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Abstract

Minirhizotron root video observations of two experiments (in 1991 and 1992) in the Wageningen Rhizolab were
used to investigate the extent to which potato cyst nematodes (Globodera pallida) without (1991) or with accompanying
drought (1992) influenced the rooting dynamics of potatoes. The main effect of potato cyst nematodes in 1991 was a
retarded root length. At a depth of 10 cm and without nematodes, the maximum total root length was produced
60 days after planting. At a depth of 45 cm, this point was reached after 80 days. With nematodes (2.5, 10 and 40
living larvae per gram of soil ), however, the date at which maximum root length was produced was retarded with at
least 20 days, depending on the infestation level of the soil. At a depth of 45 cm, nematodes at the highest infestation
level also eventually resulted in a shorter root length. At a depth of 10 cm, nematodes resulted in a somewhat greater
root length. The effects of nematodes on the longevity of potato roots were analysed by following the fate of individual
root segments. It was concluded that in the first experiment (1991), the rate at which roots decayed was higher
without nematodes than with nematodes. Combining the data for root length production with root length decay, it
was found that without nematodes, the standing living root length was only higher in the first part of the season.
Also, from the second experiment (in 1992), in which the effect of nematodes was studied in combination with
drought, potato roots did not show a reduced longevity with nematodes. The yield of potatoes in the presence of
nematodes is discussed. © 1998 Elsevier Science B.V. All rights reserved.

Keywords: Drought; Infestation level; Minirhizotrons; Potato cyst nematode (Globodera pallida); Root growth; Root
turnover Wageningen Rhizolab

1. Introduction of potato plants. Although the effects of an infesta-
tion of these nematodes depend on the degree
of tolerance of the potato cultivar and the inter-Potato cyst nematodes (Globodera pallida) are
action with other environmental factors, oftenknown to have a negative influence on the yield
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Certain tested tolerant potato cultivars, such as Moreover, Evans et al. (1975) suggested that
roots of infested plants lived shorter than non-Maris Piper and Cara, showed a more extensive

and deeper rooting and more branched roots than infested plants. In their experiments, a progressive
death of roots of Pentland Dell started 11 weeksless tolerant cultivars such as Pentland Dell and

Pentland Crown (Evans et al., 1977; Evans and after planting, earlier and faster than was observed
for the resistant cultivar Maris Piper.Haydock, 1990). In intolerant cultivars, a high

incidence of necrosis was found on roots after the Thus, as water and nutrient stress per se can
both be induced by a faster decay of the rootnematodes matured, whereas in tolerant cultivars,

callus formation was observed to surround the system, more information about the effect of nema-
todes on the rooting dynamics of the potato plantsites where nematodes had entered the roots

(Huijsman et al., 1969). Also, Arntzen et al. (1994) could clarify the mechanisms involved in the lower
dry-matter production at nematode-infested sites.found a relationship between rooting characteris-

tics (the rate at which roots induced hatching and In two Wageningen Rhizolab experiments, car-
ried out in 1991 and 1992, roots were observedthe growth of roots after inoculation) and the

degree of tolerance of potato cultivars. with minirhizotrons, allowing individual roots to
be followed in time. With this method, it was notFasan and Haverkort (1991) reported a

decreased shoot/root ratio with both nematodes only possible to quantify total root length pro-
duction, but it also enabled us to assess quantita-and drought, but with nematodes, it was only due

to a reduction of the aerial part of the dry weight, tively the rate of root length decay with or without
nematodes and drought.whereas with drought, both shoot and root weight

decreased, but shoot weight more than root weight.
Evans et al. (1975) suggested that stomatal

closure and, consequently, a reduced photosynthe- 2. Materials and methods
sis rate are the main mechanisms through which
drought, but also nematodes, cause lower potato 2.1. Experimental conditions
yields. A higher stomatal resistance was also asso-
ciated with increased abscisic acid (ABA) contents, In two experiments conducted in the

Wageningen Rhizolab, the potato cultivar Mentororiginating from the root cap cells, in leaves
(Fatemy et al., 1985). Thus, water stress might be (moderately tolerant of potato cyst nematode) was

grown in 1991 with different levels of nematodes,one of the main factors reducing plant growth on
nematode infested soils. In addition, Evans et al. and in 1992, the combination of drought and

nematodes was studied. For more details, see(1975) reported that Pentland Dell (a less tolerant
potato cultivar than other cultivars) when strongly Haverkort et al. (1994).

