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Constraintsand tradeoffs:towarda predictivetheoryof
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Tilman,D. 1990. Constraintsand tradeoffs:towarda predictivetheoryof competition and succession.- Oikos 58: 3-15.
The developmentof mechanistic,predictiveecologicaltheorywill entail the explicit
inclusionof organismaltradeoffs, of environmentalconstraints,and of the basic
mechanismsof interspecificinteraction.Thisapproachwasusedto addressthe causes
of species dominanceand successionaldynamicsin sandplainvegetationin Minnesota. A series of field experimentsperformedover the last eight years have shown
thatthe majorconstraintson plantswere soil nitrogenanddisturbance,withnitrogen
competitionbeinga majorforce. Nutrientsotherthannitrogen(P, K, Ca, Mg, S and
trace metals), herbivory,and light were of minor importance.As predicted by
theory, the superiornitrogencompetitorswere the species that, when growingin
long-termmonoculturesin the field, lowered soil extractableN the most. These
species had high root biomassand low tissue N levels.
Seven alternativehypothesesof succession,each namedafterits underlyingtradeoff,
were proposedand tested. The colonization- nutrientcompetitionhypothesisprovidedthe best explanationfor the initialdominance(years0 to 40) of herbs,whereas
the nutrientversuslight competitionhypothesisbest explainedthe long-termdominance by woody plants. Hypothesesinvolvingtransientdynamicscausedby differences in maximalgrowthrates were rejected. In total, the resultsdemonstratethat
the inclusionof simple mechanismsof interspecificinteractions,and of allocationbased tradeoffs,can allow models to predictthe compositionand successionaldynamicsof vegetation.
D. Tilman, Dept of Ecology, Evolution and Behavior, 318 Church St. SE, Univ. of
Minnesota, Minneapolis, MN 55455, USA.

Introduction
Prediction is a major goal of science and an increasing
necessity in ecology as the environmental problems of
the earth escalate. However, predictive ecological theory, which is also called mechanistic theory (Schoener
1986), is in its infancy. Traditional theory has provided
broad and important insights into the forces controlling
species' dynamics and diversity (e.g., MacArthur and
Wilson 1967, Schaeffer 1981, May 1986). However, theory that does not explicitly include environmental variables (e.g. nutrient loading rates or climate) cannot
predict how changes in these will affect an ecosystem.
Models that do not include the mechanisms of interactions among organisms can describe the phenomenol-

ogy of population interactions, but cannot make a priori
predictions of the dynamics or outcome of these interactions (e.g., Tilman 1977, 1987, Schoener 1986). The
mere inclusion of environmental variables and mechanismns of interactions, however, does not assure the
development of useful theory, for such theory can be as
complex and difficult to understand as a natural ecosystem. As discussed below, this dilemma - that realism
begets complexity - can be mitigated by developing
theory that explicitly incorporates environmental constraints and the evolutionary tradeoffs that organisms
face in dealing with them, and by including simple
mechanisms with parameters that abstract the details of
underlying processes.
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Toward predictive ecology theory
What information is needed to predict the dynamics and
structure of populations in nature? Predictive theory
should explicitly include the manner, method or mode
whereby one organism interacts with another, and
whereby an organism interacts with its physical environment. Thus, if two species compete because they
both consume the same resource, this resource should
be explicitly included in the model with resource consumption being the actual mechanism of competition.
Or, if species compete through the production of allelopathic compounds, the dynamics of these should be
included. Thus mechanistic models explicitly include
the ways in which individual organisms deal with their
biotic and abiotic environmental constraints, i.e., with
those factors that influence an individual's probability
of survival, growth, and reproduction (Schoener 1986).
There are numerous potential mechanisms of interactions among organisms, each of which can be studied at
various levels of detail. Each level of detail can provide
insights. However, once the basic mechanisms of interaction are included in a model, additional complexity
may lead to little, if any, increase in the ability of the
model to predict community dynamics and composition.
This is because the parameters describing the basic
mechanisms of interspecific interaction can summarize
or abstract (sensu Schaffer 1981) most of the complexity
associated with more detailed explanations. Such abstraction, though, requires that parameters be measured under appropriate conditions (Tilman 1990). The
ability of simple mechanisms to summarize the effects of
the more detailed underlying mechanisms means that
mechanistic models need not be complex. Just such an
effect was found in models of algal nutrient competition, with the simpler, less physiologically realistic
model actually being the better predictor of competition
(Tilman 1977).
Similarly, the inclusion of environmental constraints
need not lead to complex models. Although there are
numerous potential environmental constraints, the
problem is simplified because it is unlikely that all constraints are equally important. In any given habitat,
ecosystem, or geographic region, most of the observed
pattern may be caused by one or a few environmental
constraints, but different constraints are likely to be
important in different habitats. The importance of a
particular constraint can be readily determined experimentally. A major constraint on the survival, growth
and reproduction of individual organisms comes from
all organisms being, of thermodynamic necessity, consumers, and most being subject to predation, herbivory
or disease (e.g., Hutchinson 1959). Thus consumerresource interactions are a central element of all mechanistic theory of population dynamics and community
structure (e.g., Gilpin and Ayala 1973, Tilman 1977,
1982, May and Anderson 1983, Schoener 1986).
Mechanistic theory is further simplified once the tra4

