


CHAPTER 1

A General Theory of Ecology

Samuel M. Scheiner and Michael R. Willig

In the absence of agreed protocols and overarching theory, Ecology with
its numerous subdisciplines, can sometimes resemble an amorphous, post-
modern hotel or rabbit warren with separate entrances, corridors and rooms
that safely accommodate the irreconcilable.

Grime 2007

The development of theory in ecology is a lively and robust enterprise (Pickett
et al. 2007). Despite claims to the contrary, the science of ecology has a long
history of building theories that fruitfully guide research and deepen under-
standing. Our goal with this book is to reveal a selection of those theoretical
structures. In doing so, our hope is that ecologists will better appreciate the
theoretical frameworks within which théy do research, and will more thor-
oughly engage those theories in designing observational, experimental, and
modeling components of their research. Many theories in ecology contain
unspoken or even subconscious assumptions. By bringing such assumptions
to the forefront, we can understand their consequences, and discover new
mechanisms, patterns, and linkages among theorics. Theory sometimes seems
to be distant or disconnected from everyday practice in ecology. By the end of
this book, the relevance of theory to understanding in ecology and its role in
advancing science should become clear.

In this chapter, we present a general theory of ecology that serves as the
supporting framework—a conceptual infrastructure—for the constitutive
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theories that appear in subsequent chapters, Although those 0
L they are representati

disciplinary range of ecology, they : P ve rather an e

e, [;{/c could not possibly synthesize the full richness of ecoloc?;ljprch n.

in a single book without it becoming encyclopedic, We R 81 thcg

. llragc 0
continue the process of theory development in other venues, and g r'ihe
een

theoretical discourse with ecological research (e.g., Pickett etal. 2 007)

We do not claim novelty for the general theory of °C°Iogy it A :
ward. Quite the contrary, the elements of the general thmry hae mftut
at Jeast 50 years. Many of its principles are implicit in the tab] g
most ecology textbooks, although our previous treatise (Scheiner and
2008) was their first formal explication. In this chapter, we expand oiil
lier discussion of the structure of theories and the framework ) un:;r
theory in ecology, providing a foundation for the chapters that follow,

Importantly, we do not claim that the theory presented here 5 a fina
sion. Rather, it should be considered provisional and ever changing 3 - .
characteristic of theory that is often misunderstood by nonscientists, I, d: !
the list of fundamental principles that we present will require additiong
dions, or refinements as ecological theory matures and is Confrontedl; 3
pirical evidence. Critically, this debate can occur only after explication ¢
theory. In the process of assembling this volume, we convened a workshon
the contributors at the Center for Environmental Sciences and Engineering
of the University of Connecticut. At that workshop, a fundamental princig
emerged that was not considered in our previous paper (Table 1.3, Ilumb
below). The theory of ecology is, in turn, embedded within an even bro

s of conten

ory continues to evolve it may alter the structure of or our understanding
this theory.

'The structure of theories

Before we present our general theory of ecology, we must describe d
sence of theory and its structure (Tables 1.1 and 1.2). Theories are hierar

illustrate that continuum, and provide a useful way of viewing that hiera
The definitions and principles of the

a4 Wide varl
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re of theories including their components. A

i ical structu :
bIE o titutive theories can be

the framework within which cons
thj or);lfcr;:ium sets the rules for building models. Conversely, tests of
, W

llenge the propositions and assumptions of its constitutive thc::ly.
S It in a change in the fundamental principlcs of the gene

e 1.2 for definitions of terms.

Ta
gcneral
articulate
models may ch
which in turn may rest

theory. See Tabl

General Theory
Background: domain, assumptions,
confirmed generalizations

framework, definitions

Fundamental principles: concepts,

Outputs: constitutive theories

Constitutive Theory

Background: domain, assumptions, framework, definitions
a :

Propositions: CONcepts, confirmed generalizations, laws

Outputs: models

Model
Backgro

Construction: translation modes

und: domain, assumptions, framework, definitions, propositions

Outputs: hypotheses

Tests: facts

families of models. This view of constitutive theories as families of models is
consistent with how theories are treated across all of biology and in other sci-
ences (van Fraassen 1980; Giere 1988; Beatty 1997; Longino 2002; Pickett
et al. 2007; Wimsatt 2007; del Rio 2008; National Research Council 2008).