The Wageningen Rhizolab consists of 16 com-infested by nematodes, started to senesce earlier
than lightly infested plants. Irrigation had little partments (125×125 cm and 200 cm deep) situated

on either side of an underground corridor (van deeffect on the water relations of these nematode
infested plants. An earlier senescence of the leaf Geijn et al., 1994). Roots can be observed by

horizontally placed minirhizotrons (Smit et al.,canopy was also mentioned by Haverkort and
Trudgill (1995) as one of the main factors causing 1994a). The subsoil of the compartments (−200

to −100 cm) consisted of a white and coarse sanda yield reduction. It seems possible that the earlier
senescence is induced by the root system as nema- without any organic matter. A humous sandy soil

was placed between −30 and −100 cm. To ensuretodes can affect the size or functional properties
of the potato roots. Trudgill and Cotes (1983) and a homogeneous bulk density and a close contact

between soil particles and the minirhizotrons, theTrudgill (1987) mention that invading juveniles of
the potato cyst nematode decrease the effectiveness compartments were filled layer by layer with thin

(5 cm) soil layers compressed manually to a uni-of the potato root system leading to a chronic
deficiency of one or more nutrients and a conse- form bulk density and measured afterwards. The

minirhizotrons were positioned during the fillingquential reduction in the rate of top growth.



139A.L. Smit, T. Vamerali / European Journal of Agronomy 9 (1998) 137–146

procedure, avoiding any voids between minirhizot- 20 cm. To mimic a crop situation, the compart-
ments were surrounded by guard potato rows.rons and soil that might affect root growth.

The top 30-cm layer was filled with a light sandy
2.2. Root observationssoil from a field infested with nematodes. Starting

from an initial infestation of 40 and 15 living
Root observations were carried out by a mini-larvae per gram of soil in 1991 and 1992, respec-

colour video-camera (Bartz Technology, Santatively, different nematode infestation levels were
Barbara, CA) equipped with a visible-light systemobtained before use in the Rhizolab by irradiating
(4.5-mm incandescent bulbs). The camera systemwith gamma radiation and mixing procedures [for
was inserted into glass minirhizotrons 130 cm long,more details, see Haverkort et al. (1991, 1992,
outer diameter 5 cm, placed horizontally at varying1994)].
depths between 5 and 150 cm (Smit et al., 1994a).The 1991 experiment with four compartments

Although all depths were observed in bothconsisted of the following treatments:
experiments, only depths of 10 and 45 cm wereN1: without nematodes;
used for this study on root dynamics. To assessN2: 2.5 living larvae per gram of soil;
differences in rooting dynamics, only six observa-N3: 10 living larvae per gram of soil;
tion dates for the first and seven dates for theN4: 40 living larvae per gram of soil, correspond-
second experiment were used. Table 1 shows theing to the initial infestation of the used soil.
observation dates in the Wageningen Rhizolab forIn this experiment, water was not a limiting factor
1991 and 1992.for plant growth.

The video-camera had a 1.3×1.8 cm field viewIn the 1992 experiment (also four compart-
on the upper side of each tube. On the glass–soilments), two infestation levels with potato cyst
interface, 20 positions (along 49 cm of the tube)nematodes were combined with two levels of
were recorded and stored on a S-VHS JVC BR600water supply:
video-cassette recorder. Between each position, a

N1D1: no nematodes, optimal water supply;
1.25-cm lap was not recorded.

N2D1: 15 living larvae per gram of soil, optimal
water supply; 2.3. Processing of video-images with interactive
N1D2: no nematodes, 50% of the optimal image analysis
water supply;
N2D2: 15 living larvae, 50% of the optimal The public-domain image-analysis program
water supply. NIH-Image v. 1.56 was used (written by Wayne
Water was applied by drip irrigation. During Rasband at the US National Institutes of Health

the whole season, at each application, the
droughted treatments received only half of the

Table 1
water supplied to the optimal water treatments. Dates of observation
The amount of water was based on the soil mois-

Yearture content, measured automatically at several
depths in the profile with capacitive moisture

1991 1992
sensors.

