY (1972) related
differences in ability of nematodes to survive desiccation with rates of water
release.In comparative studies with larvae and eggs of Heterodera rostochiensis,
H.schachtii and Ditylenchus dipsaci gradually decreasing loss of water was
observed for 'resistant' specimens, which was attributed to changing permeability of the cuticle or egg shell during the process of desiccation. The amount
or kind of lipids present on or in the cuticle (VAN GUNDY, 1965) may play a
role. On the basis of electron microphotographs of the surface of desiccated
R. robustusspecimens, RÖSSNER(1972)assumesthat water loss ofthis nematode
is reduced by regular compression of the transverse annules, which shrinks the
nematode. Other factors may be also involved in desiccation survival, for
ensheathed larvae of Haemonchus concortus dry less rapidly than L4 larvae of
Ditylenchus dipsaci,but D. dipsaciis far better at surviving desiccation (ELLENBY, 1968c, 1969). One of these factors may be the nematode's epidermis or a
cell membrane separating the epidermis from the cuticle (WRIGHT, 1963;
ROGGEN et al., 1967). Most investigators have emphasized the properties and
function of the nonliving cuticle, but hardly anything is known about the
function of the living epidermis or the presence and function of the mentioned
cell membrane with respect to regulation of intake or release of water or other
substances.
It appearsthat many mechanisms may beinvolved and that the interpretation
of the effects of desiccation on nematodes to a large extent is still hypothetical.
The complex picture of the various effects of drought on nematodes may be
somewhat clarified by following LEVITT'S (1972) schemes of drought effects on
plants. LEVITT distinguishes between drought stress and the resulting drought
strain. Stress may be primary (water deficiency) or secondary (f.i. high salt
concentration). Strain may be elastic (non-injurious) and plastic (injurious);
Meded. Landbouwhogeschool Wageningen 73-3 (1973)

71

elastic strain may turn into plastic strain with time. Strain may also by direct
(dehydration) or indirect (f.i. metabolic). The experiments with ectoparasitic
root-infesting nematodes concerned primary as well as secondary stress and
elastic as well as plastic strain. It was not established whether the imposed
strainsweredirect or indirect and what theactual mechanisms were.

drought resistance

I

'

1

drought avoidance

drought tolerance

i
dehydration
avoidance

'

.
dehydration
tolerance

FIG. 24. Primaryschemeofdroughtresistanceinnematodes.

Besides causing strain and possibly injury, drought stress may reveal and
possibly induce stress resistance, which again may be elastic (preventing elastic
strain) or plastic (preventing plastic strain). Two kinds of drought resistance
can be distinguished:drought avoidance and drought tolerance;the latter can
be subdivided into dehydration avoidance and dehydration tolerance (see
fig. 24). Drought avoidance is probably not found in nematodes, but drought
tolerance may be common. Examples of dehydration avoidance as well as
dehydration tolerance have been mentioned above. Ectoparasitic root-infesting
nematodes demonstrate dehydration tolerance, which is less than that for stem
and leaf nematodes like f.i. Ditylenchus dipsaci, but which is nevertheless much
greaterthan could beexpected before our experiments started.
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6. S U M M A R Y

Established nematode populations areverypersistent in the soil. It is known
that they need sufficient soil moisture for movement, feeding and reproduction
(fig. 5), and that there are adverse soil moisture conditions which they cannot
survive. The influence of soil moisture on survival of nematodes and nematode
populations is the topic of this study. The investigations are made under
laboratory conditions and are concentrated on ectoparasitic root-infesting
nematodes, particularly Tylenchorhynchus dubius and Rotylenchus robustus, in
fallow soil and in vitro. The animals chosen represent the large group of unspecialized plant-parasitic nematodes, which pass their entirelife in the soil and
which do not possess any apparent mechanisms against drought. All investigations on populations have been carried out with natural soils and their indigenousnematode populations (2.1.1.and 2.2.1.).
The gross relationships between the three major soil phases and nematodes
are summarized in figure 1 ;the nematodes themselves, though numerous, may
be neglected as a factor in soil formation or as a soil component. Figure 2 lists
the various soil moisture potentials which may affect nematode survival. The
relationships between pF value and soil moisture content (figs. 3 and 6) and
between pF' value and relative humidity of the air (fig. 4) are discussed as tools
in this study (see also chapter 2). Distinction between soil moisture quality and
quantity, and regarding the latter between three essentially different situations,
viz. water-saturated soil, unsaturated moist soil and dry soil, appeared to be
useful. The limit between unsaturated and dry soil cannot be indicated accurately with respect to nematode biology, because essential data about the
physical and chemical properties of nematodes are lacking. The limit may vary
for different species, stages of development or even individual nematodes
(1.3.3.).
The extensive literature survey (chapter 1) shows that many incidental data
are available, but the information is yet too erratic to draw a coherent picture
of the relations between soil moisture and nematode survival. Thisis particularly so because quantity and quality of soil moisture are often not considered
separately. One conclusion may be that nematodes generally are proof against
moisture conditions which both chemically and physically differ widely from
their normal average environment. Reduced activity isthe first visible symptom
of a reaction to environmental stress, which may affect various species differently(1.2.).
In water-saturated soil, nematode populations were reduced to about 20%
after 20 weeks (fig. 9) and there were indications that considerable reduction
had occurred already after 12 weeks. This confirms the general opinion that
saturated soil is unfavourable for most nematodes due to chemical properties
ofthesoilsolution asaresult ofmicrobiological activity(1.3.1).
The results of experiments in unsaturated soil indicate that survival of ectoMeded. Landbouwhogeschool Wageningen 73-3 (1973)