Each theory or model applies to a domain. The domain defines the universe
of discourse— the scope of the theory—delimiting the boundaries within
which constituent theories may be interconnected to form coherent entities.
Constitutive theories are often-most fruitful when-theyfocus'orroneorafew
phenomenasinmneed-ofexplanation (e.g., Hastings Chapter 6; Sax and Gaines
Chapter 10). Without such boundaries, we would be faced with continually
trying to create a theory of everything. :

Nonetheless, we recognize that domains are somewhat arbitrary concep-
tual constructs and that theories or models may have overlapping domains.
Changing the domain of a model can be a fruitful avenue for juxtaposing
phenomena or processes that had been considered in isolation. For example,
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| Table 1.2 Definitions of terms for the theory components in Table 1.] (ol s .
| al. 2007)- »

i from Pickett €€

1 Component Definition

r Conditions or structures needed to build a theory or mﬁ —
o

Assumprions
Concepts Labeled regularities in phenomena
Confirmed Condensations and abstractions from a body of facts ‘
generalizations have been tested m.:-: .‘
e M
Definitions Conventions and prescriptions necessary fora theoryor
model to work with clarity o
Domain The scope in space, time, and phenomena addressed by 2 '
b
theory or model !
Facts Confirmable records of phenomena ‘
Framework Nested causal or logical structure ofa theory or model
Fundamental A concept or confirmed generalization that is a
principlc component of a general theory
Hypotheses Testable statements derived from or representing various R
components of the theory or model i
Laws Conditional statements of relationship or ¢ ;
p or causation, or
statements of process that hold within a universe of discours
Model Conceptual construct that represents or simplifies the Wity
natural world i
BRI
Translation modes  Procedures and concepts needed to move from the o

abstractions of a theory to the specifics of model, applicat_io;

or test :
W

microeconomic theory uses three concepts—utility, income, and price%asﬁ‘
11u91dcrst:md consumer choices (Henderson and Quandt 1971; Mansﬁél&
COZ?I);ag}::n;c:harc- assumed & maximize utility, subject to income andm
i Mima-[s - ;\}':oral eco.loglsts study the economics of choice for nonhi
|, B ave applied conceptual constructs and mathematical m
~ (Stephens and Kr‘g;:‘;;;;mta;ding foraging ecology and space uilization:
E ;i“’Wing of models across dc;:ainsl}ilnfl}:g:‘tzf\ﬂ' Rri:ccnt examplesiofSE.
::’gzof;z:: t:i’rlf‘:rmod)mamics theory (Ha.n:ccc:l:s::l,1 I;(j(c)gl.ofdy ;ic o “
_ ity models from electrical circui ; McRae et al. 2008
. it theory (McRae et al. 2008).
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All theories and models congain simplifyingsassumptions so as to foctfs
other characteristics of a system. The problem with many assumptions is
that they are unstated, even subconscious. Making such assumptions explicit
sometimes may change the focus of the theory. For example, 4 fundamental
principlc of ecology is that egological traits arise throughrevoliition, but l.lcarly
always this is an unstated and ignored assumption. Models of cc?mmumty as-
sembly usually ignore phylogenctic relationships among species. RCCCI:I[]Y,
models that incorporate phylogenetic relationships have added substantially
<0 our understanding of community assembly (e.g., Kraft et al. 20(.)7).