deoffs that organisms face in dealing with their constraints are explicitly included. Most ecology and evolutionary patterns result from the interplay of environmental constraints and unavoidable organismal
tradeoffs. For instance, most theory that can explain the
coexistence of numerous species has assumed, either
implicitly or explicitly, that organisms have tradeoffs in
their abilities to respond to one or more constraints
(e.g., Grubb 1977, Connell 1978, Huston 1979, Tilman
1982, Cody 1986, Chesson 1986) as have theories of
succession (e.g., Werner and Platt 1976, Tilman 1985,
Huston and Smith 1987), or of the maintenance of genetic diversity within a population (e.g., Slatkin 1978,
Gillespie 1984). The only alternative to constraints and
tradeoffs is neutrality, with organisms or genes assumed
to be functionally identical or neutral (e.g., Kimura
1983), and with diversity maintenained by an equilibrium between specification and extinction (e.g., Rosenzweig 1975, Hubbell and Foster 1986) or between
mutation and selection (e.g., Lande 1976). The latter
hypotheses, although they surely explain some of the
diversity of nature, cannot explain the broader scale
patterns of differentiation and diversity seen in different
habitats and along geographic gradients.
Organismal traits are ultimately based on allocation
(e.g., Cody 1966, Mooney 1972). A plant that allocates
more carbon to the production of stem has less to allocate to roots, leaves or seeds. An animal that allocates
more protein to flight muscle has less to allocate to a
digestive system or to some other physiological or
morphological function. An animal that allocates a
greater proportion of its time to one activity has less for
another behavior. Thus, a change in the morphology,
physiology or behavior of an organism that increases its
fitness in response to one suite of environmental constraints should have a cost that decreases its fitness
under other conditions. Although this need not be universally true, beneficial traits that do not have costs
should become fixed and thus have little influence on
observed intraspecific and interspecific differences.
Tradeoffs simplify theory because they limit species
traits to a small subset of all potential combinations. For
two traits, such as the size and number of seeds produced by an individual plant, the tradeoff between these
traits limits the relevant parameters to a single curve,
whereas the entire seed size versus seed number plane
would be needed for a model that ignored tradeoffs. For
a tradeoff among three traits (e.g., allocation to root,
stem, or leaf), the universe of all trait combinations is
the full three-dimensional space, whereas each individual plant is necessarily constrained to falling at some
point on a plane within this volume.
Although this seems obvious, or even trivial, classical
phenomenological models do not include tradeoffs. It is
difficult to modify them to have tradeoffs because they
do not explicitly include either the environmental constraints to which the tradeoffs respond or the organismal traits that are involved in the tradeoffs. Within
OIKOS 58:1 (1990)
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Fig. 1. Plant morphologyand physiologyis controlledby the
patternof allocationto alternativemorphologicalstructures
and physiologicalsystems (Mooney 1972). This is illustrated
symbolicallyas the allocationof plant production(photosynthesis minusrespiration)to the productionof additionalleaf,
stem, or root tissue, or to seed or defensivecompounds.
the Lotka-Volterra competition model, for instance,
there are no explicit tradeoffs among parameters. All
combinations of r, k and aij are equally likely, even
though most such combinations are morphologically,
physiologically and behaviorally impossible. Tradeoffs
limit parameters to some point on a biologically possible
multidimensional surface, thus eliminating all other
points in the full hypervolume as ecologically impossible.
Thus, the development of predictive ecological theory requires (1) the determination of the major environmental constraints, (2) the determination of the tradeoffs that organisms face in dealing with these constraints, and (3) the explicit inclusion of these
constraints and tradeoffs as the mechanisms of intraspecific and interspecific interaction.
This approach has already been quite successful. Evolutionary models that include constraints and tradeoffs
have predicted traits as diverse as foraging patterns in
response to spatially and temporally variable predation
risk (Werner 1984) and sex allocation patterns (Charnov
1982). Mechanistic models of consumer-resource interactions have made a priori predictions of the dynamics
of algal competition for two limiting nutrients (e.g.,
Tilman 1976, 1977, Sommer 1985), of bacterial competition for sugars in combination with inhibitors (Hansen
and Hubbell 1980), of algal nutrient competition along a
temperature gradient (Tilman et al. 1981), of interac-
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Fig. 2. Whena modelof plantgrowth(called"ALLOCATE"),
in which each plant has a fixed patternof allocationto leaf,
root, and stem, was solved numerically,with a hundredor
more differentallocationpatternssimultaneouslycompeting,
the competitivelydominantpatternof allocationdependedon
environmentalconditions (Tilman 1988). High allocationto
stem was favoredin fertile, undisturbedhabitats;high allocation to leaves was favoredin fertile, highlydisturbedhabitats,
and the highest allocation to roots was favored in undisturbed,
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infertilehabitats.Figurefrom Tilman(1988).

Ann

B. Experimental Nitrogen Gradient

A. Single Nutrient Additions
*

Ann

F=15.1***
Treatment:
Year: F=89.0***
=1_ .-. 1 .=_rkX
0***
F-iela:
F=zu.8---

F=106***
Treatment:
. Year: F=149***
Field:
F=154***

*

*

*

E 300

E 300
I.

NS

u) 200
2c

-

NS

n 200

-

NS* *N

,
| 100
a.

