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Application of nitrogen (N) fertilizer to sorghum at planting is a common practice
that could confound competitive relationships of the crop with weeds. We studied
the competitiveness of grain sorghum (Pioneer Brand 8333) relative to that of the
annual weed shattercane and the perennial weed johnsongrass. The taxa are closely
related, so survival requirements should be similar thus increasing the likelihood of
finding differences associated with traits of the crop vs. weediness. Objectives of this
research were to establish a competitive hierarchy for this crop–weed complex and
to determine if relative competitiveness was affected by added N. A replacement
design experiment was used in which plants were grown for 31 d in soil-filled pots
placed outdoors. Taxa were planted in monocultures and 50:50 mixtures, represent-
ing all possible combinations of taxa, at a total density of 16 plants pot21. Soil
moisture was maintained at field capacity by daily additions of water or 30 mg ml21

N in the form of an inorganic salt solution (KNO3). There was no response to the
solution containing exogenous N likely because the amount of N in soil was greater
than demand. Actual shoot and root dry weights in mixtures were compared with
the expected dry weights, which were calculated as 50% of the root and shoot dry
weights in monoculture. For grain sorghum, actual dry weights in mixture were
often better than expected. Replacement series indices calculated from dry weight
data described grain sorghum as competitively superior to its weedy relatives. These
results indicate that further research on N management for cultivated sorghum, as
a means of increasing crop competitiveness relative to that of weeds, may be un-
warranted. However, a better understanding of other competition mechanisms in-
herent in grain sorghum might suggest management alternatives to enhance crop
competitiveness with weeds.

Nomenclature: Sorghum, Sorghum bicolor (L.) Moench ‘Pioneer Brand 8333’;
shattercane, Sorghum bicolor (L.) Moench SORVU; johnsongrass, Sorghum halepense
(L.) Pers. SORHA.

Key words: Crop competitiveness, exogenous nitrogen, integrated weed manage-
ment, KNO3, replacement design experiment.

Sorghum is grown in the United States as a grain or for-
age crop on 5 million ha, mainly in Kansas, Texas, and
Nebraska. Among the numerous weed species naturalized
throughout the area, shattercane and johnsongrass are
unique because of their familial ties to the species under
cultivation. Shattercane is so biologically similar to cultivat-
ed sorghum that the two taxa respond in a similar manner
to management practices, making it nearly impossible to
selectively control shattercane growing in sorghum (Carlson
and Burnside 1981). Johnsongrass is a related noxious weed
(Holm et al. 1977) in temperate areas where it spreads by
seeds as well as by rhizomes that survive over mild winters
(Dowler 1994).

Taxonomists place these three taxa in the same section
(Sorghum) by way of classification systems ranging from de-
finitive ones splitting the group into as many as 52 species
(Snowden 1936, 1955) to more parsimonious treatments.
The classification proposed by de Wet (1978) was based on
numerous studies in sorghum (de Wet and Harlan 1971; de
Wet and Huckabay 1967; de Wet et al. 1970, 1976; Harlan
and de Wet 1972). It was developed as a tool for field work-
ers without specialized training (Harlan and de Wet 1972);
so it is one of the more intuitive sorghum classification sys-
tems and the one we followed.

Annual sorghums are separated by way of seed dispersal
mechanisms into three subspecies (de Wet 1978). It is usual
to base taxonomic groupings on plants found in their native
range, so for Sorghum, relatedness is implied from plants
found in Africa. In wild African races making up S. bicolor
subsp. arundinaceum, callus forms below the seed (de Wet
et al. 1976; Quinby and Martin 1954), lack of callus and
seed-shattering mechanisms are traits of cultivated races
placed in S. bicolor subsp. bicolor, and callus formation is
suppressed but fragile inflorescence branches break below
the spikelet in shattercane assigned to S. bicolor subsp. drum-
mondii. Because shattercane in North America does not
form a callus and its seeds shatter, it is commonly assigned
to the same subspecies as the African shattercanes. However,
there is considerable evidence that North American shatter-
cane originated in the United States as a feral descendant of
cultivated sorghum (Burnside 1965, 1968; Harlan and
deWet, 1974). Such a scenario, in which shattercane is a
wild type of cultivated sorghum, implies that gene flow be-
tween these taxa might still be occurring. In either case shat-
tercane and cultivated sorghum are interbreeding members
of the same species.