Sometimes, such unstated assumptions can turn around and bite us. Most
models of life history evolution assume that organisms can always adopt the
optimal phenotype, instantaneously reallocating resources from growtl:n to
;cproduction, and so ignoring evolutionary and dcvc?opm'cntal .conStramts.
Ignoring this assumption led to predictions that were biologically lmpfobablc,
e.g an organism should allocate 100% of its resources to reproduction one
day after devoting 100% of its resources to growth (Schaffer 1983), or an .;,m_
nual plant should switch multiple times between growth and reproduction
(King and Roughgarden 1982).

Principles and propositions

. When asked to describe a theory, we often think of a sct of broad statements
about empirical patterns and the processes that operate within a domain. For
the sake of clarity, we use different terms to refer to those broad statements
when we speak of general theories (fundamental principles) versus when we
speak of constitutive theories (propositions). In part, fundamental principles
are similar to propositions. Each can be a concepufiabe ledsregularities) or a
confirmedsgeneralizations(condensationsof facts). They differ in that funda-
mental principles are broader in scope, often encompassing multiple inter-
related patterns and mechanisms. Because constitutive theories are meant to
guide the building of specific models, their propositions should be more pre-
cise statements that represent the potential individual components of those
models.

Propositionsican'BerlaWs; statements of welationship_or. causasion. The
propositions are where-the fundamental principl f the general theoryar
integratedsa For the general theory of ecology, some of the principles involve
patterns, others involve processes, many involve both (see below). Thus, the
causal linking of process and pattern, the lawlike behavior that we look for in
theories, occurs through the propositions of the constitutive theories. ’

Laws reside within constitutive theories, and not as part of the general the-
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ory, because no single law is required for the construction of the models in all

of ecology’s subdomains. Several chapters show, however, that ecology is rich

in laws that hold within more limited domains (see discussion in Willigand

Scheiner Chapter 15). A brisk debate has occurred over whether ccology has
any laws at the level of its general theory (e.g., Lawton 1999; Murray 2000;
Turchin 2001; Berryman 2003; Simberloff 2004; O’Hara 2005; Pickett et al.
2007; Lockwood 2008), which is related to the debate about laws across all of
biology (e.g., Beatty 1997; Brandon 1997; Mitchell 1997; Sober 1997). The
continuing search for such laws isan important aspect of a theory’s evolution.

The reaction of many to confirmed generalizations s, “\Well, isn’t that obvi-

cis no. Often such generalizations are obvious only
i i emi DO : n‘l'ns

A

ous?” In reality, the answe

1ZAt10NS S MINACES @

after their explication. (Generatizath 5 remunAers;aDOUL e vk
wnmimuiwﬂﬁwﬂevelsthwﬂ_mgmm or example, 2 fundamental prin-
el s depend-on contingencies (see be-

“i ¥

S h oS
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ciple in ecology is thac'é€ological proces
low). Yet many ecological theories
the role of contingency or stochasticity in
in nature. Deterministic mo@elsareNOTIWEONS: just |
Sometimes ignoring contingencies has no ¢
other times, the consequences can be profound. As the statistician George E.
P, Box is reputed to have said, “Essentially, all models are wrong, but some are
useful.”

Fundamental principles keep prodding us to test assumptions. For exam-
ple, one fundamental principle tells us chat species are made up of individuals
that differ in phenotype. Nonetheless, many ecological theories assume that
species consist of identical individuals. Although this is a GSEIISIR plification
in many instances, it is important to be reminded:continus
sumption and its consequences to predictive understanding. Similarly, many
of the fundamental principles consider variation in the environment or Species
interactions, yet many constitutive theories of models average over that varia-
tion (Clark 2010).

Nor all assumptions within a constitutive theory derive from the funda-
mental principles of its general theory. Some assumptions derive from other
v. For example, all constitutive theories in ecol-

and models are deterministic and ignore
molding patterns and processes

s about this as-

contintadll

SSUMPLIonis

ogy take as given the conservation of matter and energy, fundamental prin-
ciples from the domain of physics. We take as given the fundamental prin-

ciples of any other general theory. As such, we recognize the general tenet of
c@ﬂﬂﬂi ﬁC3 ; resSct !-‘f.‘:"r'.li*!cif_‘?.;:,_.-,rv C theo )3» ‘must D € con ; stent v yith each
et thwcll 1858). The decision to explicitly include such assumptions

amental principles within the theory under consideration depends on
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hether those assumptions are subject to test within that theory. Since no
i in ecology would ever test the conservation of matter, it lies outside

theory
those theories.