CTL N

n

uCTL

N

CaH2OK

T

Mg

Ca H20 K Mg

P

a:

100
n

S Trace
Metals

400
E
I) 300

Herbivores: F=1.57 NS
F=158.***
Nitrogen:
Field:
F=49.4***
*
B

NST

Control
No Herbivore
NS I

C D E F G H

Nitrogen: F=1.43
Shade: F=4.31

E
m, 1500-

e.n

I
B

Control
Shaded

TNS
Tl- tNS

I -

200
NS

E.

B

D. Shading Experiments
* Control

c)

|

All
but
N

C. Herbivore Exclosures
5nn

I

Cti

10

I
a.

500

0

I0ner
Unferl
Unfertilized +N1
+N1
+N2
Fig. 3. The resultsof four differentfield experimentsperformedat CCNHA, Minnesota.
(A) An experimentin whichvariousnutrientswereaddedone at a timeto replicateplotsin fourdifferentfieldsfor eightyearsin a
row (1982-1989).ANOVA of the effectsof treatments,years, andfieldson abovegroundbiomassin these 144plots showedthat
all were highlysignificant.The additionof N led to significantlygreaterbiomassthan in the unmanipulatedcontrol.
(B) In anotherexperiment,N andall othernutrientswereaddedat variousratesto replicatedplotsin fourdifferentfieldsover an
eight year period. ANOVA revealedthat treatment,year and field were all highlysignificantfactors.There was no significant
effect (NS) of addingall nutrientsbut N, comparedto controls,but biomassincreasedwiththe rateof N addition(treatmentsB to
H have increasinglygreaterannualrates of N addition;Tilman1987).
(C) A differentexperimentinvolved the exclusionof variousfunctionalgroups of herbivoresfrom replicatedplots in three
differentfields(HuntlyandInouye,in preparation).The experimentwasperformedon unfertilizedvegetation,as well as on plots
receivingeither 5.4 or 17.0 g m-2 yr-1 of N. ANOVA showedno significanteffect of any of the herbivoretreatmentson total
abovegroundplantmass, but a highlysignificanteffect of N and of field. Contrastsof controlswith shamfences with plots from
whichall herbivoreswereremoved(shownabove)werenot significant,butsuggestthatherbivoresmaybe suppressingbiomasson
the more fertileplots.
(D) Unfertilizedandfertilizedplotsin a fieldweredividedinto areasthatwereeithershadedor unshaded(control).ANOVAand
contrastsreveal no significanteffects of shade or nitrogen in this experimenton total plant biomass (abovegroundplus
belowground).

tions among two zooplankton species competing for two
algal species (Rothhaupt 1988), and of nitrogen competition among various combinations of five grass species
(Wedin and Tilman, in review; Tilman and Wedin, in
review). Simple models of the mechanisms of disease
transmission have predicted disease dynamics and explained effectiveness of vaccination programs (e.g.,
May 1982a, b). Thus, there is good reason to believe the
approach outlined above can be successful in predicting
patterns in more complex communities and ecosystems.
The constraints and tradeoffs of terrestrial plants
For most terrestrial plants, the availability of soil resources, of light, of germination sites (often disturbed
areas), and the intensity of herbivory are major envi6

ronmental constraints. The tradeoffs that plants face in
dealing with these constraints are directly attributable
to differences in biomass and nutrient (often nitrogen)
allocation patterns (Fig. 1). For a version of the model
implied by Fig. 1, in which plants differed in allocation
to leaf, stem and root, but had identical physiologies
and identical susceptibilities to sources of loss and mortality, numerical solution of a series of differential equations (called "ALLOCATE"; Tilman 1988) showed that
many allocation patterns were viable in the absence of
competition, but only one or a few closely related patterns could persist when competing with all other allocation patterns in a habitat with particular environmental
conditions. The superior allocation pattern, though, depended on the relative intensities of the environmental
constraints (Fig. 2), which, in this case, were the rate of
OIKOS 58:1 (1990)

loss of biomass(a surrogatefor the disturbanceor herbivoryrate) and the rate of supplyof the limitingnutrient
(productivity).This model could be mademore realistic
by the inclusionof differentialallocationto seed production, differentialseed dispersal ability, and herbivory. This added realism would give the model new
featuresand allowit to makepredictionsaboutdifferent
aspectsof ecosystems.However, one majorqualitative
featurewould still hold: there would be a simple mapping of environmentalconditions to the organismal
traitsfavoredby those conditions.This mappingis the
centralpredictionof suchmodels, andit is only possible
to make such predictionswhen mechanisticmodels are
used.

Nancy Huntly and Richard Inouye (in preparation)
performed a herbivore exclusion experiment in three
fields, with various herbivore guilds excluded from unfertilized vegetation, from vegetation receiving moderate rates of N addition, and from plots receiving a high

rate of N addition.Analysisof the effects of the treatments on total abovegroundplant biomass revealed a
strong and significantnitrogen effect and a slight but
non-significant herbivore effect (Fig. 3C), with the effect of herbivory seeming to be greater on fertilized

plots. When they analyzeddata on a species-by-species
basis, there were few significantchangesin the absolute
or relative abundances of the common plant species

caused by herbivores,but some rare plants, especially
legumes, increased in the absence of herbivores, and

Competition and succession on a sandplain
I would now like to illustrate the approach outlined

above by providingan overviewof work that we have

been doing for the past eight years on the plants, soils,
and herbivores of Cedar Creek Natural History Area
(CCNHA), Minnesota. I shall also briefly mention
some preliminary findings of more recent work. The
site, and many of our general methods, are described in
Tilman (1987, 1988).