73

parasiticnematodesinfallow soilatpFvaluesbetween0.5and4isnot directly
affected by soil moisture quantity (figs 10, IIA and 12A).This can also mean
that thesenematodes arenot orhardlyactiveinmoist fallow soil (3.3.). Under
such conditions also the quality of the soil solution, as influenced by normal
manuring, hasno measurable influence on survival of populations (figs. 11B,C
and 12B,C).Great qualitative modifications byexcessive dressingswithchemicalsmaycausedamage(table 15),asindicatedintheliterature(1.3.2.).
Drought is generally considered harmful to nematodes and especially to
ectoparasites, although in literature several cases of drought-tolerance in such
nematodes are mentioned (table 1).When investigating the response of nematodestodesiccation,thegradualityoftheprocessesofdehydration andrehydration appear to be most important. Dehydration must proceed gradually, particularly for in vitro studies, because nematodes are killed byunnatural, rapid
loss of water. For that purpose three slightly different desiccation techniques
havebeendeveloped, makinguseoftherelationship betweenthe concentration
of aqueous glycerine solutions and the relative humidity of the air in a closed
room(2.3.).
Rehydration of desiccated nematodes and regaining activity thereupon
requires time. This necessitates the application of adapted methods for the
extraction ofnematodesfrom drysoil,because otherwiseonlyafraction ofthe
livingnematodeswouldbecaught(figs. 13and14).
Experiments in soil as well as in vitro have demonstrated that ectoparasitic
root-infesting nematodes generally are drought-tolerant to a certain extent
(figs. 16, 17A, 19,20).As already mentioned, desiccation survival depends on
therateofwaterloss(table 11),but alsothedegreeandduration ofdesiccation
are important (figs. 20 and 21). Diurnalchangesoftherelativehumidityofthe
soil air aid nematodes to survive (table 12). Both experiments in vivo and in
vitro showed great differences in drought-tolerance between nematode species
(figs. 16, 17A, 19-22) and also between various stages of development (figs.
17B and 22). The general assumption that nematode eggs are important for
restoration ofpopulations upon severedrought, asaresult oftheir exceptional
drought-resistance, iscontradicted bytheexperimental resultsfor ectoparasites
4.3.2.and5.7.).
Regarding the influence of chemical properties of soil moisture in dry(ing)
soil,moreresearch, distinguishingprimaryand secondaryeffects, appears tobe
necessary. The experimental results indicate fundamental differences, viz. increased drought-tolerance of one species and intoxication of another species
underthesameconditions(fig. 19, table 14),andalsothatlossofwaterinadry
atmosphere affects nematodes other than loss of water to a surrounding solution(5.10.).
Systematic differentiation of the reactions of nematodes to drought or any
other environmental stress, analogous to systems used for plants, seems to be
useful(5.10).
Eradication of ectoparasitic root-infesting nematodes in fallow soil merely
bymaintaining non-extreme soilmoisture conditions ishardly possible(figs.9,
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10, 11).Under extreme moisture conditions nematodes can be eradicated, but
the process requires a long time (table 8, figs. 9, 16, 17, 19).However, partial
nematode control with about 80% mortality, which is comparable with the
effect achieved by chemical control, is considered sufficient for safe crop
growth. In rapidly and strongly desiccated soil (pF 5.5) 80%mortality can be
achieved in a rather short period oftime.For a number of susceptiblespecies,
such reduction occurred in 4 weeks or less and for more tolerant species the
period varied from 10to more than 24weeks (table 8, figs. 16, 17, 19). Long
lasting periods of severe drought occur in arid and semi-arid areas (4.4).
Efficient control ofnematodes bydryfallow, possiblyincombination withsoil
tillingattherighttime,seemstobepossibleintheseareas.
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7. S A M E N V A T T I N G