17 May (planting) 28 April (planting)Potato seed tubers were allowed to emerge in
20 June 21 Maysand in the weeks prior to transplanting.
9 July 4 JuneTransplants consisted of rooted stems about 15 cm 8 August 18 June

in length but were removed from the mother tuber. 20 September 2 July
10 October 16 JulyThe single stem potato plants were transplanted
30 October 13 Auguston 17 May 1991 and 28 April 1992 and harvested
— 15 Septemberon 29 October 1991 and 14 September 1992,
29 October (harvest) 14 September (harvest)

respectively. The plant distance was 25 cm by
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and available from the Internet by anonymous because nutrient and water uptake would be
impaired (Passioura, 1991; Veen et al., 1992). Also,FTP from zippy.nimh.nih.gov or on floppy disk
degradation of the root cortex, visible as afrom the National Technical Information Service,
decreased sharpness at the border of the roots,Springfield, Virginia, part number PB93-504868)
loss of colour uniformity and appearance of blotsto transfer the video-images to a computer and
on root surface, was used as a criterion to deter-perform the analysis on root dynamics.
mine whether a root was dead or alive.Video images were transferred from the video-

The NIH-Image program was used as an inter-recorder to a Macintosh II (20-Mb RAM and
active tool to process the minirhizotron video180-Mb hard disk) equipped with a frame-grabber
images. With the Image program, it is possible to(Data Translation Quick Capture card DT 2255).
use seven additional colours in grey-value images.The digitised images of a single minirhizotron
Each of these seven colours was linked to a particu-position had a height of 512 pixels, a width of 768
lar observation date. Beginning with the first obser-pixels and a size of 390 kb. Each pixel in the image
vation date, the visible roots were traced with theis represented by the grey-scale value, a figure
mouse, drawing a one-pixel-wide line of, for exam-between 0 and 255. In the Image program, pure
ple, the colour red. This line drawing was superim-white is represented by 0 and pure black with a
posed on the image of the next observation date.grey value of 255, and intermediate values are
Roots that had become visible on the secondrepresented as intermediate grey tones.
observation date were now traced with the secondIndividual images were rearranged in so-called
colour (e.g. yellow). If a root (partially) died, the‘stacks’ consisting of six (in 1991) or seven (in
corresponding tracing of this root was removed.1992) consecutive images of the same position on
The next observation dates were treated accord-a minirhizotron. For each depth (tube), 20 stack
ingly [see also Smit and Zuin (1996)].files were made. To correct small differences in

On each observation date, after tracing or (par-camera positioning between observation dates, an
tial ) removing root segments, the number of pixelsalignment procedure was carried out. By selecting
of each of the six colours (corresponding to thetwo or more reference points (either roots, charac-
dates of the appearance of roots) was counted.teristic soil particles, soil pores, etc.) and pointing
The number of pixels was converted to length perto the same references in the image following in
cm2 minirhizotron surface, using a methodtime, a macro in NIH-Image produced a stack file
described by Smit et al. (1994b)in which exactly the same area could be observed

throughout the season. After the alignment pro-
2.4. Root parameters and statistical analysiscedure, an area of 500×350 pixels (1.2×

0.9 cm2), roughly in the middle of the screen of
The Image program allowed us to follow theeach stack file, was used for subsequent analysis.

fate of individual roots appearing in consecutiveTo assess the life span of a single root, exact
observation dates and to perform an analysis asmorphological criteria are needed to classify roots
described by Cheng et al. (1991). Cumulatedas dead or alive, but, until now, no standardised
length production (total produced length of roots,method has been found in the literature.
TPL) and dead roots (total dead root length,Nevertheless, we observed some morphological
TDL) were calculated as a mean of 20 positionschanges that may be related to the physiological
for each depth. TPL and TDL were regressedproperties of roots. The main considered character-
(Gompertz regression equation) on time afteristic was root colour. When roots, which were
planting (t) for each depth and treatment usingwhite immediately after appearing, had become
the Genstat5 program (Payne et al., 1993), forcingbrown or black, they were considered to be dead.
through the origin was applied. The percentage ofThis was observed in particular for thin roots. It
variance accounted by this regression was in twowas also often observed that the roots started to
cases 93 and 94% and was higher than 97% in allshrink after a certain period and then lost contact
the others (Table 2).

