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Introduction

In evaluating the interactions between organisms, ecolo-
gists are often interested in whether the performance of
an individual species by itself (in a monoculture) is dif-
ferent from the performance of that species when other
species are present (in a polyculture). Experiments com-
paring the growth, fecundity, or physiological rates of
species in monocultures versus polycultures are used to
assess competitive versus facilitative interactions between
species and to evaluate the degree to which species are
partitioning limiting resources.

These approaches have their origins in studies con-
ducted to understand and improve the yield of
agricultural crops, but they have recently been applied to
more basic ecological questions, including evaluations of
resource use, competition, and complementarity among
species. Comparisons of monoculture versus polyculture
performance have been especially useful in understanding
the mechanistic links between the number of organisms
and the rates of ecosystem-level processes in a given area.

Below, we briefly present the agricultural roots and his-
tory of experiments evaluating monocultures versus
polycultures, describe some of the statistical methodology
used in these comparisions, and illustrate how they have been
used to evaluate both competitive interactions and the rela-
tionship between biodiversity and ecosystem functioning.

Agricultural Origins

The use of polycultures in agriculture, usually referred to
as intercropping, is based on the traditional knowledge

that carefully selected mixtures of crops are characterized
by higher overall yields. This occurs because of more
thorough use of limiting resources (complementarity),
lower fertilizer requirements, greater resistance to herbi-
vorous pests, and greater soil stability in polycultures
when compared to monocultures. Additionally, growing
multiple crops in a field provides farmers with a form of
insurance: there is still something to harvest if one crop
fails.

Because of these benefits, intercropping was the primary
method of agriculture worldwide throughout most of his-
tory. Intercropping remains widespread in developing
countries, though it has been largely abandoned in devel-
oped countries (e.g., the United States and in Europe) in the
latter half of the twentieth century due to the industrializa-
tion of agriculture. More recently, interest in organic
farming techniques and sustainable agriculture has
prompted First World farmers to return to this time-tested
technique for increasing crop yield without applying
chemical fertilizers and pesticides. Because of this agricul-
tural legacy, many of the earliest experimental comparisons
of monocultures and polycultures were conducted to eval-
uate the effects of mixed cropping on crop yields and to
understand mechanisms of competition and coexistence
between different agricultural species.

Competition and Coexistence

As ecologists began to experimentally evaluate the
mechanisms underlying competitive interactions between
species, it became clear that insights into these interac-
tions could be obtained by comparing the performance
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of individuals in monocultures versus polycultures.
For example, in Georgyi Gause’s classic experiments on
competition, he tested simple theoretical models of com-
petition by measuring the relative population densities of
two species of Paramecium (microscopic heterotrophs)
competing for bacteria in experimental microcosms.
Gause specifically compared the abundances of the two
species in monoculture and in polyculture and found that
both species perform well in monoculture, but when both
species are cultured together, one of them (P. aurelia)
outcompetes the other (P. caudatum), driving it locally
extinct. Similarly, in another classic ecological experi-
ment, Thomas Park evaluated competition between two
species of Tribolium flour beetles by comparing their per-
formance separately versus together and found that one
species always competitively displaces the other. In the
case of Tribolium, one of the species (T. castaneum) is
susceptible to infection by a parasite. When the parasite
is present, T. castaneum is outcompeted, whereas when the
parasite is absent, T. castaneum outcompetes its congener.

However, the diversity of coexisting organisms on
Earth suggests that competitive exclusion is not the rule.
For example, 200–300 species of trees can coexist in a
100m� 100m region of tropical rainforest, despite the
fact that all of those species have similar basic requirements
for potentially limiting resources such as light, nutrients, and
water. How does this occur? Theory suggests that species
coexist by carving out unique niches in resource space, so
that they minimize their competition for resources.

What evidence is there for this phenomenon of
resource complementarity? Again, comparisons of mono-
cultures and polycultures have been used to quantify the
degree to which species compete versus coexist. For
example, plant assemblages are often composed of mono-
cots, which are characterized by tall, erect shoots and
shallow, laterally spreading roots, and dicots, which
occupy lower aboveground strata and have deeper, less
lateral rooting systems. When both monocots and dicots
are mixed together in a polyculture, the yield (harvested
dry mass) is higher than when either monocots or dicots
are grown alone. This suggests that intraguild competi-
tion (monocots versus monocots or dicots versus dicots) is
more intense than interguild competition (monocots ver-
sus dicots), because the plants use different spatial niches.
Mixtures of shallow- and deep-rooted species are char-
acterized by more efficient use of limiting nutrients
(e.g., nitrogen), resulting in higher rates of total nitrogen
use, and leading to higher productivity in polycultures.

