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Glenn Clinton Kroh

Two hypotheses were tested: first, that a diverse array of plants
will out-yield a less diverse array of plants, on the same site with
plant density fixed, and second, that when the pattern of positions of
individuals of different species, in an array with fixed density and
diversity, is changed, overall yield may be altered as a result of
change in competitive stress among individual plants. The four species

used were Amaranthus retroflexus, Chenopodium album, Panicum capillare,

and Setaria viridis. Mixtures containing four species each and pure

stands of each species were grown. The mixture plots had fixed distri-
butions of species in equal proportions but in different patterns.
Interplant distance was 15 cm, giving an effective density of 51
p]ants/mz. At the end of the growing season, the plants were harvested,
dried and weighed. Pure stands of Amaranthus produced higher yields
than any of the mixtures. Yields among mixture plots with different
patterns did not differ significantly. A second study was run con-
currently with the above study to determine the feasibility of using

results of a paired-species competitive ability experiment as a
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predictor of the outcome of different combinations of species. The
five treatments consisted of competition from each of the four species
plus a control. Each treatment was composed of a "target" plant
surrounded by six competitor plants. Controls were single plants
without competitors. The outcome of different combinations could not
be predicted from the results of this experiment. Below ground biomass
was sampled and estimations of root yields were lower than expected.
However, data collected indicated that dicot roots suppress root growth

of neighboring plants more than the monocots.
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INTRODUCTION

Diversity Versus Net Primary Productivity (NPP)

One of the most important parameters of a community is the net
primary productivity (NPP) (Woodwell and Whittaker, 1968). This is
the amount of biomass produced by the plant component of the
community, which will be the energy source for the heterotrophic
organisms.

Robert McIntosh (1970) commented, "The conventional wisdom of
ecologists is that diversified utilization of site resources should
result in greater productivity and efficiency." In other words,
niche specialization would not only allow more species to coexist
in an area, but also enable them to physiologically and morphologi-
cally exploit a resource base more thoroughly. Depending on the
type of community present, one could judge its success at utilizing
the resources of a particular site by resultant productivity, yield,
viability of seeds, or persistance of the community through time.

As yet, only one study (Werner, 1972) has indicated that increase
in species number in a particular plant array increases the produc-
tivity or yield of a particular site.

In an ecological sense, diversity of a community relates to the
richness and evenness of species within that system. Richness refers
to the number of species or functional groups while evenness is a

measure of the relative proportions of those species or groups
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within the community. Evidence strongly supports the hypothesis
that diversity is inversely related to NPP within a given community
(Margalef, 1963; McNaughton, 1967, 1968; Stephenson, 1973). When
site potential is increased, planktonic communities respond with
increased NPP and decreased diversity (Margalef, 1963; Patrick, 1949).
McNaughton (1968) demonstrated that the most productive sites in
annual California grasslands have lower diversities than less produc-
tive sites. In a study on the community dynamics of a mid-Michigan
oldfield, Stephenson (1973) utilized NPP as an experimental variable
by enhancing site potenttal through enrichment of the soil with
fertilizer treatments. The most productive arrays of plants exhibited

the Towest diversities.

Mixture-Yield Studies

One approach to studying the relationship of diversity to
productivity in plant arrays is to conduct mixture-yield experiments.
Literally hundreds of pair-wise competitive ability experiments have
been completed with plant populations (see reviews by Donald, 1963;
Harper, 1961; McIntosh, 1970). Watt (1964) suggested it was possible
to rank a group of plants by their respective competitive abilities
and consequently predict the outcome of different combinations.
Paired-species experiments have shown that mixture yields fall in
between those of the highest and lowest yielding pure stands of the
component species (Donald, 1963). A clear exception to these results
was demonstrated by Whittington and 0'Brien (1968). They stated that
failure of other studies to demonstrate mixtures that were higher

yielding than pure stands of the component species was probably due
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(1) to use of species that were not suppressed a great deal by intra-
specific competition, (2) use of species not differing significantly
in their patterns of root growth, (3) use of shallow pots or boxes
that restricted root growth and finally (4) use of species in which
one or both were suppressed greatly through interspecific competition.
Their study explored the competitive interactions of rye grass, meadow
fescue and a triploid of rye grass. Under certain clipping treatments,
mixtures yielded more biomass than pure stands.