with the soil particles. In the case of permanent
shrinking, this would imply a loss of functionality TPL(t) and TDL(t)=ce−e−b(t−m), (1)
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Table 2
Gompertz regression coefficients (see text) of TPL and TDL on time for two depths in 1991 and 1992

Year Treatment Depth Variable Regression coefficients Percentage
(cm) explained

b m c VHRiance

1991 N1 10 TPL 0.0740 (±0.014) 17.80 (±3.221) 1.3330 (±0.028) 98.7
N2 10 TPL 0.0706 (±0.013) 41.18 (±1.863) 1.4538 (±0.043) 98.5
N3 10 TPL 0.0252 (±0.006) 63.24 (±6.418) 1.621 (±0.155) 97.7
N4 10 TPL 0.1028 (±0.037) 45.91 (±2.910) 1.8394 (±0.074) 96.4
N1 45 TPL 0.1056 (±0.005) 49.709 (±0.187) 1.5092 (±0.004) 100.0
N2 45 TPL 0.0714 (±0.002) 60.009 (±0.432) 1.5825 (±0.010) 99.9
N3 45 TPL 0.0645 (±0.003) 65.269 (±0.673) 1.8986 (±0.017) 99.9
N4 45 TPL 0.1059 (±0.079) 80.83 (±1.850) 0.6190 (±0.019) 99.2
N1 10 TDL 0.0230 (±0.006) 79.09 (±9.383) 1.201 (±0.171) 97.6
N2 10 TDL 0.0110 (±0.003) 183.4 (±50.9) 1.379 (±0.847) 99.3
N3 10 TDL 0.0119 (±0.003) 226.3 (±52.0) 4.83 (±3.970) 99.8
N4 10 TDL 0.0174 (±0.008) 115.6 (±29.3) 1.605 (±0.685) 96.5
N1 45 TDL 0.0354 (±0.003) 119.91 (±1.350) 1.4908 (±0.056) 99.9
N2 45 TDL 0.0370 (±4E−4) 132.31 (±0.236) 1.0766 (±0.007) 100.0
N3 45 TDL 0.0336 (±0.009) 107.88 (±5.810) 0.6855 (±0.088) 98.6
N4 45 TDL 0.0749 (±1.7E−17) 131.3 (±3.0E−15) 0.1374 (±1.2E−17) 100.0

1992 N1D1 10 TPL 0.1383 (±0.015) 11.690 (±1.21) 2.1816 (±0.012) 99.9
N2D1 10 TPL 0.0964 (±0.008) 14.079 (±0.905) 2.1437 (±0.018) 99.7
N1D2 10 TPL 0.0874 (±0.018) 13.340 (±2.460) 1.9954 (±0.055) 97.4
N2D2 10 TPL 0.0575 (±0.017) 19.710 (±3.95) 2.4430 (±0.143) 93.4
N1D1 45 TPL 0.2824 (±5.9E−4) 33.780 (±6.7E−3) 0.8560 (±2.4E−5) 100.0
N2D1 45 TPL 0.2494 (±9.6E−4) 36.890 (±3.8E−3) 0.7642 (±1.3E−4) 100.0
N1D2 45 TPL 0.1638 (±0.025) 31.551 (±0.920) 0.2956 (±0.004) 99.6
N2D2 45 TPL 0.1468 (±0.031) 38.337 (±0.911) 0.5150 (±0.014) 98.9
N1D1 10 TDL 0.0785 (±0.012) 49.880 (±1.380) 2.0282 (±0.066) 99.0
N2D1 10 TDL 0.0663 (±0.006) 53.683 (±0.996) 2.0305 (±0.048) 99.6
N1D2 10 TDL 0.0649 (±0.005) 56.180 (±0.893) 1.9450 (±0.042) 99.7
N2D2 10 TDL 0.0593 (±0.009) 56.340 (±1.790) 2.0738 (±0.088) 98.8
N1D1 45 TDL 0.0761 (±0.008) 60.660 (±0.984) 0.8190 (±0.021) 99.5
N2D1 45 TDL 0.0909 (±0.006) 62.316 (±0.545) 0.7119 (±0.010) 99.8
N1D2 45 TDL 0.0358 (±0.001) 80.873 (±0.803) 0.3009 (±0.005) 100.0
N2D2 45 TDL 0.0401 (±0.006) 73.740 (±2.380) 0.4975 (±0.028) 99.2