Several techniques have been used to statistically eval-
uate the relative importance of intra- versus interspecific
competition in structuring assemblages of organisms. One
of the most widely used metrics is the ‘relative yield total’
(RYT, which is similar to the land equivalent ratio often
used in agricultural intercropping studies). The relative
yield of a species in a polyculture is defined as

RYi ¼ Pi
Mi

½1�

where Pi is the observed yield of species i in polyculture
and Mi is its yield in monoculture. Summing these values
across all species gives the RYT:

RYT ¼
X

RYi ½2�

This metric allows researchers to test the null hypoth-
esis that observed yields are associated with proportional

changes in the contributions of each component species

(RYT¼ 1). When RYT¼ 1, the component species

achieve their ‘expected yield’. There is either no evidence

of interactions between species, or the intensities of intra-

and interspecific competitive interactions are equivalent.

Deviations from RYT¼ 1 can provide some information

on the interactions between the component species. For

example, when RYT<1, the component species may be

competing for limiting resources, whereas when RYT> 1,

the species may be complementary in their use of those

resources.
It is important to realize, however, that the RYT simply

reflects the combined interactions of the species in the

mixture, which may include dominance, complementarity,

competition, and facilitation. The mathematical properties

of the RYT can also make it somewhat misleading as a

summary of competitive versus complementary interactions.

Consider, for example, a case where two species are

grown in monoculture and in mixture. When the most

productive species in monoculture has a lower than

expected yield in polyculture, but the other species performs

equally well in monoculture and in mixture, RYT can be

>1, despite the fact that the polyculture yield is lower than

that predicted by a weighted average of the component

species’ yields.
A conceptually simpler way to evaluate resource use

by an assemblage of species is to compare the expected

performance of a polyculture with the performances of

its component species. When a polyculture performs

better than predicted based on a weighted average of

the performance of its component monocultures, it is

said to overyield, which is evidence for either facilita-

tion or resource-use complementarity. Overyielding can

take two forms, nontransgressive overyielding, which

occurs when a mixture performs better than the

weighted average of its component monocultures, but

does not perform better than the best-performing

monoculture, and transgressive overyielding, which

occurs when a mixture performs better than the best-

performing monoculture (Figure 1). Distinguishing

between mechanisms responsible for overyielding (i.e.,

facilitation versus complementarity) requires a solid

knowledge of the natural history of the system being

investigated.
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This method of comparing monoculture and polycul-
ture performance is summarized by the Dmax metric,
which quantifies the degree of transgressive overyielding:

Dmax ¼
P

Pi –MaxðMiÞ
MaxðMiÞ ½3�

where
P

Pi is the total performance of the mixture (the sum
of the yields of each component species in polyculture)
and Max(Mi) is the performance of the best-performing
monoculture. When Dmax> 0, either complementarity or
facilitation must be occurring.

Biodiversity and Ecosystem Functioning

More recently, these metrics have been formalized by
researchers seeking to evaluate the effects of declining
biodiversity on the transformation and flux of energy and
matter in ecosystems. In the mid-1990s, scientists began to
realize that more diverse assemblages were characterized
by higher rates of productivity, growth, and resource uti-
lization. However, this early work was criticized because
researchers had not explicitly differentiated between two
possible mechanisms for enhanced ecosystem functioning
in more diverse assemblages: the ‘sampling effect’, which
occurs because a more diverse assemblage is more likely to
contain one or more species with a dominant effect on the
process being measured, and ‘complementarity’, which
occurs when organisms successfully partition limiting
resources, reducing competitive overlap between them

and leading to higher rates of collective resource use.