Theories may clashy but sughsclashes indicate foci of research that mflvancc
understanding. In general, theories inhabiting diﬂ'crc:?t domains will n:»;l

h directly, although results from one domain can point to prolblc.ms o
e ies in other domains, For example, studies of geographical distributions
:}c:;;dcs of organisms within the domain of historic‘a.l biogeography bccan'lc
. ortant evidence for the theory of continental drift, a part of chc. dOl'.na.l.'n
1“;[’ ology. In that instance, the need for a causal mechanism to explain distri-
Eufiim ;?;.tcms was a factor that led to the development of new fundamental

principles in another domain.

Models

At the lowest level of our theory hicrarchy are models. Models “CWh“c thc
theoreticalrubbermeetsitherempiricalroad. Many ecological theories arejiises
such models. Although scientific theories encompass a wide variety of types
of models, including physical models (.g., Watson and Crick’s ball and wire
model of a DNA molecule), in ecology we generally deal with abstract or con-
ceptual models. These models may be anialjticistatisticalyoreomputationak,

Models are where predictions are made and hypotheses are tested. Those
predictions can run the gamut from general qualicative predictions (e.g., in-
creases in primary productivity will lead to increases in species richness) to
very specific quantitative predictions (e.g., an increase in soil nitrogen of
5 ppm will result in an increase in average species richness of 4.3 species). The
prediction can be a point estimate if the model is deterministic, or it can be a
distribution of values if the model is stochastic. The models that make those
predictions can be very simple (e.g, equation 7.1 in Holt Chapter 7) or highly
complex (e.g, figure 12.4 in Peters et al. Chapter 12). A particular constitutive
theory can encompass many different types of models. Because general theo-
ries consist of families of models, they very rarely rise or fall based on tests of
any one model. Alternative or competing models exist within most theoretical
constructsin ecology (e.g;, Pickett et al. Chapter 9) allowinga single theory to
encompass a diversity of phenomena. !

Recognizing that what s often labeled as a theory is but one model within a
larger theory can help to clarify our thinking, For example, Scheinerand Willig
(2005) assembled an apparently bewildering array of 17 models about species
richness gradients into a framework built on just four propositions. A similar
process of clarification can be found in Chapter 8, where Leibold shows that all
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metacommunicy theories can be captured within asingle framewor o Ol s

charactcnsncs amount of mtcrpatch hctcrogcnclty and d‘spersal of_‘,usw
rag

chaptersin this book provide further examples of mode| unificatjop,

55 of model unification has begun to take hold in other areqs of ecols
1.Gill 2010). We disagee, however, with MCGlls claim thag ¢ bo
just a single model. Rather, a strength of oy, a

a theory can contain
o theory unification is the ability of a theory to embrace mode] d

Because thconcs oﬁ'.cn consist of families of modelsi
Je_ Somctxmcs such

ment, But sometimes COREEA lictory models can il
i ey srve it fnconsOFe T—
For example, in some physics modcls, llght is trcated asa pamclc and in
ers as a wave. There is nO need to insist that contradictory models always

reconciled or that one always prcvall Instead, this apparent contradicti 0
resolved at a higher Jevel in the theory hierarchy by a more general theory £
example one that Jllows for both wave-like and particle-like behavior o f 3]
The apparently contradictory models are built from differing sets of pro
tions arising from different assumptions and thus refer to different do

In a similar fashion, constitutive theories can be contradictory if they are

with different assumptions.