where c (maximum level of TPL and TDL), b Mathematica ( Wolfram, 1991).
(slope of the curve at c/2) and m (time when c/2
is reached) are constants, t=time in days after SRLD(t)=

bce{−e[−b(t−m)]−b(t−m)}
LRL(t)

(3)
planting, and e is the natural logarithm.

The standing living root length (LRL) in time
was calculated as the difference between the
regressed values of TPL and TDL: 3. Results and discussion

LRL(t)=TPL(t)−TDL(t). (2)
3.1. Root length production

The derivative of TDL over time as a fraction
of LRL(t) was used to calculate the specific root In the 1991 experiment, increasing levels of

nematodes had a strong negative effect on totallength decay (SRLD) (Eq. (3)). The derivative
was obtained by using the software package and tuber yield (Table 3) and produced a different
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Table 3
Total dry-matter production (root mass excluded) and tuber yield (dry mass) at the final harvest on 29 October 1991 and 14
September 1992

Experiment Treatment Infestation level ( living larvae per gram of soil ) Total dry matter (kg m−2) Tuber dry matter (kg m−2)
1991 N1 0 4.53 3.13

N2 2.5 4.05 3.01
N3 10 2.67 2.00
N4 40 1.33 1.00

1992 N1D1 0 (+optimal water supply) 2.98 1.83
N2D1 15 (+drought) 2.26 1.46
N1D2 0 (+optimal water supply) 2.53 1.74
N2D2 15 (+drought) 1.85 1.23

pattern of total root length production as indicated of root length compared to that in the nematode
by changes in the regression coefficients (Table 2), treatments [especially compared to treatment N3,
and as visualised in Fig. 1. At a depth of −10 cm, Fig. 1 (TPL)]. Although, at the end of the season,
root growth started earlier in the control treatment, the differences in total length were minor, the data
and this treatment also showed a faster increase suggest that slightly more roots were produced

with more nematodes. Without nematodes, the
same total root length was produced in a shorter
time. Thirty-four days after planting, the root
length was five times greater in the control than
that in infested soil (1 cm cm−2 vs. 0.2 cm cm−2).
For treatment N4 (40 larvae per gram of soil ), a
level of 1 cm cm−2 was reached 20 days later and
the other treatments still later. Also, at a depth of
−45 cm, root length production was earlier with-
out nematodes (Fig. 1). In contrast to the observa-
tion at −10 cm, the total root length in the N4
treatment was reduced severely throughout the
season, and obviously, compensation had occurred
in the upper soil layer (see Fig. 1, TPL at −10 cm
for this treatment).

In the 1992 experiment, nematodes also reduced
the (tuber) yield, under both optimal water supply
(D1) and drought conditions (D2), Table 3.
Compared to that in 1991, the yield was lower
because of the earlier harvest date and because of
the fact that the foliage in 1992 was confined with
netting to the planted area [see also Haverkort
et al. (1994)]. The effect of nematodes on total
root length production when the water supply was
optimal (N1D1 vs. N2D1) was similar to the effect

Fig. 1. Root characteristics in 1991 at a depth of −10 and observed in 1991 at comparable population levels
−45 cm. · · : · N1; ———: N2; ———: N3; - - -: N4 (see text). (Fig. 2, TPL) for depths of −10 and −45 cm): atTPL: Total produced length of roots; TDL: total dead root

the end of the season, a similar total length oflength; LRL: standing living root length; SRLD: specific root
length decay. roots had been produced, but without nematodes,
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effect of drought: it has been found for potatoes
that drought increased the root:shoot ratio, indi-
cating that root growth was maintained to a
greater extent than shoot growth (Jefferies, 1993).
In infested soils, new roots produced later in the
season will probably be less infected by nematodes,
as most of the cysts in the soil will be hatched.
Under these conditions, this changed strategy in
rooting behaviour might be favourable for the
uptake of water and nutrients.

