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Influence of Meloidogyne hapla on Alfalfa Yield and
Host Population Dynamics

J. W. NoLING aND H. FErris!

Abstract: Self-thinning in alfalfa, a dynamic process involving the progressive elimination of the
weakest plants, was enhanced by Meloidogyne hapla. Alfalfa stand densities decreased exponentially
with time and were reduced 62% (P = 0.05) in the presence of M. kapla. As stand densities decreased
over time, mean plant weights increased at a rate 2.52 times faster in the absence of M. hapla. In
a stepwise multiple regression analysis, 65% of the total variation in yield could be explained by
changes in stand density and 85% by average weight of individual stems. Alfalfa yields were sup-
pressed (P = 0.05) by M. hapla, with suppression generally increasing with time and as the nematode
population density increased. Yield suppression was attributable primarily to the decline in plant
numbers and to suppression in individual plant weights.
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The environment is important in deter-
mining the abundance, size, and distribu-
tion of plants in a population (6). Phyto-
parasitic nematodes in the soil alter the
environment in which plants grow and in-
teract with other plants. Stresses induced
by nematode parasitism may directly and
indirectly influence plant yield and survival
by damaging the roots and reducing plant
size and vigor, thus placing parasitized
plants at a competitive disadvantage. Self-
thinning of plant populations (6,20), a dy-
namic process involving the progressive
elimination of the weakest individuals, may
be enhanced by nematode stress. The se-
quence of competitive events-over time
that determines if a seedling will develop
to a mature plant is often overlooked when
plant productivity is assessed.

Many studies (1,8,11,12) have examined
the relationship between final yield and
preplant population (Pi) of phytoparasitic
nematodes. These studies, however, have
not addressed the influence of nematodes
on host population dynamics and yield phe-
nology of perennial crops. In alfalfa, yield
is determined by both plant population
density and by the average plant size. The
total growth an individual plant ultimately
achieves is determined by the time and level
of initial nematode infection and by the
cumulative effect of stresses imposed on
the plant. Crop loss is defined, using a ref-
erence nematode-free control, as the dif-
ference in yield of a crop grown in the
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presence and absence of phytoparasitic
nematodes.

This study examines i) the long-term ef-
fects of three moisture regimes and seven
initial population densities of Meloidogyne
hapla (Chitwood) on alfalfa yield and stand
densities and 2) the influence of M. hapla
on alfalfa yield components. Yield is ex-
pressed as the product of average stem
number per plant, average stem weight per
plant, and stand density.

METHODS AND MATERIALS

A long-term experiment was conducted
in 106 microplots (0.89 m?) at the Univer-
sity of California Citrus Experiment Sta-
tion, Riverside. The microplots were con-
crete drainage tiles (1.2 m long X 1.1 m
i.d.) buried on end to 1.0 m deep and filled
with 7.2 m? loamy sand (87% sand, 2% clay,
11% silt). Each microplot was fumigated
with 454 g methyl bromide on 12 Decem-
ber 1982. Before the introduction of M.
hapla, an inoculation template containing
60 equally spaced 20-cm nails was forced
into the soil, carefully withdrawn, rotated
5 degrees and inserted again to create 120
inoculation holes.

M. hapla populations, originally ob-
tained from a San Bernardino County al-
falfa field, were a single egg mass cultured
on tomato (Lycopersicon esculentum Mill. cv.
Tropic). Nematode eggs and juveniles for
inoculum were extracted from roots (9). A
series of initial population densities (0, 4,
43,217, 434, 1,085, 2,170,/1,000 cm® soil)
were established by introducing M. hapla
inoculum into the microplots on 6 January
1983. The appropriate number of eggs and
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juveniles suspended in 3.8 liters of water
was uniformly sprinkled into each micro-
plot. Immediately following inoculation,
certified alfalfa seed (Medicago sativa L. cv.
Cuf 101), 2.11 g/microplot, and its sym-
biont Rhizobium meliloti (Dangeard), 0.1
g/microplot, were thoroughly mixed and
uniformly seeded into each microplot with
a salt shaker. After planting, each micro-
plot was covered with an additional 0.6 cm
of steam-sterilized loamy sand. Microplots
were individually sprinkler irrigated by
360° spot-spitter emitters.