The domain of ecology

and abundance

our definition of the domam sp;ms the dcﬁnmons found in most textbool
(Pickett et al. 2007; Scheiner and Willig 2008), it dlffers in two respects. First,
our definition includes the phenomena to be understood (ie. spatla.[ and tem'q.
poral patterns of tht abundance of organisms) andsthe’causes

of manierand cnergyr i
In general, the domain of a theory defines the objects of interest and thclr
cha.racm teristics, Ecological theories make predictions about three types of ob-
js species, individuals, and traits or consequences of individuals. Parts of

system theory) also make predictions about fluxes and pools |

energy. However, what makes these theories part of the do—
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Jogy is that those fluxes and pools are controlled or affectcdby the
e OFCC(;)uﬁzlanccs, and distribution of organisms. w;they%mawc
; individualsyorsthe,traits ofindividuals. Otherwise,

f-specicss :
yszrf)uld reside firmly in the domain of the geoscicnces.

; . variability (sce be-
of objects share an important property,
All r.h.rec fl}l’fcctsion of objects distinguishes ecology from other related and
Jow)- This co lutionmakesipredictions;aboutispe-

i ins. The theory of eve .
o’Vcrl?‘lziP :Ecg til:i:zf individials: Ics domain differs from that of ccologx mﬁ-tai
c;csda-:tions are always about collections of individuals (c.gi gene frequencies),
predi

1 i iidual, In contrast, theorics in ecology may make pre-
nf:v?r aboll;t ?1: lcnifl!::::nc(ci)ll‘lf::tions of individuals or a single individual (e.g.» Sih
Zijlli:otllsr 34)0 Because a given object may be part of multiple do.m.ainf,‘«.‘in-rdcr;hj}:
Stangmg of that object amccll its c!uaractcﬂsncs depends on examining it wi

omains.

- CO:I z,:;iﬂa‘: iltml::zj; has a domain, each constitutive theory or particular
J: SI has a domain. Explicidy defining each such domain is impo_rtant for
A a domain defines the most central or general topics under
investigation. Second, a clear definition indicates which objects or phenom-
are excluded from consideration. Many protracted debates in ecology have
occurred when proponents or opponents of particular theories or models have
attempted to make claims that fall outside a theory’s domain. For cxanfplc, the
extensive debates over the causes of large-scale patterns of plant diversity (e.g-»
Huston 1994; Waideetal. 1999; Mittelbach et al. 2001; Mittelbach etal. 2003;
Whittaker and Heegaard 2003) are based on extrapolating to continental and
global scales, models thatarevalid onlyata regional scale (Foxetal. Chapter 13).

activiti€s,

consequences o

ecosystem theor

two reasons. First,

ena

Overlapping domains

The domain of the theory of ecology overlaps substantially with several other
domains (Scheiner 2010). Of course, all scientific domains overlap in some
fashion, but we speak here of those domains that make predictions about some
of the same objects of study as does the theory of ecology, or constitutive theo-
ries that use fundamental principles from other domains. A constitutive the-
ory can straddle two or more general theories if some of its models ultimately
address a central question of each general theory. One way to decide whether
a constitutive theory straddles two general theories is to consider the assump-
tions of those general theories. If the constitutive theory simply accepts all of
the assumptions in a particular general theory and never questions or tests
them, it likely is not a member of that general theory.
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A corollary of the previous statement is that any given model of necessity ;-
exploressorutests one or more of, cmﬁmﬁgﬁﬁp&mﬁg g
px 9%%‘2“&0 a . Fr cxaniplc, a continuing issue in ecology concerns J |
the identity of parameters that can be ireated as constants and those that =
need to be treated as variables in a particular theory or model. If a parameter ‘ﬂ
rage value of that parameter is assumed to be

sufficient because either the variation has no effect or acts in a strictly additive =
fashion relative to the causative mechanisms under examination. vl
In some instances, ecologists make assumptions without ever testing them. |
For cxample, it is reasonable to assume that we can average over quantum fluc-
tuations (from the domain of physics) in ecological processes. On the other :;
hand, the physiological variations that occur in a mammal so as to maintain
body temperature (from the domain of the theory of organismS) (Scheiner J
2010; Zamer and Scheiner in prcp.) may matter for ecological processes and g
should not be averaged in some instances. For example, basal metabolic rates
in large mammals can vary substantially between winter and summer. Failure
to account for this variation can seriously overestimate winter energy expen-

ditures and underestimate summer cnergy expenditures and the concomitant
consequences for food intake requirements (Arnold et al. 2006).
Jomains. For example, ecosystem science has