We began by performingnutrientaddition,shading,
and herbivoreexclusionexperimentsto determinewhat
environmentalfactorsconstrainedthe plants.Of all soil
resourcesaddedsinglyto replicatedplots in four different fields (see Tilman 1988:247-249), the only consistently significantresponsecame from nitrogen(ammonium nitrate; Fig. 3A). There was a significantwater
responsein only one of the eight years, 1988,whichwas
a major droughtyear. Interestingly,there was little or
no nitrogenresponsethat year. There were strongyear
and field effects (Fig. 3A). There has never been any
consistently significant response to P, K, Ca, Mg, S,

the data suggested that there might be interactions
amongthe herbivoreguilds.
Thus,our field manipulationshave demonstratedthat
the availability of soil nitrogen is the major environmental constraint at CCNHA and that disturbance frequency/intensity is next most important. Water replaces
nitrogen as a dominant variable during drought years.
Light intensity and herbivory may be having an impact,

but their impact is less than that of N, disturbanceor

water in these old fields. Other factors, such as P, K,
Ca, Mg, S and trace metals are having no direct impact
on plants, although sodium, through its effect on herbivores, does indirectly affect plants (Inouye et al.
1987a).
Competition for soil nitrogen
Although nitrogen addition leads to increased plant biomass and to changes in the relative abundance of plant
species at CCNHA (Tilman 1987) this need not imply
that plants are competing for nitrogen (e.g., Grime
1979). Do plants living on the nitrogen impoverished
soils of CCNHA compete? To address this question, we

Mn, Mo, Cu, Fe, Co, Cu, or B, whetheradded singly
(Fig. 3A) or in combination(Fig. 3B, treatment"All plantedseedlingsof three commongrasses(Agropyron

but N"). Biomass increased with the rate of nitrogen

repens, Poa pratensis, and Schizachyrium scoparium) in

limiting soil resource.

had been removed, and in areas that contained the roots

ment, there was a significant effect of nitrogen addition
on shoot biomass (F1,43=10.6, P<0.01), but no signif-

held to the side so as not to shade a transplant (Wilson
and Tilman, in review). After a field season of growth
on unfertilized plots, we found an equal and highly
significant reduction in transplant final mass and growth
rate either in the presence of all neighbors or in the
presence of just their roots (Wilson and Tilman, in
review). Seedlings without neighbors grew from three
to six times more rapidly than those with either neighbors or just the roots of neighbors. This demonstrated
the existence of competition and showed that it was
competition for a soil resource. The same experiment
was also performed on plots that had received nitrogen
for the previous five years. There was also strong competition in these plots, but the competition was for light,
not for soil nutrients (Wilson and Tilman, in review).

addition(Fig. 3B). Thus, nitrogenis the most important established vegetation, in areas from which all plants
In a separate nitrogenaddition and shadingexperi- of neighboring plants, but from which the shoots were

icant shade effect (F, 43=2,34, P>0.10), and no significant nitrogen x shade interaction(F ,43=0.33,P>0.1).
When total plant biomass (abovegroundplus below-

ground biomass) was analyzed, there were no significant treatment effects, but, as before, shaded plots had
less biomass than unshaded plots (Fig. 3D).

In a recent full factorial experiment in which the

experimental variables are disturbance intensity (mechanical disturbance to soil surface and plants) and nitrogen addition rate, Scott Wilson and I are finding that
both disturbance and nitrogen have strong and significant effects on productivity, species composition and
species diversity.
OIKOS 58:1 (1990)
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Fig. 4. (A) The dependenceof R* for nitrogenon the root
biomass of five species of grasses. R* measuredin 3 yr old
monoculturesof the speciesgrownon low N soils. As = Agrostis scabra,Ar = Agropyronrepens,Pp = Poa pratensis,Ss =
Schizachyriumscoparium,Ag = Andropogongerardi.Data
fromTilmanand Wedin(in review).
(B) Outcome of competition among various pairs of grass
species,on extremelylow N ("NI")andon low N soils ("N2").
The predictedwinneris the specieswiththe lowerR* (see Fig.
4A). Its treatment-averageportion of total biomass in plots
after three yearsof competitionis shown. Relativedifference
in R* is the difference in the R*'s of the two competitors
dividedby their averageR*. Note that the predictedwinner
did win, independentof its initial abundance(20%, 50%, or
80%)when two specieshad largedifferencesin theirR*'s, but
that displacementhad not yet occurredafter3 yr for pairswith
similarR*'s. Numbersrefer to particularspecies pairs on a
given soil N level. Data from Wedin and Tilman(in review)
and Tilmanand Wedin(in review).
Thus, there is strong competition for nitrogen on the
infertile, sandy soils of CCNHA and this grades into
competition for light on rich soils. What, though, are
8