In de bodem voorkomende nematodenpopulaties zijn zeer persistent. Het is
bekend dat voor beweging, voeding en vermeerdering van nematoden de aanwezigheid van voldoende bodemvocht vereist isen ook dat zij onder ongunstige
vochtomstandigheden dood gaan. In deze studie is de invloed onderzocht van
bodemvocht op de overleving van nematoden, in het bijzonder van ectoparasitaire wortelnematoden. De soorten Tylenchorhynchus dubius en Rotylenchus
robustuszijn gekozen als vertegenwoordigers van deze grote groep van planteparasitaire nematoden waarvan degehele levenscyclus zichin de grond voltrekt.
Het onderzoek betreffende populaties is uitgevoerd in het laboratorium en in
kassen met natuurlijke onbegroeide gronden en de daarin voorkomende nematoden. Onderzoek naar de invloed van droogte is ten dele ook in vitro uitgevoerd.
In figuur 1isin grote lijnen het verband tussen de drie bodemfasen en nematoden weergegeven. Het overzicht in figuur 2 geeft de verschillende bodemvochtpotentialen die de overleving van nematoden kunnen beïnvloeden. De relaties tussen de pF-waarde en het vochtgehalte van de grond (fig. 3en 6)en tussenpF'-waarde en derelatieveluchtvochtigheid (fig. 4)zijn alshulpmiddelen bij
dit onderzoek besproken. Ten aanzien van bodemvocht bleek het nuttig te zijn
onderscheid te maken tussen kwaliteit en kwantiteit, en voor wat betreft de
laatste tussen verzadigde grond, onverzadigde vochtige grond, en droge grond.
De grens tussen onverzadigde en droge grond kan met betrekking tot de biologie van nematoden niet nauwkeurig worden aangegeven, omdat de hiervoor
noodzakelijke gegevens over defysische enchemischeeigenschappen van nematoden niet bekend zijn. Deze grens kan voor verschillende soorten, ontwikkelingsstadia, ofzelfsindividuele nematoden verschillend zijn(1.3.3.).
Het literatuuronderzoek (hoofdstuk 1)toont aan, dat hoewel veel op zichzelf
staande gegevens beschikbaar zijn, nog geen samenhangend beeld van de relatie
tussen bodemvocht en het overleven van nematoden kan worden gegeven. Dit
vindt vooral zijn oorzaak in het feit dat kwantiteit en kwaliteit van bodemvocht
meestal niet in combinatie worden beschouwd. Als algemene conclusie kan wel
worden gesteld dat nematoden doorgaans bestand zijn tegen een milieu dat
zowel chemisch als fysisch sterk afwijkt van de normale omstandigheden. De
eerste zichtbare reactie op ongunstige omstandigheden is verminderde activiteit
van denematoden, waarbij desoorten verschillend kunnen reageren (1.2).
In met water verzadigde grond werden verscheidene populaties in 20 weken
tot ongeveer 20%gereduceerd (fig. 9)ener waren aanwijzingen dat na 12weken
reeds een aanzienlijke daling van het aantal nematoden had plaats gevonden.
Dit bevestigt de reeds bestaande mening dat verzadigde grond voor de meeste
nematoden ongunstig is, hetgeen wordt toegeschreven aan chemische eigenschappen van de bodemoplossing ten gevolge van microbiologische activiteit
onder dezeomstandigheden (1.3.1).
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De resultaten van experimenten in onverzadigde grond tonen aan dat tussen
de pF-waarden 0,5 en 4 de overleving van ectoparasitaire nematoden in braak
liggende grond niet direct door de hoeveelheid bodemvocht wordt beinvloed
(fig. 10,1IAen 12A).Dit houdt tevensin dat dezenematoden niet of nauwelijks
actief zijn in onbegroeide vochtige grond (3.3). Onder dezelfde omstandigheden
heeft ook de kwaliteit van de bodemoplossing onder invloed van normale bemesting geen waarneembare invloed op de overleving van populaties (fig. 11B,C
en 12B,C). Grote kwalitatieve veranderingen door buitengewoon zware bemesting kunnen wel schade veroorzaken (tabel 15), waarvoor ook in de literatuur
diverseaanwijzingen zijn (1.3.2).
Droogte wordt algemeen als schadelijk beschouwd voor nematoden, in het