A subdomain can overlap two
some constituent theories that are part of ecology and some that are part of

the geosciences. Such overlaps can extend to the level of individual models.
For example, foraging theory (Sih Chapter 4) contains some models that are
ccological, others that are evolutionary, and others that are both. This sharing
of subdomains shows that the boundaries of domains are not distinctand can

be somewhat arbitrary.

A domain as defined by a gen
should be a coherent entity. Some named areas are not domains,
tions of domains. For example, evolutionary ecology consists of aset of con-
stituent theories, some of which are within the domain of the theory of ecol-

ogy and others that are within the domain of the theory of evolution.

is treated as a constant, the ave

eral theory, constitutive theory, of model
but collec-

The fundamental principles of ecology

The general theory of ecology consists of eight fundamental princip.los -
(Talilc 1.3). The roots of these principles can be traced to the origins of ccol;w ;
ogyin the 19¢h century. They were in place and widely accepted by the 1950s, u'
.wcq¢‘xofcndy codificd as the components of a general theory (Scheiner .J
Willig2008), and continue to evolve (compare this treatment with som cwhm: 3
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Table 1.3 Eight fundamental principles of the general theory of ecology (modified
from Scheiner and Willig 2008; Scheiner 2010)

-‘—-._—.——-—— i .
1. Organisms are distributed in space and time in a heterogeneous manner.

2
3, Varia

ecological patterns and processes.
'The distributions of organisms and their interactions depend on contingencies.

Organisms interact with their abiotic and biotic environments.

tion in the characteristics of organisms results in heterogeneity of

Environmental conditions as perceived by organisms are heterogeneous in space

and time.
Resources as perceived by organisms are finite and heterogeneous in space and

time.
Birth rates and death rates are a consequence of interactions with the abiotic

and biotic environment.

8. The ecological properties of species are the result of evolution.

dicular, we have added an eighth fundamental principle (number 3), so that
the numbering of this set differs somewhat from our previous list, and revised

the wording of several others.

The first fundamental principle—the heterogeneous distribution of organ-
isms—is a refinement of the domain of the theory of ecology. The heterogene-
ity of distributions is one of the most striking features of nature: all species
have a heterogeneous distribution at some if not most spatial scales. Thus, this
principle encompasses a basic object of interest, is its most important prop-
erty, and serves to guldc the rest of the theory. m
theory of ecolog:  central o y
its,consequences: Arguably, the origins of ecology asa d1sc1plme and the first
ecological theories can be traced to its recognition (Forster 1778; von Hum-
boldt 1808). This heterogeneous distribution is both caused byanda cause. of
other ecological patterns and processes. !

Environmental interactions

The second fundamental principle—interactions of
within it the vast majority of ecological processes res
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nclude both intraspecific and interspecific inter-
actions such as competition, predation, and mutualism, as well as feedbacks
between biotic and abiotic components. Within this principle, particular
interactions that are part of constituent theories act to elaborate the general
theory (see later chapters). Many definitions of ecology are restatements of

this principle (Scheiner and Willig 2008).

ity in time and space. They i

Variation of organisms

The third principle—the variation of organisms—is the result of processes

chat derive from the theory of organisms (Scheiner 2010; Zamer and Schei-
ner in prep.). Ecological theories make predictions about the characteristics
or aggregate properties of species, individuals, or traits. The majority of eco-
logical theories make predictions about species or collections of species (e.g.,
species richness of communitics; see Chapters 8-10, 13, 14). Some theorics,
such as population ecology and behavioral ecology, concern themselves with
predictions about individuals or collections of individuals (e.g.» numbers ofin-
dividuals in a population; see Chapters 4-8). Some theories make predictions
about the properties of individuals or species (¢.g., body size distributions; see
Chapters 4, 5, 8, 10, 13, 14). Finally, some theories make predictions about
the aggregate properties of individuals or species (e.g., ecosystem standing bio-
mass; see Chapter 11).