The potato crop does not seem to avoid nema-
todes with a changed rooting pattern as, in most
cases, we did not observe more roots in soil layers
with nematodes. On the contrary, in 1991 (highest
infestation level ) and 1992 (no drought), less root-
ing was found at −45 cm with nematodes.

3.2. Rooting dynamics

In the 1991 experiment at the considered soil
depths, the cumulative curve of the ‘total dead
root length’ was higher without nematodes (Fig. 1;
TDL). Also, from the death rate as a proportion
of the standing living root length, it can be con-

Fig. 2. Root characteristics in 1992 at a depth of −10 and cluded (Fig. 1; SRLD) that especially deeper in
−45 cm. · · · : N1D1; - - -: N1D2; ———: N2D1; ———:

the profile (−45 cm), roots had a shorter longevityN2D2 (see text). TPL: total produced length of roots; TDL:
in the control treatment than in the presence oftotal dead root length; LRL: standing living root length; SRLD:

specific root length decay. nematodes.
In 1992 at a depth of −10 cm (Fig. 2), the effect

of drought and nematodes on TDL was minor. Atthis level was reached earlier. Drought decreased
the root length, especially in the deeper soil layer −45 cm, during drought, nematodes increased

TDL. However, when the death rate was expressed(−45 cm), but an interaction between drought and
nematodes became apparent as, during drought, relative to the living roots, the effect of drought

was much more pronounced than the effect ofnematodes appeared to stimulate rooting (Fig. 2,
TPL). nematodes (Fig. 2; SRLD). At −10 cm, the effect

of nematodes on SRLD was only substantialThe presented results indicate that without
potato cyst nematodes or drought, root formation during drought; here, nematodes increased the

longevity of the roots. In general, the relative deadin a potato crop takes place in a relatively short
period (only 40 days) after planting. After this rates of the control treatment were higher than

in 1991.period, few new roots are formed, which implies
that potato roots, once produced, have to be Thus, the relative death rate of roots without

nematodes in both experiments was at least asfunctional during the greater part of the growing
season (Figs. 1 and 2; TPL). Nematodes change high, and usually higher than, with nematodes.

This is in contrast to the literature where it isthis pattern: the maximum number of roots is
reached later in the season, or the crop continues suggested that nematodes shorten the life span of

roots (Evans et al., 1975). It can be argued,to grow roots until the end of the season. In this
respect, the effect of the nematodes resembles the however, that nematode-induced fast decay of
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roots would negatively influence the chances for the living root length decreased more rapidly with-
out nematodes. Drought lowered the maximumreproduction for the nematodes themselves,

although the required (thermal ) time for comple- living root value at all depths.
tion of the life cycle of Globodera spp. (Van Haren,
1995) seems to be relatively short compared to the 3.4. Yield formation and nematodes
longevity of an average potato root. It is, neverthe-
less, conceivable that nematodes have a minor If nematodes do not induce a faster decay of

roots, what would then be the main mechanisminfluence on the longevity of roots, in contrast to
the general idea about the effect of nematodes. by which nematodes impair plant growth?

Considering the above, it is unlikely that yieldThe main yield reducing the effect of nematodes
would then not be caused by a higher root depressions are caused by a higher amount of dry

matter invested below ground. It is more likelyturnover.
that there is a less efficient uptake of nutrients or
water by (a) a changed rooting pattern and distri-3.3. Standing living root length
bution or (b) an impaired root functioning per se
(Trudgill, 1987; Haverkort and Trudgill, 1995).Subtracting TDL from TPL yields the standing

living root length (Fig. 1, LRL) which shows an As shown in the present study, nematodes cause
a retardation in root growth, which can have aoptimum curve in time. Nematodes retarded the

date at which this optimum was reached, although negative effect on early leaf growth. According to
Steltenpool and Van Erp (1995), potato crops takeeventually, a higher optimum was reached.