Also included in this study was Sorghum halepense, which
was introduced less than 200 yr ago into North America as
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a perennial forage (de Wet 1978), and it quickly became a
weed. The common form in North America is johnsongrass,
which likely resulted from introgression of S. halepense with
cultivated sorghum (Celarier 1958; Warwick et al. 1984).
Although tetraploid (2n 5 40), it can cross with annual (2n
5 20) sorghums (Arriola and Ellstrand 1996; Baker 1972;
Hadley 1953, 1958; Karper and Chisholm 1936).

The locations in which these taxa most likely co-occur
are cultivated fields characterized by intensive management
practices. In spring, vegetation is controlled to create opti-
mum conditions for crop establishment. Fertilizer, herbi-
cides, and cultivation are used during the growing season to
optimize crop growth. In temperate agroecosystems it is gen-
erally assumed that the amount of available nitrogen (N)
will limit plant growth (Tilman 1985). Additionally, the N
requirement of sorghum is high compared with that of the
other crops (Maranville et al. 1980; Onken et al. 1985).
Cultivated sorghums respond to added N with large accu-
mulations of dry weight of grain and fodder (Zweifel et al.
1987). Also, some variation in the N-use efficiency among
sorghum cultivars is expected (Gardner et al. 1994). There-
fore, to maximize yield, between 50 and 150 kg N ha21 is
applied to cultivated sorghum at the time of planting (La-
mond et al. 1991; Roy and Wright 1973).

The objectives of this research were to establish a com-
petitive hierarchy for this crop–weed complex and to deter-
mine if exogenous N influenced relative competitiveness
among the taxa. The taxa used interbreed indicating genetic
similarities, but as the result of divergence, crop traits were
created in one and weediness in the others. Studies using
crops other than sorghum found that added N could affect
crop–weed competition (Angonin et al. 1996; Ball et al.
1996; Carlson and Hill 1985; Rasmussen et al. 1996; Tol-
lenaar et al. 1994). We hypothesized that competitive rela-
tionships among these closely related Sorghum taxa would
be influenced by added N because of differences in N-use
efficiency between crop and weeds. Because we used related
taxa, we assumed that there would be fewer genotypic dif-
ferences and that requirements for survival would be similar,
thus increasing the likelihood of observing traits of the crop
that differed and could be compared with those associated
with weediness. Therefore, this research could have specific
implications regarding the methods of N fertilizer applica-
tion for cultivated sorghum that might increase competi-
tiveness of the crop over that of the weeds. It could also
serve as a functional model to demonstrate the likelihood
that added N would affect relative competitiveness among
crops and weeds. In Part II of the study, immediately after
this paper, this crop–weed complex was again used as a
model, but the objective was to uncover traits resulting in
competitiveness of the crop for resources shared with weeds.

Materials and Methods

To determine the effects of exogenous N on competition
among Sorghum taxa, grain sorghum, shattercane, and john-
songrass seedlings were grown in monoculture and two-spe-
cies mixtures with and without KNO3 fertilizer. Among the
many cultivated sorghums available, we used a grain sor-
ghum (Pioneer Brand 8333) that is frequently grown on the
Great Plains in the United States. Shattercane seeds were
collected in 1994 from several individuals in a single pop-

ulation in Boone County, IA. Johnsongrass seeds were pur-
chased in 1992 from a company1 located in southern Illi-
nois. Seeds were stored dry at 7 C until they were used in
the experiments.

The experiment was conducted in June through July
1997, at Ames, IA. Pots were placed in a greenhouse during
the first week. Thereafter, they were placed outdoors on a
bench and brought into the greenhouse each day to be wa-
tered. The experiment was designed as a randomized com-
plete block, so pots were removed by blocks to be watered,
and the position of the pots was randomized within blocks
when they were returned to the bench. Over night, pots
were covered with a plastic net to deter herbivores. We left
the pots in the greenhouse over three nights during the
course of the experiment because heavy rain was predicted.