Groups of species or individuals share the property that the members of
those groups differ in their characteristics, even though many theories and
models assume invariance. For example, one of the most common hidden as-
sumption in models of species richness is that all individuals within a species
are identical (e.g., Fox et al. Chapter 13). Such assumptions may be reason-
able for the purposes of simplifying models. Violations of this assumption may
not substantially change predictions. However, in some cascs relaxing this as-
sumption has led to substantial changes in predictions. For example, when the
chances of survival are allowed to vary among individuals within a popula-
tion, treating all individuals as identical turns out to substantially misestimate
the risk of local extinction from demographic stochasticity; depending on the
model used for reproduction, treating all individuals as identical can over- or
underestimate that risk (Kendall and Fox 2003).

Contingency

_Ifouﬂ:h ﬁmdmcntd principle—contingency—has grown in importance
in ecological theory and now appears in a wide variety of constituent theories
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y contingency we mean the combined effects of S e
d sensitivity to initial conditions. Contingency 1s an important
eterogeneous distribution of organisms, bc.)th at very large and
very small extents of time and space (e.g-, a'sccd lands.m one ;E?t a.l:‘ld -ncl)t
another; a particular species arises on a particular con.tmcnt). is principle
lifies the dynamic nature of a theory. A theory is constantly evolving,
P e change typically occurs over decades. One hallmark of

tiv
although substan <h . :
that dynamic is the emergence of new principles, such as this one, which arose

during the 1960s to 1980s.

and models. B
randomness an

cause of the h

Heterogeneity of environmental conditions

The fifth fundamental principlc——enviromncnta.[ heterogeneity—is a conse-
nce of the interaction of processes from the theory of organisms and the
es of earth and space sciences when the environmental factors are abi-
otic, as well as the consequences of the second principle when those factors are
biotic. For example, seasonal variation in temperature is the result of orbital
properties of the Earth, whereas a variety of geophysical processes create het-
erogencity in environmental stressors like salt (e.g., wave action near shores) or
heavy metals (e.g.» geologic processes that create differences in bedrocks). This
principle is part of many constituent theories and contains a broad class of un-
derlying mechanisms for the heterogencous distribution of organisms, as seen
in many of the constitutive theories presented in this book. As with the second
principle, particular mechanisms pertain to particular constituent theories.

que
theori

Finite and heterogeneous resources

The sixth principle—finite and heterogencous resources—is again a conse-
quence of processes from the theory of organisms, and the theories of earth
and space sciences or the second principle. Although variation in resources is
similar to variation in environmental conditions, a fundamental distinction
is the finite, and thus limiting, nature of these resources. Unlike an environ-
mental condition, a resource is subject to competition. For example, seasonal
variation in light and temperature are caused by the same orbital mechanisms,
but light is subject to competition (e.g., one plant shades another) whereas
temperature is a condition and not subject to competition. This distinction
in the nature of environmental factors with regard to competitive processes
can result in different ecological outcomes. For example, B-diversity in plant
communities is high in warm deserts and low in arctic tundra because diversity
in warm deserts is controlled by water, a limiting resource, whereas diversity
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in arctic tundra is controlled by temperature, an environmental Conditi'o_ﬁi
(Scheiner and Rey-Benayas 1994). Whether a particular environmental fac-
tor is a condition or a resource can be context dependent. For example, water
n (e.g., plantsin a desert) and
Some heavy metals (e.g., man.

so acting as a resource, and be -
A .

is sometimes a resource subject to competitio
sometimes a condition (e.g. fish in the ocean).
ganese) can be limiting to plants ifatlow levels,
toxic at high levels, so acting as a condition.