Plant mixture studies involving more than two species have shown
that mixtures do not out-yield pure stands of the most productive
species in the mixtures. Bornkhamm (1961) ran a mixture study using

white mustard (Sinapsis alba), corn cockle (Agrostema githago),

cheatgrass (Bromus secalinas) and pimpernel (Anagallis arvensis).

He grew these species in pots as pure stands, two-species mixtures,
three-species mixtures and four-species mixtures. A1l mixtures were
equi-proportionate, with regard to the separate species. Pure

stands of white mustard out-yielded all of the mixture plots, while
pure stands of pimpernel had the lowest yield in the experiment.
Another diversity-yield experiment (Haizel, 1972), using three species,
had similar results to those of Bornkhamm (1961). Haizel planted

barley (Hordeum vulgare), white mustard (Sinapsis alba) and poppy

(Papaver rhoeas) in pure stands, two-species mixtures and three-species

mixtures. He repeated the experiment, using wild oats (Avena fatua)
in place of poppy. In his summary of the experiment, he says "On no
occasion did the yield of any of the mixtures exceed the highest
yielding species in pure stand." These studies have not demonstrated

that NPP increases with diversity.



Crop Mixtures versus Yield

There is very sparse evidence concerning greater yields in
mixtures of crops than yields in monoculture (Loomis, 1971; Rhodes,
1970). Loomis feels a synergistic relationship among two species of
crops seems unlikely, with regard to use of available light, the
principal limiting factor in intensive agriculture. He argues that
since a single species can be grown at a sufficient density to com-
pletely intercept available light, the resource benefit cannot be
increased by establishing a mixture of plants with "diverse stature
and leaf display". It would seem if mixtures of crops did, in fact,
commonly out-yield pure stands, that the practice of multiple-crop
farming would be in frequent use today.

In regions where hand implements are used at sowing and harvest,
man has developed mixed cropping (Donald, 1963). Examples can be
found in Ceylon where pastures or bananas are grown beneath coconut
palms; in the Mediterranean where wheat is planted among olive plants
or cork oaks and in Greece where alternate rows of cotton and corn
are sown, under irrigation. There does not seem to be data available
concerning yields of these mixtures versus those of the component

species in pure stands.

Pattern versus Yield

Altering the arrangement (pattern) of individuals within a given
plant array may affect the NPP and resultant yield of that array.
When studying the inter-varietal competitive abilities of barley and
rice, Sakai (1957) developed and used an experimental design incor-

porating the use of a six-member competitor ring. One plant variety
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was individually planted and encircled by (1) six plants of the same
variety, (2) five of the same and one of the other, (3) four of the
same and two of the other, and so on, until all six plants were of
the other variety. He found a linear relationship between the yield
of the target (center) plant and the number of plants in the ring of
the variety with the best competitive ability. Harper (1961) did an

experiment using Bromus rigidus and B. madritensis at equal densities.

Five plant patterns of the two species were used. Individual plants
were sown into hexagonal patterns that allowed (1) each plant to be
surrounded by three of its own species and three of the other, (2) two
of its own species and four of the other, (3) four of its own species
and two of the other, (4) random placement of each species on the
hexagonal pattern and finally (5) a completely random pattern in the
pot. Total yield was not significantly affected by changes in the
pattern. However, there were definite differences in the proportional
contributions made by the two species to the total biomass. Further,
contrary to the findings of Sakai (1955), there was not a linear
relationship between the suppression of growth of B. madritensis and

the number of B. rigidus plants in the surrounding hexagon.

Allocation of Site Resources among Species

In natural plant communities, the allocation of available site
resources is rarely equally distributed among the different species
populations. Relative success of a species at utilizing the available
resources of a particular site can be quantitatively expressed by an
importance value (Cox, 1967). Importance value refers to the sum

of the relative frequency, relative density, and relative dominance of
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a species within a particular array of plants. Whittaker (1969)
suggests that if it is assumed that there is some correspondence
between the share of the community's resources a species utilizes,
the share of the niche space it occupies, and the share of the
community's productivity it realizes, then relative importance values
can be expressed as relative niche sizes. There are three hypotheses
on how niche space is divided to produce the distribution of produc-
tivity among species within an array. The random niche boundary
hypothesis, as proposed by MacArthur (1957, 1960), states that the
boundaries of niches are located at random in niche hyperspace. This
type of distribution is found in some animal communities (King, 1964;
Hairston, 1964) and in particular with territorial birds (MacArthur, 1960).
The second is the 1og normal hypothesis put forth by Preston (1948, 1962).
Basically, it says that species importance values are determined by
independent variables and that species importance will then approach
a normal frequency distribution for which a logarithmic scale of
importance is appropriate. Communities that are rich in species generally
exhibit this type of distribution. The niche pre-emption hypothesis
(Whittaker, 1965, 1969) states that the most dominant species pre-empts
a given fraction of the total niche space. The second most dominant
species then takes a similar fraction of the remaining space and the
third most dominant species takes a similar fraction of the remaining
niche space not utilized by the first two species and so on down to
the last species in the community. This distribution seems to be