However, in the period until 40 days after planting, up nitrogen for the greater part early in the season,
until 80 days after planting. A shift to uptake laterthe total living root length was much higher with-

out nematodes. Later in the season, the living root in the season means, considering the relation
between LAI and N uptake, that an importantlength progressively decreased until the end of the

season; this decrease started earlier in the control part of the growing season would be lost for
production. If conditions are such that uptake oftreatment compared to the infested crops. In 1991

at 50 DAP (days after planting) at a depth of water and nutrients is proportional to the standing
living root length (Figs. 1 and 2; LRL), the differ-10 cm and 90 DAP at a depth of 45 cm, infested

crops (N2 and N3) showed a higher standing ences in tuber yield between the treatments can be
explained. Also, Haverkort et al. (1994) haveliving root length than the control crop. The

highest population of nematodes (N4), which had mentioned the possibility that nematodes affect the
amount of nitrogen taken up by the plants becausea strong effect on plant yield (Table 3), did not

have the same effect in both soil layers. This of a retardation of root growth.
treatment reduced root growth deeper in the profile
severely, whereas at a depth of −10 cm, more
roots were found. 4. Conclusions

The 1992 experiment showed similar effects;
plants infested with nematodes had a lower living Based on the presented results from the experi-

ments in 1991 and 1992, we conclude that theroot length in the first part of the season, for both
depths and with or without drought. With nema- main effects of the potato cyst nematode on rooting

characteristics are a retardation of root growth intodes, the time at which the maximum value of
the standing living root length was reached was time and an extended period of root formation.

Drought induced more or less the same effect, butpostponed (Fig. 2; LRL). Contrary to the results
in 1991, the maximum LRL value for any depth an interaction with nematodes was found. In these

experiments, we could not confirm the general ideawas higher in the control treatment (no nematodes,
no drought), but it decreased very quickly in the that nematodes induce a faster decay of roots. On

the contrary, in general, the decay of roots wasfollowing period. Especially at −10 cm, both
during drought and with an optimal water supply, faster without nematodes. Combining the data for
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Effects on plant water relations under semi-controlled condi-root length production with root length decay, we
tions. Netherlands J. Plant Pathol. 97, 162–170.conclude that without nematodes, the standing

Haverkort, A.J., Boerma, M., Velema, R., van de Waart, M.,living root length was only higher in the first part 1992. The influence of cyst nematodes and drought on potato
of the season. After about 60 days of growth, the growth. 4. Effects on crop growth of four cultivars differing
top soil layer in the nematode treatments showed in tolerance. Netherlands J. Plant Pathol. 98, 179–191.

Haverkort, A.J., Groenwold, J., van de Waart, M., 1994. Thea higher standing living root length. We conclude
influence of cyst nematodes and drought on potato growth.from our results that the root longevity in infested
5. Effects on root distribution and nitrogen depletion in thepotato plants is at least as high as that in non-
soil profile. Eur. J. Plant Pathol. 100, 381–394.

infested plants, and a higher root turnover cannot Haverkort, A.J., Trudgill, D.L., 1995. Crop physiological
be the main yield-depressing factor in nematode- responses to infection by potato cyst nematode (Globodera

spp. ). In: Haverkort, A.J., MacKerron, D.K.L. (Eds.),infested fields.
Potato Ecology and Modeling of Crops under Condintions
limiting growth. Kluwer Academic, Dordrecht, pp. 167–183.

Huijsman, C.A., Klinkenberg, C.H., Den Ouden, H., 1969.
Tolerance to Heterodera rostochiensis Woll, among potatoAcknowledgment
cultivars and its relation to certain characteristics of roots
anatomy. Eur. Potato J. 12, 134–147.The authors wish to thank Dr A.J. Haverkort

Jefferies, R.A., 1993. Cultivar responses to water stress in
and Dr F.J. de Ruiter (both AB-DLO) for their potato: effects of shoot and roots. New Phytol. 123, 491–498.
comments on the manuscript. Passioura, J.B., 1991. Soil structure and plant growth. Aust.