In replacement design experiments total plant density re-
mains constant but species proportion varies (De Wit 1960).
To make sure that planting density would be sufficient to
result in interference, preliminary studies were conducted
before deciding to set total plant density in monocultures
at 16 plants pot21. Also included were mixtures consisting
of two taxa combined in a 50:50 ratio. Pairs of taxa making
up the mixtures were grain sorghum with shattercane, grain
sorghum with johnsongrass, and shattercane with johnson-
grass. Therefore, the experiment consisted of a 3 (taxa) by
3 (mixtures) by 2 (N fertilizer) factorial arrangement of
treatments replicated six times.

Seeds were planted in 15-cm-diam by 18-cm-deep pots
filled 15.5 cm deep with 2,000 g of Webster silty clay loam
(fine-loamy, mixed, mesic, Typic Haplaquoll). This soil is
found throughout central Iowa, where it is commonly rep-
resented as a Clarion–Nicollet–Webster soil association hav-
ing 6.5% organic matter, pH of 7, very low phosphorous
(less than 8 mg ml21), very low potassium (K) (less than 60
mg ml21), and N values described as low even when amend-
ed with differing types of fertilizer (Karlen and Colvin 1992;
Soil Conservation Service 1981). Soil was sieved through an
8-mm screen to remove clods and was placed in pots. Then,
seeds were planted in a grid pattern such that they were
equally distant from each other. A template was used so that
seed placement would not vary among pots. In mixtures,
positions of the two species alternated. Three seeds were
planted at each position and extra seedlings removed 7 d
after planting, resulting in a pattern of 16 plants spaced 2.8
cm apart. Planting depth was 2 mm, which approximately
equaled the diameter of a sorghum seed. After determining,
by weight, that moisture content of the soil at field capacity
was 35%, 600 g deionized water or KNO3 solution con-
taining 30 mg ml21 N was added to each pot. Moisture
content was maintained by weighing pots daily and adding
water or KNO3 solution as required.

Among the possible forms of N available, KNO3 was used
because it is readily available, easy to apply, relatively non-
toxic to plants, and often used as a source for N in labo-
ratory studies. Because we fertilized with KNO3, K was add-
ed at 85 mg ml21 each time the fertilizer solution was ap-
plied. Potassium is a plant nutrient that, when supplied in
excess, leads to luxury accumulation rather than toxicity. It
is also likely that much of the K applied was trapped be-
tween clay particles in the soil. Therefore, we considered it
relatively innocuous compared with other cations associated
with nitrate. Concentrations used in this experiment includ-
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ed those that occur in fertilized fields. For example, Iowa
soil test results for K are considered low if less than 44 mg
ml21, medium if 85 to 125 mg ml21, high if 126 to 188
mg ml21, and very high if greater than 188 mg ml21 (Voss
et al. 1996). Concentrations of exogenous N added were
within the range of concentrations used previously in studies
of its effect on germination (Sardi and Beres 1996) and
seedling growth (Alfoldi and Pinter 1992) of crop and weed
species. Nitrogen at 100 mg ml21 is approximately equal to
34 kg ha21 KNO3 applied to the top 2.5 cm of the soil
(Fawcett and Slife 1978).

Plant density, number of leaves, length of the longest ex-
tended leaf, and shoot dry weight were measured after 31
d. Length of the longest leaf was measured from the soil
surface, so it was also a measure of plant height. After re-
moving plants from the pots and carefully washing the roots
in a stream of water to remove the soil, root dry weight was
determined. Dry weights are reported on a per pot basis.
Root–shoot ratios were calculated from dry weights. Data
were subjected to analysis of variance (ANOVA), and Dun-
can’s multiple-range tests (P 5 0.05) were used to separate
means of effects determined to be significant at the 0.05
level. Replacement series indices from Cousens and O’Neill
(1993) were calculated using mean shoot or root dry weight
for an individual plant from each taxon in monoculture and
mixtures. Taxa in each mixture were designated as either
taxon A or taxon B, and relative yield (R) was calculated
for each taxon as:

R 5 (p)(A /A ) [1]A mix mon

R 5 (1 2 p)(B /B ) [2]B mix mon

where p 5 proportion of taxa in mixture, Amix 5 dry weight
of taxon A in mixture, Amon 5 dry weight of taxon A in
monoculture, Bmix 5 dry weight of taxon B in mixture, and
Bmon 5 dry weight of taxon B in monoculture. This index
was used to calculate other indices, including the relative
yield total (RYT)

RYT 5R 1 R ,A B [3]

which was subjected to the Student’s t test (P 5 0.05) to
determine if it differed from 1.0, as well as the competitive
ratio (CR)