characteristic of communities with low species richness.
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Intra- versus Interspecific Competition

In this study, the term competition is used in the manner that
Harper (1961) uses the term interference to mean "...those hardships
which are caused by the proximity of neighbors..." In this context,
"competition" will include both the effects of competition for limited
resources and allelopathy among species populations.

A1l plants utilize light, water, nutrients and carbon dioxide
throughout their life cycles. Individual plants within each popula-
tion have genetic potentials for growth and reproduction. This
potential may or may not be realized, depending on the site resources
and biological interference from neighboring plants. Plants of the
same species tend to utilize, both spatially and physiologically,
site resources in the same way. In other words, plants of the same
species acquire the same nutrients in the same amounts from the same
regions of a particular site. On the other hand, individuals of
different species presumably utilize a site in different ways. The
term annidation has been used by Ludwig (Ludwig, in Harper, 1967)
to describe the evolutionary process of direct selection for some
difference in niche occupancy of species within a community.

Since individuals within a species are thought to occupy the
same niche, it is thought that intraspecific competition is more
severe than interspecific competition. It is thought that this may
be one of the most important underlying mechanisms for control of
population sizes in a community (McIntosh, 1970). Several studies,
run with two species mixtures, have shown that intraspecific competi-
tion exerts a disproportionate mortality rate on the population with

the highest number of individuals (Population I). Resultant reduction
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in size of Population I reduces interspecific competition stress and
allows the previously recessive population (Population II) to become
the largest in the mixture. When this occurs, Population II now
experiences disproportionate mortality from intraspecific competition
with a resultant decrease in numbers and a corresponding increase,

once again, in the size of Population I. This self-stabilizing process
has been shown to occur from year to year in a grass-clover association

(Leith, 1960).

Approaches to the Study of Plant Communities

Many investigators feel that studies of communities, as a whole,
are essential to understand the inherent dynamics of the system
(Waddington, 1961, 1965; Slobodkin, 1962; Orians, 1962). Rather than
the "holistic" approach, Lewontin (1968) prefers an analytical approach
to get at the mechanisms of a system. Complex interactions are
broken down into simpler components that lend themselves more readily
to experimentation than does the whole. As most plant communities
are difficult, if not impossible to manipulate experimentally, the
latter approach to probing complex interactions of a community is
the most pragmatic.

Community ecologists generally believe that competition is an
important factor in community dynamics (Poore, 1964; Watt, 1964;
Major, 1958). Watt (1964) suggested that it was possible to rank
a group of plants by their respective competitive abilities and
consequently predict the outcome of different combinations. Harper
(1967) felt that "ecological combining properties" of species might

be examined in all possible combinations of pairs and their yields
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compared with that in pure stands. He felt that in this manner,
dominance could be detected and bring "... to experimental synecology
a refinement and subtlety appropriate for a science which has outgrown
its qualitative and descriptive youth." Although the analytic method
will not solve all community level questions, it very well could lead
to important insights into those problems.

The analytical approach is used to investigate the relationships
discussed in the preceding sections. In general, I have studied the
effects of intra- and interspecific competition on above and below
ground plant yield. More specifically, I investigated:

1. The hypothesis that productivity and resultant yield are

positively related to the diversity of a given system.

2. The hypothesis that altering the arrangement (pattern) of

individuals, within a given plant array, will affect the
NPP of that array.

3. The expression of dominance and resultant allocation of

yield among species within a given plant array.

4. The feasibility of using results of a paired-species

competitive ability experiment to predict the relative
performances of more than two species, when grown

together.



MATERIALS AND METHODS

Selection of Experimental Species

An ideal system for investigation of the diversity-yield
relationship is the fallow field community. Annual herbs that complete
their 1life cycles in one growing season are dominant plants in this
type of community. Since there are no perennial organs, total above
and below ground biomass can be determined.