bijzonder voor ectoparasieten, hoewel er in de literatuur verscheidene gevallen
van droogte-tolerantie worden genoemd (tabel 1). Bij het onderzoek naar de
reactie van nematoden op droogte blijkt de geleidelijkheid van zowel het uitdrogings- als het herbevochtigingsproces belangrijk te zijn. Uitdrogen moet,
vooral bij proeven in vitro, geleidelijk verlopen, omdat nematoden door onnatuurlijk snel waterverlies worden gedood. Daarom zijn verschillende technieken voor het uitdrogen van nematoden in vitro ontwikkeld. Hierbij wordt
gebruik gemaakt van de relatie tussen de dichtheid van water-glycerine mengselsenderelatieveluchtvochtigheid ineenafgesloten ruimte(2.3).
Wateropname door uitgedroogde nematoden en het vervolgens weer actief
worden, vergt enige tijd. Dit maakt het noodzakelijk om voor de extractie van
nematoden uit droge grond methoden toe te passen die afwijken van de gebruikelijke methoden, omdat anders slechts eenzeer klein gedeeltevan de aanwezige
levendenematoden wordt geëxtraheerd, (fig. 13 en 14).
Experimenten in grond en in vitro hebben aangetoond dat veel ectoparasitaire wortelnematoden in bepaalde mate droogte tolereren (fig. 16, 17A, 19 en
20). Het al of niet overleven van uitdroging isafhankelijk vande snelheid waarmee vochtverlies optreedt (tabel 11) en ook van de sterkte en duur van de uitdroging (fig. 20 en 21). Dagelijkse tijdelijke stijgingen van de relatieve luchtvochtigheid maken de overlevingskansen groter (tabel 12). Er zijn duidelijke
verschillenwaargenomenin droogte-tolerantie tussen nematodensoorten (fig.16,
17A,19-22)enooktussenontwikkelingsstadia vandezelfde soort(fig.17Ben22).
De algemene veronderstelling dat eieren van nematoden als gevolg van hun
vermeende buitengewone droogteresistentie een belangrijke rol spelen bij het
weer opbouwen van populaties na sterke droogte, wordt op basis van proefresultaten voor ectoparasieten tegengesproken (4.3.2en 5.7).
Voor wat betreft de invloed van chemische eigenschappen van het bodemvocht in droge of drogende grond blijkt meer onderzoek, waarbij primaire en
secundaire effekten worden onderscheiden, noodzakelijk. De verkregen resultaten wijzen op fundamentele verschillen, te weten een toenemende droogtetolerantie bij deene soort en vergiftiging van een andere soort onder gelijke omstandigheden (fig. 19,tabel 14),en tevens dat waterverlies van een nematode in
een droge atmosfeer andere gevolgen heeft dan waterverlies aan een omringende
vloeistof (5.10).
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Een systematisch onderscheid van de reacties van nematoden op droogte of
andere milieufaktoren in analogie aan systemen zoals die worden toegepast bij
planten lijkt nuttigtezijn (5.10).
Uitroeien van ectoparasitaire wortelnematoden in onbegroeide grond alleen
door het handhaven van een niet extreme vochttoestand is nauwelijks mogelijk
(fig. 9, 10, 11). Onder extreme omstandigheden kunnen nematoden wel worden
uitgeroeid maar dat is een langdurig proces. Onvolledige bestrijding waarbij
ongeveer 80% van de populatie wordt gedood, hetgeen vergelijkbaar is met de
resultaten van chemische bestrijding, is voor het veilig verbouwen van een gewas meestal voldoende. In snel en sterk uitgedroogde grond (pF 5,5) kan 80%
doding in betrekkelijk korte tijd worden bereikt. Voor een aantal droogtegevoelige soorten was dit 4 weken of minder en voor meer bestendige soorten
varieerde deze periode van 10tot meer dan 24 weken (tabel 8, fig. 16, 17, 19).
Langdurige perioden van sterke droogte komen in arideensemi-aridegebieden
voor (4.4). Een doelmatige bestrijding van nematoden met droge braak, mogelijk in combinatie met grondbewerking op hetjuiste tijdstip, lijkt in deze gebieden mogelijk.
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