Three water regimes, high (15 cb), mod-
erate (35 cb), and low (65 cb) were super-
imposed on the seven Pi levels of M. hapla.
The experimental site consisted of eight
rows each containing 18 tiles. The 106 mi-
croplots available for use in this study were
divided 35, 36, and 35 among the high,
moderate, and low moisture regimes, re-
spectively. Two full rows of 18 tiles each
were randomly assigned the moderate
moisture regime and the remaining six rows
randomly assigned either high or low. Each
tile within a moisture regime was then ran-
domly assigned a M. hapla Pi level. Ten-
siometers were installed 45 cm deep in the
soil in each of three microplots within each
row of tiles and monitored at 2-3-day in-
tervals. Irrigations were initiated following
the first harvest when average tensiometer
readings reached —0.15 for the high,
—0.35 for the moderate, and —0.65 b for
the low moisture regime. Water was indi-
vidually metered to each row of microplots
through individual water lines. The total
water applied to each row during an irri-
gation was recorded.

Plants in the microplots were first har-
vested on 19 May 1983, 134 days after
planting, and subsequently harvested on
days 170, 196, 229, 258, 308, 381, 422,
466, 477, and 496 after planting. The pop-
ulation dynamics of M. hapla and the
growth of the alfalfa plant were expressed
on a physiological time scale, degree days
(DD), by calculating the number of degrees
above the developmental threshold tem-
perature of 10 C (16). The number of de-
gree hours contributed above the thresh-
old temperature for each day were added,
divided by 24, and then summed across
time to obtain a degree-day estimate for
each harvest following planting. Soil tem-
peratures always exceeded 10 C, so degree-
day conversions using other basal thresh-

old temperatures (14,19) can be obtained
easily. Plants were cut 5 cm above the soil
level at harvest. Two-centimeter bud re-
growth and 10% plant flowering criteria
were used to dictate harvest cycles (18).
Before each harvest, five random stand
height measurements, taken as the dis-
tance from soil surface to longest stem with
extended leaflet, were obtained from the
plants in each microplot. At alternate har-
vests, the number of stems more than 5 cm
long per plant, measured from the soil sur-
face, were counted for five randomly se-
lected plants in each microplot. At each
harvest, in addition to total plant weight
per microplot, five randomly chosen stems
were collected, their lengths measured, and
both leaf and stem fresh and dry weights
determined. The number of plants was
monitored nondestructively by tossing a 23-
cm-d ring randomly into each microplot
and counting plants within the ring. Av-
erage plant densities were based on the
mean number of plants in four tosses of
the rings, representing an assessment of
25% of the surface area of each microplot.
The experiment was terminated be-
tween 7 and 25 May 1984 in a time series
fashion, allowing determination of alfalfa
regrowth within a cutting cycle. Each mi-
croplot within the moderate and high
moisture regime was flooded and all plants
carefully removed. Tap root diameters
were measured with a micrometer 1 cm
below the last regrowth bud for each plant.
Plants were separated into five tap root
diameter categories—0.0-0.25, 0.26-0.50,
0.51-0.75, 0.76-1.0, > 1.0 cm. Plants
in each category were counted, and foliage,
crown, and tap root fresh weights were re-
corded. From each category, a single ran-
domly selected representative plant was
chosen for further analysis. From the ran-
domly selected plants, stem numbers and
tap root lengths were also recorded. The
last harvest of plants in microplots within
the moderate moisture regime (35 cb) was
7 May 1984, 12 days after the previous
harvest. In microplots in the high moisture
regime (15 cb), the last harvest was 29 days
after the previous harvest on 25 May 1984.
An analysis of variance using a two fac-
torial, completely randomized experimen-
tal design with unbalanced replications was
initially conducted as a means separation
test to determine differences among factor
and treatment level means (13). Simple lin-
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Fic. 1. Influence of initial inoculum densities of

Meloidogyne hapla on consecutive harvest yields of al-
falfa (cv. Cuf 101).

ear regression analysis was used for con-
tinuous variables to quantify the relation-
ship between various plant parameters and
the influence of M. hapla Pi. Multiple
regression analysis was used to study the
contribution of various yield-determining
components to individual harvest yields. A
linear regression analysis of self-thinning
over time was performed to examine the
relationship between stand density and
mean plant weight, both on logarithmic
scales (20). As crown diameters and sub-
terranean crown branching increased, the
ability to differentiate individual plants in
a clump using a nondestructive sample de-
creased. Alfalfa stand density estimates de-
rived from average ring tosses were sig-
nificantly biased in the nematode-free
microplots. Plant numbers were under-
estimated by 44%, compared with com-
plete enumeration at the end of the ex-
periment. The inability to assess plant
densities accurately was assumed to in-
crease log-linearly as plant size increased
over time. Adjusted stand density (ASD)
was derived from the correction equation:
ASD = 1.0 + (—0.1602 + 0.000128 « DD)
= stand density.