Mid-Michigan first year fallow field conmunities contain plant
components that are easily manipulated. They are "r" selected
colonizers that consequently have highly overlapping niches, providing
for greater interference (Odum, 1969). Shoots of these plants exhibit
a very flexible growth response to interference from neighboring
plants. Since the dominant species are herbaceous annuals, all plants
are discrete entities that complete their life cycles in one growing
season. The use of biennials and perennials, characteristic of later
successional stages, was prohibitive, as they are prone to vegetative
reproduction through formation of rhizomes and stolons. Since two
or more plants can be attached physiologically, perennial plants cannot
be considered as discrete entities. It was with this in mind that

annual herbs from the first year fallow field community were used.

Diversity-Yield Experiment

Two experiments were designed and implemented. In both experi-

ments, two dicotyledonous plants, Amaranthus retroflexus and Chenopodium

10
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album, as well as two monocotyledonous plants, Panicum capillare and

Setaria viridis, were used. They were selected on the basis of their

representativeness of typical plant forms in the first year fallow
field coomunities as well as differences in structure and possibly
function of above and below ground biomass. Experiment I involved
growing plots of mixtures containing four species and pure stands
of each species. Yields of the mixture plots and pure stands were
compared and analyzed statistically using a randomized block experi-
mental design, replicated three times. In each block, four plots were
monocultures and four were mixtures with fixed distributions of species
in equal proportions but in different patterns (Figure 1). Each
mixture plot originally contained 128 plants in eight rows of sixteen
plants each. The number of plants in the patterns changed throughout
the experiment due to mortality of plants originally sown, as well as
invasion of plants from the natural seed pool.

Interplant distance was 15 cm, giving an effective density of
51 plants/mz. This density was determined by observation of natural
fallow field communities which subsequently allowed a qualitative
decision concerning the interplant distance to be used in this study.
Two rows of each of the four species were in each of the mixture
plots. Species were arranged to allow interfacing of all possible
combinations of the four species. In addition to the three possible
spatial arrangements of rows within the mixture plots, a fourth plot,
using a randomized pattern was used. Positions of individual plants
of each species within this plot were randomly assigned. As all plots

had 128 plants each, a single replicate contained 1024 plants.
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Figure 1. Four basic patterns of plants in the mixture plots.
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On June 25, 1973, a cultivated field, previously planted in
soybean, was plowed, tilled and harrowed, in preparation for the
study. Agricultural soils contain enormous seed pools of annual
weeds. In order to assure the integrity of the pattern of experimental
plants, some method had to be developed to enable distinction of
experimental plants from natural plants. Black polyethylene sheets,
one meter by two and a half meters in size, were used for templates.
Each sheet had a 128 hole pattern in which experiment seeds were sown.
The templates were left in place on the soil for five weeks and then
removed. Seeds were sown by hand and the plots were watered equally
every three days for the first five weeks. Several seeds were sown
per template hole to assure adequate germination. After gemmination,
plants were thinned to one per hole. In the event no seeds germinated
in a given plot position, seedlings were transplanted from the
reservoir plots. In this regard, Chenopodium had only about 25%
germination. As a result, reservoir plots were exhausted and seedlings
from the natural population, adjacent to the experimental plots, were
used.

On September 15, 1973, all plots were harvested, with plants of
individual rows put into coded plastic bags and stored at 5°C. Within
each row, several plants were selected at random for harvest of root
material. Roots were clipped from the shoots and washed. A1l plants
were then individually dried at 100°C for 24 hours, and the weights
recorded.

Statistical analysis of total plot yields included estimation
of some missing row data by a method developed by Yates (1933). Intra-

plot analysis involved yields of respective species within different
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spatial patterns. Treatments were defined by which competing species
made up rows on either side of the species under analysis. In this
analysis, only rows that were in between two rows of similar species
were used. Any row that was in between two rows of different species
was not considered for analysis. Statistical analysis of this portion
of the experiment involved a two-level nested analysis of variance

with unequal sample sizes.

Competitive Ability Experiment

Experiment II was designed to determine, in a paired-species
manner, the relative ability of the four species to compete. The
basic experimental design employed was a randomized block with five
treatments - competition from each of the four species plus a control.
Each sample plant was ringed by six treatment plants that were equi-
distant (15 cm) from the sample (target) plant, as well as from them-
selves. This hexagonal pattern was also used by Goodall (1960),
Harper (1961) and Sakai (1965) in similar experiments. Control
plants were sown singly, without neighbors.