In theory, reduction in the soil solution concentration of
a resource is the most basic mechanism of competition
for a soil resource. As one plant consumes a soil resource, the soil solution concentration that another
plant experiences is reduced. A wide variety of models
of competition for a single limiting resource predict that
the outcome of competition is determined by differences in the levels to which equilibrial monocultures of
species can lower the concentration of the limiting resource (e.g., O'Brien 1974, Tilman 1977, 1982, 1990,
Hsu et al. 1977). The level to which the soil solution
concentration of a limiting resource is reduced by an
equilibrial monoculture of a species is called R*. R* is
the resource concentration a species requires for it to be
able to persist in a habitat. A comparable concept, that
of threshold density, exists for host-microparasite interactions (May 1982a, b). The species with the lowest R*
for a limiting soil resource is predicted to be the superior competitor for that resource (Tilman 1980, 1990). It
should displace all other species, independent of initial
densities, from all habitats in which that resource is
limiting. Two species should persist when limited by a
single nutrient only if they have identical R*'s. This
means that it should be possible to predict the outcome
of nutrient competition by growing species in equilibrial
monoculture gardens and directly observing their R*'s.
R* is predicted to depend on numerous plant traits,
including root mass, uptake dynamics per unit root
mass, tissue loss rate via herbivory and senescence,
nutrient conservation abilities, photosynthetic rates, respiration rates and maximal growth rates (Tilman 1990).
The R* measured in equilibrial monocultures is thus a
summary variable - an abstracted variable (sensu
Schaffer 1981) - that includes the effects of all the
underlying physiological and morphological traits of
that species. Models that include such traits show each
of these influences on R* (Tilman 1990). These traits,
though, are interdependent because of allocation-based
tradeoffs. When such tradeoffs are included in these
models, the optimal pattern of allocation includes high
root biomass (but with a balance between root and
shoot), low tissue nutrient concentrations, efficient nutrient conservation, and perhaps high allocation to
herbivore defense (Tilman 1990). The major costs
plants pay for these beneficial traits are low maximal
rates of nutrient uptake and of photosynthesis (from
low tissue N; Field and Mooney 1986) and low relative
growth rates (from low photosynthetic rates and low
allocation to leaves). The traits predicted to cause high
competitive ability for a limiting soil nutrient are similar
to the traits that Chapin (1980) found for plants that
dominate naturally nutrient poor areas. This suggests
that nutrient competition, not just tolerance, may have
OIKOS 58:1 (1990)
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Our competition experiments supported the predictions of resource competition theory. For species pairs
with large differences in their R* for nitrogen (the sum
of extractable soil ammonium and nitrate), the species
with the lower R* had, after three years, displaced the
other species from the low N plots independent of initial
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R*'s for N (Agrostis scabra and Agropyron repens; Fig.
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constraintson plants in successionalhabitats are (1)
access to the disturbed site, i.e., colonization (e.g.,
Druryand Nisbet 1973,Pickett1976, Noble and Slatyer
1980, Huston and Smith 1987);(2) availabilityof limiting soil resources (e.g., Clements 1916, Crocker and
Major 1955, Odum 1960, Golley 1965, Robertsonand
Vitousek 1981); (3) the availability of light (e.g.,
Cooper 1923, Horn 1971, Shugart1984, Tilman1985);
and (4) herbivores,pathogens,and other sourcesof loss
and mortality(Connell and Slatyer1977, Walker1981,
Brown1984,van der Maarel1984,van der Maarelet al.
1985). Each of these constraintscan be overcome by
allocationto particularstructuresor physiologicalfunctions, but all such allocationpatternsnecessarilyreduce
proportionalallocationto other structuresor functions,
causingtradeoffs(Fig. 1).
Given these four constraints,there are six different
combinationsof two-waytradeoffsamong these traits,
four three-way tradeoffs, and one four-way tradeoff.
Each of these combinationsrepresentsa uniquesuccessional hypothesis. Most of these, in some form, have
been discussedin one or more of the paperscited in the
precedingparagraph.Although a few of these hypotheses may explain most successionalsequences, there
is no a priori reason for rejectingany as impossible.I
will discussthe six differenttwo-waytradeoffs,but only
brieflymention three-wayand four-waytradeoffs.For
clarity,each hypothesisis explicitlynamedafter its underlyingtradeoff.

succession, or that the intensityof herbivoryincrease
during succession. It could not explain succession if
herbivoryintensitydecreasedduringsuccession.
4. The nutrient: light ratio hypothesis

This has been called the resource ratio hypothesis of
succession,since it states that each speciesis specialized
on a particularratio of the limitingresources,and that
successionshouldoccurwheneverthis ratiochanges. If
plantsare differentiatedin theirpatternof allocationof
nitrogen and/or carbon to roots versus to stem and
leaves, successionshouldoccur if the relativeavailability of nutrientsand light changesthroughtime, assuming that these resourcesare limiting.
5. The herbivory - nutrient competition hypothesis and
6. The herbivory - light competition hypothesis