RESULTS

There were no significant (P = 0.05) dif-
ferences among moisture regimes for any
plant population or growth parameter;
therefore the influence of soil moisture was
disregarded in all further analysis. Follow-
ing an initial stimulation (DD = 766), yields
were reduced (P = 0.05) at the two highest
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Fic. 2. Influence of initial inoculum densities of
Meloidogyne hapla on yield reduction compared to
nematode-free controls over consecutive harvest of
alfalfa (cv. Cuf 101).

Pi levels and at each subsequent harvest by
M. hapla (Fig. 1). Although no significant
(P = 0.05) differences in plant yields re-
lated to Pi were observed, alfalfa yield re-
ductions at each harvest generally in-
creased to maximum levels of 65% with
time (Fig. 2).

Alfalfa stand densities decreased expo-
nentially with time, and were reduced by
62% (P = 0.05) in the presence of M. kapla
(Fig. 3). Irrespective of Pi, stand decline
rates did not differ, averaging 2.21 plants/
DD, during the first 170 days after plant-
ing. After 1,263 DD, stand decline rates,
like yield losses, were greatest with M. hap-
la occurring progressively at or near a con-
stant rate of 0.1 plant/DD.

As stand density decreased over time,
mean plant weights increased (Fig. 4). In-
verse changes in stand density and mean
plant weight formed a strong negative log-
linear relationship over time, with signifi-
cantly differing slopes of —1.25 for plants
in control and —0.49 for plantsin M. hapla-
infested microplots. The difference in
slopes of the two regression lines indicates
that in the presence of M. hapla the rate
of growth increase of individual plants is
significantly reduced compared to nema-
tode-free plants.

The final plant-size frequency distribu-
tion (DD = 4,790) indicated a reduction
(P = 0.05) in numbers of plants with tap
root diameters less than 1.0 cm in M. hapla-
infested microplots (Fig. 5). When plant
frequencies were expressed as a propor-
tion of the total plant population, the dis-
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tribution of plants was skewed toward
plants with crowns exceeding 0.50 cm as
stands are thinned by M. hapla (Fig. 6).
Total foliage weights of plants within each
crown size category increased with time
(Fig. 7). The contribution that plants in
each crown size category made to total yield
increased with crown size in plants in the
M. hapla-infested microplots (Fig. 8), in
contrast to the more normal distribution
of plant sizes in the control microplots. In
the controls, average plant weights and
plant densities were greater in the inter-
mediate size categories (0.26—1.0 cm) and
contributed over 78% of the total plant.
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of surviving alfalfa plants and mean plant weight over
time for nematode-free and Meloidogyne hapla-infest-
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As crown size increased, the average
number of harvestable stems (> 5 cm long)
per plant increased (Fig. 9). In relation to
M. hapla Pi, there were no differences (P =
0.05) in stem numbers of plants in any
crown size category when compared to the
nematode-free plants. Average weight of
individual harvestable stems was reduced
(P = 0.05) an average 38% in the presence
of M. hapla for plants with crowns > 0.25
cm (Fig. 10). The influence of M. hapla is
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sity at the final harvest (DD = 5,704) in five root di-
ameter categories for nematode-free and Meloidogyne
hapla-infested microplots.
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weight distribution for five root diameter categories
during a single alfalfa regrowth cycle for nematode-
free and Meloidogyne hapla-infested microplots.

also reflected in a reduction in mean
weights of plants with crowns > 0.50 cm
(Fig. 11). In a multiple regression analysis,
65% of the total variation in yield could be
explained by changes in stand density and
85% by the average weight of individual
stems. Differences in the number of stems
per plant contributed less than 3% to vari-
ations in yield.

DiscussioN

M. hapla is generally considered a minor
pest of alfalfa in the cool temperate regions
of its primary distribution (3,5,8). The re-
sults of numerous studies evaluating the
damage relationship have been variable,
suggesting that diverse geographical,
edaphic, and physiological differences in
plant and nematode populations are im-
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portant in determining pathogenicity (5,8).
When yield reductions occurred, they were
generally associated with reductions in
plant numbers during early stand estab-
lishment (8,10,15), increased plant over-
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wintering mortality (10), or interaction with
other pathogens (5,7,10). Griffin (4,5) and
Inserra (8) have suggested that, at least in
the cooler regions of the northwest United
States, suppression of growth of resistant
cultivars is of limited duration in the field
because of the inverse relationship be-
tween increasing plant age and decreased
root galling and population development
of M. hapla.