Interference stress criteria were root and shoot weights attained
when species were subjected to both intra- and interspecific competi-
tion. Treatment effects were compared through use of a least signi-
ficant range test. Field preparation was the same as in Experiment I.
Polyethylene templates were used for the first five weeks to maintain
experiment patterns and the plots were watered every three days.
Drying and weighing were accomplished in the same manner as in
Experiment I. Species were ranked as to their competitive abilities,

based on yields attained under competitive stress from the other
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species. This ranking was compared to yields of each species in

different mixtures in the first experiment.



RESULTS

Experiment I - The Diversity-Yield Plots

Once the seedlings germinated, the dicots, Amaranthus and
Chenopodium, were the fastest growing plants in the mixture plots.

By the fifth week, based on observation in the field, it appeared that
Amaranthus was the dominant component in the mixture plots, while
Chenopodium was the second most productive. The crown of Chenopodium
tended to be more cylindrical than that of Amaranthus which was wider
and tapered toward the top. With regard to roots, Amaranthus

exhibited a dominant central tap root while Chenopodium had a root
system composed of several robust branch roots. Crown structure of

the two grasses did not differ greétly. Their root systems were shallow
and fibrous, with those of Setaria being more coarse than those of
Panicum.

Mean total shoot yield per plot ranged from a high of 4090.65 grams
in pure stands of Amaranthus to the lowest yield of 2368.25 grams in
Setaria monocultures (Figure 2). Analysis of variance indicated
significant differences among treatments at the 95% level (Table 1).
Pure stands of Amaranthus produced yields that were significantly
greater than those of the Setaria monocultures. Although yields of
monocultures of Amaranthus were consistantly greater than those of
the other treatments also, the difference was not significant (a =

0.05). In pure stands, ranking of yield per species was, from highest

17



Figure 2.
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Mean yields of total above ground biomass per plot in the
diversity-yield experiment. Letters in parentheses
represent which species are interspaced in that particu-
lar plot. (PACS), for instance, indicates that Panicum
and Amaranthus are side by side and Chenopodium and
Setaria are side by side. Circles are the grand means
and the vertical bars are * one standard error.
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to lowest, Amaranthus, Chenopodium, Panicum and Setaria. The analysis

of variance table and least significant range table are in Appendix A-1.
Relative contributions to mixture plot yield by the component
species exhibit definite and repeatable trends. Heirarchy of relative

contributions to yields of mixture plots was Amaranthus > Chenopodium >

Setaria > Panicum, except in the mixture plot (SACP) where Panicum

contributed more above ground yield to the array than Setaria (Figure 3).

Within the plots, Amaranthus was generally the best competitor
while Setaria was the poorest (Figures 4-5). Lowest shoot yields per
row occurred when the species were between two rows of Amaranthus.
Significantly higher shoot yields per row were attained when they
were interfaced with the grasses. Chenopodium had a significantly
greater effect than Panicum on repressing shoot yields of all species
except Amaranthus. There was no difference between effects of Panicum
or Chenopodium on the mean yield of Amaranthus (Figure 6). Analysis
of variance tables are in Appendix A-2.

Mean root yields of species within plots, except for Amaranthus
were significantly lower when subjected to competition from the dicots
as compared to the effect of the grasses. Relative root yields are
shown in Figures 7 and 8 and statistical relationships are represented

in Figure 9. Analysis of variance tables are in Appendix A-3.

Experiment II - Competitive Ability

In all cases, the dicots, Chenopodium and Amaranthus, were the

most effective competitors (Figures 10 - 13). Target plants of all
species attained the least shoot yield when surrounded by either of

the dicots. In all cases, the dicots were stronger competitors than
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Figure 3. Relative contributions to total plot yields by component
species of the mixture plots in the diversity-yield
experiment.
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Figure 4. Mean yield per row of Amaranthus (&) and Chenopodium (@)
when flanked by two rows of each of the miXture plot
components.
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Figure 5. Mean yield per row of Panicum (4) and Setaria (@) when
flanked by two rows of each of the mixture plot
components.
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Figure 6.
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Diagrammatic representation of statistical differences

in mean shoot yields per row of diversity-yield plot
species when interfaced by rows of different competitors.
Underlining represents those sets of means not signifi-<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>