J. Soil Res. 29, 717–728.
Payne, R.W., Lane, P.W., Digby, P.G.N., Harding, S.A., Leech,

P.K., Morgan, G.W., Todd, A.D., Thompson, R., Tunnicliffe
References Wilson, G., Welham, S.J., White, R.P., 1993. Genstat 5

Release 3 Reference Manual. Committee, Rothamsted
Experimental Station. Clarendon Press, Oxford, 796 pp.Arntzen, F.K., Visser, J.H.M., Hoogendoorn, J., 1994. The

Smit, A.L., Groenwold, J., Vos, J., 1994a. The Wageningeneffect of the potato cyst nematode Globodera pallida on in
Rhizolab—a facility to study soil–root–shoot–atmospherevitro root growth of potato genotypes, differing in tolerance.
interactions in crops. II. Methods of root observation inAnn. Appl. Biol. 124, 59–64.
crops. Plant and Soil 161, 289–298.Cheng, W., Coleman, D.C., Box, J.E., , Jr1991. Measuring root

Smit, A.L., Sprangers, J.T.C.M., Sablik, P.W., Groenwold, J.,turnover using the minirhizotron technique. Agric. Ecosyst.
1994b. Automated measurement of root length with a three-Environ. 34, 261–267.
dimensional high-resolution scanner and image analysis.Evans, K., Parkinson, K.J., Trudgill, D.L., 1975. Effects of
Plant and Soil 158, 145–149.potato cyst nematodes on potato plants. III. Effects on the

Smit, A.L., Zuin, A., 1996. Root growth dynamics of Brusselswater relations and growth of a resistant and a susceptible
sprouts (Brassica olearacea, var. gemmifera) and leeks (Alliumvariety. Nematologica 21, 273–280.
porrum L.) as reflected by root length, root colour and UVEvans, K., Trudgill, D.L., Brown, N.J., 1977. Effects of potato
fluorescence. Plant and Soil 185, 271–280.cyst nematodes on potato plants. V. root system development

Steltenpool, J.A.N., Van Erp, P.J., 1995. Schatting van dein lightly and heavily infested susceptible and resistant vari-
actuele N-opname door aardappelen (in Dutch) [Estimationeties, and its importance in nutrient and water uptake.
of the actual N uptake by potatoes]. Meststoffen 1995, 45–50.Nematologica 23, 153–161.

Trudgill, D.L., Cotes, L.M., 1983. Tolerance of potato cystEvans, K., Haydock, P.P.J., 1990. A review of tolerance by
nematodes (Globodera rostochiensis and Globodera pallida) inpotato plants of cyst nematode attack, with consideration
relation to the growth and efficiency of the root system. Ann.what factors may confer tolerance and methods of assaying
Appl. Biol. 102, 385–397.and improving it in crops. Ann. Appl. Biol. 117, 703–740.

Trudgill, D.L., Effects of rates of nematicides and of fertiliserFasan, T., Haverkort, A.J., 1991. The influence of cyst nema-
on the growth and yield of cultivars of potato which differtodes and drought on potato growth. 1. Effects on plant
in their tolerance of damage by potato cyst nematodesgrowth under semi controlled conditions. Netherlands
(Globodera rostochiensis and Globodera pallida). 1987. PlantJ. Plant Pathol. 97, 151–161.
and Soil 104, 235–243.Fatemy, F., Trinder, P.K.E., Wingfield, J.N., Evans, K., 1985.

van de Geijn, S.C., Groenwold, J., Vos, J., Goudriaan, J.,Effects of Globodera rostochiensis, water stress and exogenous
Leffelaar, P.A., 1994. The Wageningen Rhizolab—a facilityabscisic acid on stomatal function and water use of Cara and
to study soil–root–shoot–atmosphere interactions in crops.Pentland Dell potato plants. Rev. Nématol. 8, 249–255.
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