CR 5 ((1 2 p)/p)(R /R ),A B [4]

relative crowding coefficient (k)

k 5((1 2 p)/p)(R /(1 2 R )) [5]A A A

k 5 ((1 2 p)/p)(R /(1 2 R )) [6]B B B

k 5 (R /(1 2 R ))(R /(1 2 R )), [7]AB A A B B

and aggressivity (A)

A 5 (R /2p) 2 (R /(2(1 2 p))).A B [8]

Results and Discussion
The reputation of johnsongrass as a rapidly spreading,

noxious weed is largely because of its ability to generate new
plants from both seeds and rhizomes. Because of this repro-
duction strategy, resource allocation of this perennial species
differs from that of the annual taxa with which it was com-

pared in this study. However, rhizome development in john-
songrass was not observed during the course of this 31-d
experiment. Studies have shown that johnsongrass rhizomes
begin to form between 42 and 50 d after sowing (Monaghan
1979; Oyer et al. 1959). Nonetheless, it should be noted
that conclusions reached as a result of our findings involving
johnsongrass apply to seedlings and not to plants arising
from rhizomes.

There were no main or interactive effects caused by the
addition of KNO3 solution containing 30 mg ml21 N, so
data presented are averaged over treatments with and with-
out exogenous N. Final plant density per pot did not differ
among treatments (data not shown), so expected shoot and
root dry weights per pot in 50:50 mixtures were calculated
as 50% of the dry weights in monoculture. Measures of
variability in the form of confidence intervals (0.95) were
included to test the hypothesis that shoot and root dry
weights for each taxon in the mixture did not differ from
the expected dry weights.

Shoot dry weight obtained from grain sorghum grown in
mixture with johnsongrass seedlings was greater than ex-
pected when compared with shoot dry weight calculated
from grain sorghum grown in monoculture; a similar com-
parison of shoot dry weight of johnsongrass seedlings deter-
mined that their shoot dry weight was less than expected
when grown in mixture with grain sorghum (Figure 1b).
Shoot dry weight did not differ from that expected for the
shattercane–sorghum (Figure 1a) or johnsongrass–shatter-
cane (Figure 1c) comparisons. There were two instances
when actual root dry weight and expected root dry weight
calculated from root dry weight in monoculture differed:
root dry weight of grain sorghum grown in mixture with
shattercane was greater than expected when compared with
root dry weight calculated from grain sorghum grown in
monoculture (Figure 2a); and for grain sorghum grown in
mixture with johnsongrass seedlings, root dry weight was
greater than expected (Figure 2b).

Replacement series indices calculated from shoot or root
dry weight for an individual plant in monoculture and in
mixture (Cousens and O’Neill 1993) were used to charac-
terize competitiveness among the taxa in this study. RYT
was included to describe the demand made by pairs of taxa
on the resource or resources in limited supply (Harper
1977). If taxa shared and competed fully for the same lim-
iting resource(s), then the value of RYT was expected to be
1.0; if the value of RYT was greater than 1.0, then it was
likely that competition was avoided because supply was
greater than demand or the taxa made different demands
on resources. Also included were CR, k, and A to indicate
which taxon in each mixture was more competitive. If CR
. 1.0, kA . kB, and A . 0, then taxon A was more com-
petitive than B; however, taxon B was the more competitive
taxon if CR , 1.0, kA , kB, and A , 0.

Replacement series indices showed that these related taxa
competed with differing abilities, although data were insuf-
ficient to identify the limiting resource(s). We determined,
after constructing confidence intervals (0.95), that 1.0 was
within the range of each RYT implying that the RYT for
every mixture did not differ from 1.0 (Table 1). We con-
cluded that grain sorghum, shattercane, and johnsongrass
seedlings shared and competed fully for the same limiting
resource(s) thereby supporting our assumption that these
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FIGURE 1. Effect of relative planting proportion on shoot dry weight of
plants grown in mixtures consisting of (a) shattercane (v) and grain sor-
ghum (m), (b) johnsongrass (m) and grain sorghum (m), and (c) johnson-
grass (m) and shattercane (v).

FIGURE 2. Effect of relative planting proportion on root dry weight of plants
grown in mixtures consisting of (a) shattercane (v) and grain sorghum
(m), (b) johnsongrass (m) and grain sorghum (m), and (c) johnsongrass
(m) and shattercane (v).