Statistical comparisons of monocultures and polycultures

were invoked as effective methods of differentiating

between these possible mechanisms which link diversity

and ecosystem functioning.
In particular, when the performance of a diverse

assemblage is greater than predicted, it is possible to

partition this positive influence of diversity into the por-

tion attributable to complementarity (or facilitation) and

the portion associated with the sampling effect. The sam-

pling effect occurs when the best-performing species

dominate the multispecies assemblages, and it is math-

ematically calculated as the covariance between the

species yields in monoculture and their yields in the

mixture. The net biodiversity effect is expressed as

�Y ¼
X

�RYiMi ¼ N�RYM þ Ncovð�RY;MÞ ½4�

where�Y is the deviation of the polyculture from the yield
predicted by its component monocultures, �RYi is the
deviation of species i from its expected relative yield, Mi

is the yield of species i in monoculture, N is the number of
species in the polyculture, and�RY andM are the average
deviation of the N species from their expected yields and
the average yield of the N species in monoculture, respec-
tively. The net biodiversity effect (�Y) can then be
separated into the complementarity effect ðN�RYMÞ
and the sampling effect ðNcovð�RY;MÞÞ.

One real benefit of using these comparisons of mono-
culture and polyculture performance in evaluating the

relationship between diversity and ecosystem functioning

is the fact that important insights into the relationship can

be gained using a relatively small number of experimental

units. For example, imagine a (rather small) local pool of ten

species. In order to generate a diversity gradient containing

all combinations of those species, with richness levels of 1, 2,

3, . . . , 10 species, a researcher would need to assemble over
1000 different experimental treatments. Replicating each of

those treatments multiple times would create an incredibly

unwieldy (though statistically powerful) array of experi-

mental units. In contrast, a researcher could compare

monocultures of each individual species with a polyculture

of all ten species using only 11 unique treatments, allowing

sufficient replication with a manageable sample size.
Approaches using the metrics and comparisons

described above have advanced our knowledge of the

relationship between biodiversity and ecosystem function-

ing in many different systems, including grasslands, soils,

benthic marine habitats, streams, and estuaries. Other

experiments using these techniques to evaluate the con-

sequences of changing biodiversity have included

comparisons of the invasibility of plots containing mono-

cultures versus polycultures and evaluations of the effects

of genetic (intraspecies) diversity on the recovery of spe-

cies following disturbance events. Comparisons of
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Figure 1 Performance of monocultures and polycultures. On

the left side of the figure the performances (e.g., yield, fecundity,
or physiological rates) of three species grown in monoculture

(solid filled bars) and the average performance of those three

monocultures (hatched bar and dashed horizontal line) are

illustrated. On the right side of the figure are three possible
outcomes of an experiment containing all three species in

mixture: underyielding, when the mixture does not perform as

well as the monoculture average; nontransgressive overyielding,
when the mixture performs better than the monoculture average

but not better than the best-performing monoculture; and

transgressive overyielding, when the polyculture outperforms the

best-performing monoculture.
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monocultures and polycultures, originally used to evaluate
crop yields and competitive interactions, have proven to be
robust techniques for evaluating the effects of biodiversity
on many different community and ecosystem functions,
including both long-term processes (e.g., recruitment
and/or growth of organisms over time) and physiological
rates (e.g., uptake of nitrogen or utilization of carbon).

See also: Competition and Competition Models; Plant

Competition.
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Introduction

This article provides a scientific overview of the princi-

ples involved with mortality. Although one could simply

say that mortality is a part of life and is pervasive (as the

old saying by Benjamin Franklin goes, ‘‘in this world

nothing can be said to be certain, except death and

taxes’’), it is important to recognize the importance of

mortality as a driver in understanding evolution, trophic

relationships, and the ecology of population dynamics. It

is on this last point that we focus the majority of our

attention. In the first section, we broadly discuss the

ecological and evolutionary significance of mortality and

how it influences animal life histories and behavior. In

the second section, we discuss the difference between

density-independent and density-dependent mortality,

how the two can interact at large spatial scales, and how

time lags in density dependence help create population

cycles. In the last section, we discuss the principle of
competing risks and how that has spurred different mod-
els to understand how hunting, in the presence of natural
predation, influences populations.

Ecology and Evolution

In its most general use, mortality refers to the death of an
individual or the absolute number of deaths in a popula-
tion. Mortality is more commonly expressed as a
proportion (number of deaths relative to population
size) or a rate (the proportion of deaths in a given time
period), and either measure can be reported as a function
of life stage to describe age-specific mortality.

On a large scale, patterns in mortality can strongly
influence ecosystem, community, and evolutionary pro-
cesses. The unidirectional flow of energy and the
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