These two hypothesesare closely related, and thus discussed together. Both assume that there is a tradeoff
between susceptibilityto herbivoryversus competitive
ability(e.g., Lubchenco1978). Given this tradeoff,succession should occur whenever there is a long-term
change in the intensityof herbivory.If herbivoryis of
low intensity duringearly successionand increases as
plant and herbivore biomass accumulates,succession
should proceed from species that are superiorcompetitors (for either nutrient or light) to species that are
inferior competitorsin the absence of herbivory but
superiorcompetitorsin its presence. The opposite successionalsequence(in termsof planttraits)wouldoccur
if the intensity of herbivorydecreased during succesHypothesesof succession
sion. Clearly different plant traits, and thus different
1. The colonization - nutrient competition hypothesis
plantspecies, wouldbe favoredduringsuch successions
A tradeoffbetween allocationto seed versusallocation on nutrientpoor soils than on nutrientrich soils.
to root would cause species to be differentiatedin their
abilityto colonize a disturbedsite versustheir abilityto 7. Maximal growth rate tradeoffs
compete for a limiting soil resource. This tradeoff is There are several other successionalhypotheses that
likely to be importantduringthe early stages of succes- resultfrom differencesin allocation.Because high allosion on nutrientpoor substrates.The successionalse- cationto anythingother than leaves and photosynthetic
quence would proceed, on average, from species that systemsshould decreasea plant'smaximalgrowthrate
were good colonists but poor nutrientcompetitors,to (Monsi 1968, Tilman1988), a cost of high allocationto
speciesthat were poor colonistsbut good nutrientcom- roots, stems, or defensive compounds is a lower maximal growthrate. Thus, there can be tradeoffsbetween
petitors.
maximal growth rate and nutrient competition, between

2. The colonization - light competition hypothesis

maximal growth rate and light competition, and be-

Here the tradeoff is between allocation to seed and tween maximal growth rate and herbivore defense. Difdispersalstructuresversus allocation to stem, leaves, ferences in maximal rates of vegetative growth can
and photosyntheticmachinery.The initialdominantsof cause successional transient dynamics (Tilman 1988).
succession,the superiorcolonists,wouldbe replacedby For the maximal growth rate - nutrient competition hyspeciesthatwere progressivelypoorercolonistsbut bet- pothesis, which would apply to successionon nutrient
ter light competitors.
poor soils, the initial successional dominants would be
fast growing, leafy plants with high tissue nutrient con-

3. The colonization - herbivory hypothesis

If plants are differentiatedin allocationto seed versus
herbivoredefense, the superiorcolonistswouldbe dominant initially, but be replaced by species that were
poorer colonists but more resistantto herbivory.This
requiresthatherbivorybe a significantforce throughout
10

centrationsand low allocationto roots. They would be
replacedby a sequenceof plantsthat had progressively
slower rates of vegetative growth but progressively

greater allocation to roots. The maximal growth rate light competition hypothesis would apply to successions

on rich soils, with the early successionalspecies being
OIKOS 58:1 (1990)
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nizationand nutrientcompetition,as discussedabove.
If colonizationwere more rapidthan nutrientaccumulation in this habitat, this successionalsequence would
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Further simplicity will come as we learn which enviFig. 6. (JA) Woodyplant abundance(percentcover) increases ronmental constrains and tradeoffs are of greatest imduring siuccession at Cedar Creek, with woody plants moror
tance in broad classes of habitats, and how their
abundant in older, more N rich fields (data from Inoye et al.
a
a
res
relative importance changes along
major geographic
1987c).
(B) In tihe N additionplots (those illustratedin Figs 3B and gradients (e.g., Vitousek 1982, Vitousek and Sanford
6B), wo ody plant biomass increaseshighly significantlywith 1986).
the rate ot N additionin 1989. Mean and standarderrorsare
shown for the two oldest fields, where woody plants were
relativelycommon(see Fig. 7A).
Successional dynamics at CCNHA
short and leafy, and latter successional species having
progressively greater allocation to stem (light competitive ability), and thus lower rates of vegetative growth.
The maximal growth rate - herbivory hypotheses would
predict a successional sequence from fast-growing, undefended plants to slow-growing well-defended plants.
These two-way tradeoffs assume that a change in
allocation to one plant trait will only affect one other
plant trait. If a change in allocation to one trait influenced the pattern of allocation to several other plant
traits, as seems likely, there could be three-way and
four-way tradeoffs. One possible three-way tradeoff,
for instance, could be among colonization, competitive
ability for nutrient and competitive ability for light.
During succession on a nutrient impoverished substrate,
the major tradeoff, initially, would be between coloOIKOS 58:1 (1990)

Before farming began in the 1880's, the upland habitats
at CCNHA were a mosaic of oak savanna (open oak
woodlands), prairie openings, and scattered stands of
oak forest, pine forest, and maple forest. Farming led to
major losses of soil N and C. A newly abandoned field
has less than 1/3 of the total soil N found in adjacent
uncultivated areas. A chronosequence of 22 old fields
suggests thatt N slowly accumulates in these soils (Inouye et al. 1987c), but more than 100 yr may be required for a field to return to its pre-agricultural soil N
content (Tilman 1988).
The initial dominants of succession are annuals and
short-lived perennials, many of which are agricultural
weeds (Fig. 5A). These are replaced by a sequence of
perennial grasses, with the dominant grasses after about
50 yr being the native prairie species Schizachyrium
scoparium (little bluestem) and Andropogon gerardi
11