Birth and death

e—the birth and death of organisms—is ';
the result of processes that come from the domain of the theory of organisms '
(Scheiner 2010; Zamer and Scheiner in prep.). One of the fundamental char-
acteristics of life is reproduction. While birth comes about through cellular
and organismal processes, such as fertilization and development, the rate that -
it occurs depends on interactions of an organism with its environment, such as =
the uptake of nutrients or mating. )

Similarly, a defining characteristic of life is that all organisms are mortal. By
“mortal” we mean that no organism is invulnerable, i.e., any organism might
die as the result of predation, stress, trauma, Ot starvation. Thus, the rate of

death depends on environmental interactions. We do not mean that all or-
ence of organisms, a decrease in function or fie-

The seventh fundamental principl

ganisms senesce. The senesc
ness with age, is a more narrow version of this principle that would apply to

particular constituent theories. This fifth principle forms the basis of a large
number of constituent theories concerning phenomena as wide ranging as life

historics, behavior, demography, and succession (e.g, Chapters 4,6,and 9).

Evolution

The eighth principle—the evolutionary cause of ecological properties—is the
result of processes that derive from the theory of evolution. The inclusion of
evolution within ecological thinking was an important outcome of the Mod-: .
ern Synthesis. Although evolutionary thinking about ecological processes
gocs back at least to Darwin (1859), evolutionary thinking had been influ-
cncifag ecology widely since at least the 1920s (Collins 1986; Mitman 1992 J !
and its w'iricsprcad acceptance occurred primarily in the lattcr, half of the 20 ti: b
century. lhe acceptance of this princi T T
B i i
mise of the Clementsian Superorganism th o i 3
B s (Clemenss1916,1937). S
, cories in overlapping domains can interact
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er. One of the fundamental principles of the theory of evolu-
tion is that cvolutiona\ry change is caused primarily by natural selection (Mayr
1982; Scheiner 2010). Fitness differences among individuals, a key compo-
nent of the process of natural selection, are caused in large part by ecological
cology drives evolution, which in turn determines ecological

with each oth

processes: Soe
propcrtics.

Overview

This chapter only begins to delve into the many issues that relate to theory
ure and development in ecology. For a much more comprehensive dis-
cussion, We recommend Pickete et al. (2007). One purpose in articulating a
general theoryis to clarify thinking, bringing to the fore aspects of seiciicetia
may not be recognized consciously. For example, it is notable that five of the
cight fundamental principles are about variability. Although ecologists some-
rimes decry the variation among the entities that they study and claim that
such variation prevents the development of laws or predictions, we suggest
that progress in ecology requires that ecologists embrace this variation and ex-
plicitly encompass it in theories. More important, recognizing that variation
is a pervasive property of our discipline helps explain why ecologists some-
imes have difficulty communicating about ecology to colleagues in other dis-
ciplines, where the focus is on the shared properties of organisms rather chad

struct

on their variability.
From the general overview of the theory of ecology given here, Chapters 2

(Kolasa) and 3 (Odenbaugh) consider the role that theory has played in ecol-
ogy from the perspectives of a practicing ecologist and of a philosopher of
science. Then, the eleven chapters that make up the heart of the book delve
into the theoretical underpinnings of a broad range of ecological subdisci-
plines. Each of those chapters develops a constitutive theory by identifying
the domain of the theory, listing its propositions, explaining the structure
of the theory, and exploring one or more models that can be derived from
that theoty. In doing so, they show how theory formalization enhances our
understanding of the theory and improves our ability to build models. Finally,
we provide a bricf synthesis chapter highlighting the linkages among the con-
stitutive theories and exploring their similarities and differences in approach
to theory development and structure.

Throughout the process of developing and articulating the genefal theo
and the constitutive theories of ecology, we have been impressed by
ten the scatement and full consideration of the scemingly obvious
deep insights. The chapters that follow demonstrate that process. ur
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