TABLE 1. Replacement series indices calculated for two-species mixtures of grain sorghum [Sorghum bicolor (L.) Moench], shattercane
[Sorghum bicolor (L.) Moench], and johnsongrass [Sorghum halepense (L.) Pers.]. Taxa in each mixture were designed as taxon A or B.

Indexa

Shoot dry weight

A 5 shattercane,
B 5 grain
sorghum

A 5 johnsongrass,
B 5 grain
sorghum

A 5 johnsongrass,
B 5 shattercane

Root dry weight

A 5 shattercane,
B 5 grain
sorghum

A 5 johnsongrass,
B 5 grain
sorghum

A 5 johnsongrass,
B 5 shattercane

RA
RB
RYT
CR
kA
kB
kAB
A

0.45
0.60
1.06
0.75
0.83
1.53
1.27

20.15

0.38
0.66
1.04
0.57
0.61
1.98
1.21

20.28

0.45
0.62
1.07
0.73
0.83
1.61
1.35

20.16

0.43
0.78
1.21
0.55
0.75
3.54
2.67

20.35

0.33
0.75
1.08
0.44
0.49
3.04
1.48

20.42

0.43
0.66
1.09
0.64
0.74
1.98
1.46

20.24

a RA is the relative yield of taxon A; RB is the relative yield of taxon B; RYT is the relative yield total; CR is the competitive ratio; kA is the relative
crowding coefficient of taxon A; kB is the relative crowding coefficient of taxon B; kAB is the relative crowding coefficient for the mixture of taxa A and
B; and A is the aggressivity, according to Cousens and O’Neill (1993).
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taxa have similar requirements for survival because they are
close relatives. A competitive hierarchy for the three taxa
was suggested by the calculated values of CR, k, and A. CR
was less than 1.0 for all pairs implying that taxon B was
more competitive than taxon A; between the taxa in each
pair in this experiment, a larger k value identified taxon B
as the more aggressive taxon; A was greater than 0 for all
mixtures in this experiment implying that taxon B was more
competitive than taxon A. These three indices describe grain
sorghum as the most competitive taxon, and between the
weedy taxa, shattercane was more competitive than seedlings
of johnsongrass.

Taxa were the only main or interactive effects for which
it was shown by ANOVA that number of leaves, plant
height, and root–shoot ratio differed. Averaged over mix-
tures and regardless of N fertilizer application, number of
leaves differed among taxa (P 5 0.0001) such that grain
sorghum had the greatest number of leaves, shattercane leaf
number was intermediate, and johnsongrass seedlings had
the fewest number of leaves (data not shown). Height of an
average grain sorghum plant did not differ from that of
shattercane and was approximately 58 cm, whereas johnson-
grass seedlings were shorter with an average height of only
53 cm (P 5 0.0008). Root–shoot ratio of grain sorghum
was 0.20, which was larger than root–shoot ratios of shat-
tercane and johnsongrass seedlings. Root–shoot ratios of
shattercane and johnsongrass seedlings did not differ and
were approximately equal to 0.16 (P 5 0.0012).

The general conclusion of the replacement design exper-
iment was that at the end of this 31-d-long trial, grain sor-
ghum was competitively superior to its weedy relatives. For
Sorghum, growth during this period was primarily vegetative
with inflorescences just beginning to differentiate toward the
end. Therefore, this was a time of rapid growth when it was
most likely that competitive hierarchies were formed. Dur-
ing this period, the crop was more competitive than either
weed species. Data from experiments included in this paper
were insufficient to describe the mechanisms involved. How-
ever, as previously alluded to, this paper is followed by Part
II of the series (Hoffman et al. 2002), the objective of which
was to describe traits that could bring about greater com-
petitiveness in grain sorghum for the resources shared with
its weedy relatives. Results of the replacement design exper-
iment also showed that grain sorghum, shattercane, and
seedlings of johnsongrass shared and competed fully for the
same limiting resource(s), although it was not possible to
identify the resources involved. Because these closely related
taxa differ in competitive ability and compete for similar
resources, they could be useful subjects for future studies.
For example, theories involved in the present debate over
traits that determine competitive success (Grace 1991) pre-
dict that competitive superiority will result from the ability
to either grow quickly and capture resources rapidly (Grime
1979, 1987) or draw resources down to a low level and still
prosper (Tilman 1977, 1988). We propose that these Sor-
ghum taxa might be of use to differentiate these two theories
experimentally.