should become separated along an experimental N gradient in the same order that they occur during succes9)
40
sion. After eight years of growth along experimental N
0
addition gradients on both the existing vegetation and
on initially disturbed (disked) soils in four different
" 15
0
fields, there was a significant and consistent pattern of
N
species separation (e.g., Tilman 1987). For instance,
C
o
Agropyron
repens, Poa pratensis, and Schizachyrium
10
scoparium were significantly separated (Fig. 5B). However, their order of occurrence along these experimental N gradients clearly refutes the nutrient:light ratio
2" 5
0
hypothesis of succession (compare Fig. 5A and 5B). If
cCu
Agropyron is an early successional species because of
04)
r
superior competitive ability in low N but high light
habitats, it should decrease in abundance as N is added.
0.6 It increased, displacing most other species from high N
0.2
0.4
0.0
plots. Similarly, if Schizachyrium is dominant during
R* for Nitrogen (mg-N/kg-soil)
later succession because it is a superior competitor in
higher N but lower light habitats, it should increase in
abundance when N is added. It consistently declined.
B3.
0.7
Moreover, our garden experiments showed that Schizachyrium is a much better competitor for N than Agropyron (Wedin and Tilman, in review). Thus, there is no
As
evidence that the successional sequence of the dominant
0.6It
-ow
herbs was caused by a nutrient:light tradeoff. In conjC
trast, woody plants are increasingly abundant in the
1)
older, more N rich fields of late succession (Fig. 6A),
0.5and woody plant biomass increases highly significantly
O
in response to N addition (Fig. 6B). Indeed, woody
plants may be displacing Agropyron from high N plots.
c:
0.4co
Thus, the nutrient:light ratio hypothesis can not explain
? Ar
*Ag
E
the early, herbaceous phase of succession, but may exx
plain the transition from herbaceous to woody plants.
A survey of plant allocation patterns in fields of dif0.3
0.2
0.4
0.6 ferent successional ages has shown that early succes0.0
sional plants have significantly higher leaf, seed, and
R* for Nitrogen (mg-N/kg-soil)
stem allocation, and significantly lower root allocation,
Fig. 7. (A) There is a stronginversecorrelationbetween the than later successional species (Gleeson and Tilman
a
field
to
colonize
a
number
of
years species requires
average
and its R* for nitrogen,i.e., its abilityto competefor N. Early 1990). During the first 60 yr of succession, roots insuccessionalspecies have a high R* (poor N competitors)but crease from 35% of total biomass to about 80%, but
are rapid colonists, but late successionalspecies, which are seed and reproductive structures decline from about 8%
poor colonists,have a low R* and thus are superiorN compet- of total biomass in young fields to less than 0.5% in the
itors. R*'s are from Tilmanand Wedin(in review).
If plants with higher allocation to roots,
(B) For four of the five species there is a tradeoff between oldest fields.
maximalgrowthrate andR* for nitrogen,withthe specieswith such as Schizachyrium scoparium, are superior nutrient
the lowerR* havinga lowermaximalgrowthrate(RGR). R*'s competitors, which we demonstrated in our competition
and RGR's from Tilmanand Wedin(in review).
gardens (Wedin and Tilman, in review), then these data
demonstrate that nitrogen competition, not light comis a major force during the first 40 yr of succesvines,
shrubs,
petition,
(big bluestem). Woody plants, mainly
and seedlings or saplings of oaks and white pine, slowly sion. This is supported by the observations that percent
increase in abundance, and comprise about 12% of allocation to stem declined for the first 15 yr and then
remained constant for the next 45 yr of succession
cover after 60 yr.
Our nitrogen addition experiments allow us to deter- (Gleeson and Tilman 1990), and that average plant
mine the extent to which this pattern can be explained height only increased 5 cm during this 60 yr. Thus, the
by the nutrient: light ratio hypothesis. If this succes- colonization - light competition hypothesis and the light
sional sequence is caused by the slow accumulation of competition - herbivory hypothesis are unable to exnitrogen and the associated increase in plant biomass plain the first 40 to 60 yr of succession at CCNHA.
If high allocation to seed allows a plant to be a supeand decrease in light penetration, then N addition
should favor later successional species, and species rior colonist (e.g., Werner and Platt 1976), then these
12
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allocationpatternssuggestthat the herbaceousphaseof
our successionmay be explainedby the colonizationnutrient competition hypothesis. If this hypothesis is
correct, there should be a tradeoff between nutrient
competitiveability(measuredas the R* for N of the five
species grownin the gardenexperiment)and colonization rate. We estimated colonization rates using the
average number of years each of the five grasses required to colonize abandonedfields. The early dominants,Agrostisand Agropyron,are rapidcolonistsbut
have high R*'s and are poor N competitors(Fig. 7A).
The late successionalspecies, Schizachyriumand Andropogon, are poor colonists, requiring11 to 17 yr to
colonize a field, but have the lowest R* for N (Fig. 7A)
and are superiorN competitors.
Agropyron,an agriculturalweed whose Swedishcommon name means "quickroot", allocates30% or more
to rhizome (Hakansson 1967, Tilman and Wedin, in
review), and thus can spreadrapidly(Hakansson1967,
Wernerand Rioux 1977).Agrostisallocates7%-10%to
seed, producing9400-16000viable seed m-2 that are
born on a tumbleweed-likeculm, and thus widely dispersed. Poa is somewhat rhizomatousand allocates
2%-7% to seed on low N soils. Neither Schizachyrium
norAndropogonare rhizomatous,and neitherallocates
more than 2% to seed. Thus, the colonizationrates of
these species are consistentwith their patternof allocation to seed and rhizomeon low N soils.
The results of pairwise competition in the gardens
provide further support for the colonization-nutrient
competition hypothesis. Although Schizachyriumrequires more than 30 yr to displaceAgropyronduring
succession, this displacementoccurredin three years
when the colonizationlimitationon Schizachyriumwas
eliminatedby plantingboth speciesin gardenplots (Wedin and Tilman,in review).
Lower relative growth rates are predicted to be
caused by decreased allocation to leaf and decreased
maximalphotosyntheticrates, whichshouldresultfrom
lower leaf N (Field and Mooney 1986).The late successional herbs, which are superiorN competitors,often
had lower relative rates of vegetative growththan the
superiorcolonists (Fig. 7B). This is correlationalsupport for the maximalgrowthrate-colonizationhypothesis. However, the competitionplots in our experimental
gardensrefute this hypothesis(Wedin and Tilman, in
review). The greatest difference in maximal rates of
vegetativegrowthwas betweenAgrostisand Andropogon. When these two species were planted simultaneouslyin a competitionplot, therewas no obviousperiod
of dominanceby the faster growingspecies, Agrostis,
before the more slowly growingspecies, Andropogon,
attaineddominance.Althoughthe differencein growth
rates should give Agrostisan initial advantage,this advantage is too small to account for more than a year
advantage,muchless the 40 or more yearsrequiredfor
Andropogonto become abundantduringold field succession at CCNHA.
OIKOS 58:1 (1990)