In our study, M. hapla played a major
role in reducing alfalfa yields and stand
densities over time. The insignificant dif-
ferences in alfalfa growth and yield in re-
lation to different moisture regimes may
be related to the drought tolerance and
deep rooting habit (> 1.0 m) of plants with-
in the microplots, even though moisture
fluctuations were noted at 45 cm deep. Sea-
sonal alfalfa yield reductions during the
summer and fall of 1983 may be partially
attributable to the rise and fall of atmo-
spheric pollution concentrations. Data ob-
tained from the California South Coast Air
Quality Management District showed that
air pollutants frequently exceeded levels
injurious to alfalfa (17). Even during these
periods of high pollutant concentrations,
M. hapla had a negative impact on alfalfa
yield. Alfalfa yield reductions by M. hapla
increased in magnitude during each sub-
sequent harvest to an asymptote level of
about 65% of the yield in microplots where
M. hapla was absent.

Stand decline rates, like yield losses, were
greatest in the M. hapla-infested micro-
plots, decreasing exponentially with time
to similar low levels. Final stand density
reductions of 62% in the presence of M.
hapla were not affected by increasing Pi,
as observed by Townshend and Potter (15).
Plants died continuously over time with
higher death rates in microplots with M.
hapla. Plant survival seems to be deter-
mined primarily during early growth and
stand establishment, with increased stand
losses from M. hapla occurring progres-
sively at or near a constant rate of 0.1 plant/
DD. Spatial and temporal changes in alfalfa
stand densities affect the degree of mutual
interference between individual plants. At
high plant densities, competition con-
strains individual plants from exhibiting
their maximum growth potential. Plant
competition effects are described in the 3 /2
thinning law (20) which suggests that rates
of increase in mean plant weight as plant
densities decrease over time occurs at a
constant rate of —1.5 when expressed on
a double log scale (i.e., W=Cp — 1.5,
where W = log mean weight, p = log plant
density, C = constant).

Larger, faster growing, more vigorous
plants produce a greater density stress and
a greater rate of increase in mean plant
weights when stands are thinned. This is
in contrast to the stunted, slower growing
M. hapla-infected plants, which had re-
duced rates of growth and correspondingly
of competitive stresses. As stand densities
decreased in nematode-free microplots,
mean plant weights increased 2.52 times
the rate of plants grown in the presence of
M. hapla. The increased growth of individ-
ual plants more than compensated for the
effect of decline in plant density. In con-
trast, plants in microplots with M. hapla did
not exhibit compensatory increased growth
rates.

Description of yield as a multiplicative
product of stem number, average stem
weight, and plant density was poor (r? =
0.4289) due to difficulty in assessment of
these components by nondestructive sam-
pling. When yield-determining compo-
nents can be measured accurately, as in the
complete enumeration study, 65% of the
variation in yield can be explained by
changes in the number of plants and 85%
by the average weight of individual stems



per plant. Differences in the number of
stems per plant contributed an average of
only 3% to total variation explained in the
yield model. Differences in stem weights
were due primarily to a significant (P =
0.05) reduction in stem lengths.

As the smaller and weaker individuals
were eliminated in M. hapla microplots, the
frequency distribution of alfalfa plant sizes
shifted, resulting in an increase in average
plant size in relation to the controls. Even
though average plant size was greater, av-
erage plant weights for each M. hapla root
size category were lower. Vegetative re-
growth following each harvest was delayed
and ultimately reduced by M. hapla. The
largest plant-size categories (> 0.75 cm)
represented 61% of total yield, compared
with the controls in which 79% of yield was
explained by the smaller and intermedi-
ately sized categories (0.25-1.0 cm).

Plant stunting also has an indirect effect
on thinning of stands. When stunted plants
are harvested over numerous cutting cycles,
root reserves are depleted, stands decline,
yields decrease, and productive longevity
of the crop is shortened. In addition, the
ability of the plant to compete for re-
sources is reduced, accelerating stand de-
cline rates in the presence of M. hapla.

This study showed that alfalfa yield loss-
es from M. hapla are primarily attributable
to reductions in plant densities and indi-
vidual plant growth rates. With apparently
wide thermal tolerances, soil populations
of M. hapla at or near nondetectable Pi
levels (4/1,000 cm®) are capable of inflict-
ing serious losses to alfalfa, at least in-south-
ern California.

Population densities of M. hapla eggs,
juveniles, and root parasitic stages, which
were assessed at each harvest, increased
over time to equilibrium levels of 20,000
eggs and juveniles and 250 adult females
per gram of root. The influence of plant
damage and a reduction in plant densities
on M. hapla population development is ad-
dressed in a subsequent paper.
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