Although many find fault with replacement series exper-
iments (Connolly 1986; Firbank and Watkinson 1985; In-
ouye and Schaffer 1981; Mead 1979), we found this design
effective as a means of establishing a competitive hierarchy
and testing the effects of exogenous N. Results of prelimi-

nary studies lead us to conclude that added N could have
measurable effects on Sorghum. One such study was a petri
dish bioassay in which seeds were incubated for 7 d in the
presence of water or various levels of N. In each petri dish,
an equal number of grain sorghum or shattercane seeds were
placed on a filter paper moistened with water or inorganic
N salt solution (KNO3), containing 10, 30, 50, 300, or
3,000 mg ml21 N. Moisture was maintained by daily addi-
tions of the appropriate solution to each petri dish. No effect
on germination of either taxon was detected, and shoot dry
weight of grain sorghum and shattercane seedlings was sim-
ilar whether grown in the presence of water or solution con-
taining 10, 30, 50, or 300 mg ml21 N (data not shown).
The highest rate of N stunted shoot growth of both grain
sorghum and shattercane.

To gain a clearer understanding of how shattercane might
respond to exogenous N, another preliminary experiment
was conducted. This experiment was a 14-d greenhouse
study in which shattercane was grown in pots filled with
soil moistened with water or inorganic N salt solution
(KNO3), containing N at 10, 30, or 50 mg ml21. To main-
tain soil at field capacity, the appropriate solution was added
as required by subsurface irrigation. As an additional treat-
ment, half of the pots contained a single shattercane plant,
whereas shattercane was planted with intraspecific compet-
itors in the others. When grown without competitors, shat-
tercane shoot dry weight did not differ between treatments
moistened with water compared with those moistened with
various levels of the N-containing solution (data not
shown). Therefore, resources in soil were such that adding
the fertilizer solution did not increase shoot growth of shat-
tercane grown without competition. Also, there were no del-
eterious effects on shattercane grown in soil kept moist by
repeated applications of solutions containing 10, 30, or 50
mg ml21 N. When grown with competitors in the presence
of the solution containing N at 30 mg ml21, shattercane
shoot dry weight increased when compared with shoot dry
weight of shattercane grown in soil moistened with water.
In treatments receiving solution containing 10 or 50 mg
ml21 N, shoot dry weight of shattercane did not differ from
that of shattercane grown in soil moistened with water. This
study was repeated, so it is likely that the response by shat-
tercane to an interactive effect of the solution with 30 mg
ml21 N and intraspecific competition was real. Our inten-
tion was to further examine this effect on shattercane grown
with competition from other Sorghum taxa including a crop
and another weedy species.

Based on investigations by other researchers studying tim-
ing of N application in which competitive interactions be-
tween crops and weeds were confounded (Davidson 1984;
Wicks 1984), our expectation was that competitive relation-
ships among Sorghum taxa would be affected by added N.
Exley and Snaydon (1992), for example, reported that fer-
tilization with N lessened some of the effects of root com-
petition between wheat (Triticum aestivum L.) and black-
grass (Alopecurus myosuroides Huds.). In addition, to maxi-
mize the chance of detecting the effects of N on competitive
relationships among Sorghum taxa, the fertilizer was supplied
in a continuous low dose over the course of our studies.
Finally, the replacement design experiment was conducted
for 31 d to coincide with the time when Sorghum growth
was vegetative, active, and most likely responsive to exoge-
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nous N. However, neither crop nor weeds responded to add-
ed N likely because the amount of the nutrient naturally
occurring in the soil was greater than demand. Therefore,
on the basis of these data, we cannot suggest further research
on N management for cultivated sorghum as a means of
increasing crop competitiveness relative to that of weeds.
Furthermore, in soil similar to Webster silty clay loam, the
common practice of applying N fertilizer at planting (La-
mond et al. 1991; Roy and Wright 1973) might not coin-
cide with the crop’s demand for N and could promote leach-
ing or other undesirable effects.

Sources of Materials
1 V & J Seed Farms, P.O. Box 82, Woodstock, IL 60098.
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