We have less data with whichto evaluatehypotheses
that involve herbivory.In almost every case that herbivoreshave been studied,we have foundsome effect on
plants, but the effects have often been small (e.g. Fig.
3C). RichardInouye and TaberAllison are findingthat
deer browsinghas a significanteffect on growthratesof
trees, but it maynot be sufficientto accountfor the slow
rate of woody plant reestablishmentat CCNHA. Herbivoryanddisturbanceby the plainspocketgopher(Geomys bursarius)influences plant species diversity and
slows the rate of succession(Tilman1983, Inoye et al.
1987b),but does not seem to drivethe patternof succession. As already mentioned, the exclosure of small
mammal and insect herbivores did not cause major
changesin speciescomposition.Althoughmore workis
needed, at the present time it seems that herbivoryis
not frequentlya major factor controllingour successional pattern.
Thus, of all the alternative hypotheses presented
above, the majorexplanationfor the herbaceousperiod
of successionseems to be the colonization- nutrient
competitionhypothesis. The best explanationfor the
transitionfrom a prairiegrasslandto an oak woodland
seems to be the nutrient:lightratio hypothesis. This
suggeststhat a three-waytradeoffamongcolonization,
nutrientcompetition,and light competitionmay determine most of the successionalpatternat CCHNA.
Conclusions
All organismsface environmentalfactorsthat constrain
theirsurvival,growthand reproduction.Each organism
also faces unavoidable,allocation-basedtradeoffsin its
abilityto respondto these constraints(e.g., Cody 1966,
Mooney 1972). These constraintsand tradeoffsrepresent the mechanismsthat can lead to pattern on all
levels of ecologicalorganization.Models that explicitly
include these constraintsand tradeoffsare, in theory,
capableof makinga prioripredictionsof the dynamics
and outcome of ecologicalinteractions.In manycases,
especially cases involving the interactionsamong numerous species, mechanisticmodels that explicitlyinclude constraintsand tradeoffs are simpler and more
easily tested than more phenomenologicalmodels.
A varietyof suchmodelsof competitionfor a limiting
nutrient predict that the species that can reduce the
concentrationof the limitingresourceto the lowestlevel
shouldcompetitivelydisplaceall other species (O'Brien
1974,Tilman1977, 1980, 1990). Ourstudiesof competition among five grass species competingfor N support
this prediction, and demonstratethat the differences
among these species are based on allocation. Other
studies of the mechanismsof nutrientcompetitionbetween algae (e.g., Tilman1976,Sommer1985),of competition for sugars by bacteria (Hansen and Hubbell
1980), and of zooplanktoncompetitionfor algae (Rothhaupt1988),haveall shownthatthe inclusionof mecha13

nisms allows a priori prediction of the dynamics and
outcome of these interspecific interactions.
Successional patterns are also caused by constraints
and tradeoffs, which provide a concise way to formulate
alternative successional hypotheses. Numerous such hypotheses were tested via field experiments and observations at CCNHA, Minnesota. Our tests suggest, for
successions on nutrient-depleted soils, that the tradeoff
between colonization ability and competitive ability for
nitrogen is the major determinant of the 40 to 60 yr
period of herbaceous succession. The low abundance of
woody plants during this period seems to be less related
to colonization abilities than to their poor ability to
compete on low N soils. This suggests that, as nitrogen
slowly accumulates in this habitat, the tradeoff between
nitrogen and light competitive abilities will be an increasingly important explanation of the successional
pattern.
Other plant communities will have other constraints,
and other sucessions will be explained by other processes. However, the underlying mechanisms are the
same, and are based on the actual constraints of each
environment and the tradeoffs organisms face in dealing
with these. Studies of these mechanismns in a variety of
habitats will allow us to determine how the importance
of various potential constraints changes along major
geographic, climatic or disturbance gradients. This,
then, would allow us to develop a more holistic theory
of the dynamics and structure of ecosystems, but a
theory capable of making testable a priori predictions of
the impact of changes in environmental variables on the
dynamics, diversity, composition, and stability of these
ecosystems. The pursuit of mechanistic, predictive models should become a high priority for ecology if we are
to wisely manage the ever dwindling natural resources
of this planet, and preserve its biotic diversity.
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